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F O R E W O R D  

The Eighth Rare Ear th  Research Conference was held a t  the 
Pioneer Thea t re  Auditorium in  Reno, Nevada, April 19-22, 1970. The 
Conference preprints contained in this book were prepared for  the 
convenience of the Conferees and, a s  such, do not constitute a formal  
publication. Accordingly, authors a r e  a t  liberty to publish their  papers 
in  scientific journals of their  choice. 

The Conference included r e sea rch  papers and discussions on the 
latest  developments in  the field of r a r e  ear th  and related metals.  
topics were interdisciplinary and included the fields of physics, chemistry,  
ce ramics ,  and metallurgy of the elements,  their  compounds, and alloys. 
Also  included was a sess ion  on industrial  p rocesses  and geochemistry. 

Research 

Approximately 93 papers were scheduled for  presentation, reflecting 
nearly 10-percent growth over the previous Conference - -  a most  gratifying 
response and very r ea l  evidence of continuing increase  in  use paterns for  
the r a r e  ear ths .  

O u r  gratitude is  expressed to the Bureau of Mines for providing 
personnel and facil i t ies for  the Conference and for assuming responsibility 
for  hosting the Conference. Fur ther  thanks a r e  due the Bureau f o r  making 
this publication available to the Conferees. 

To the individual members  of the Conference Committee,  who gave 
unstintingly of their  t ime, we express  our s incere  appreciation. 

We a lso  gratefully acknowlege the support of the following members  
of the r a re -ea r th  industry, who helped to make the Conference a more  
pleasant and enjoyable occasion: 

American Potash and Chemical Corporation 
Molybdenum Corporation of America 
Ronson Metals Corporation 
W .  R. Grace and Company, Davison Chemical Division 
Research Chemicals 
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Finally, we thank a l l  who contributed to the success  of the Conference: 
P ro fes so r  Henry Ey-ring for  a comprehensive and challenging introductory 
speech, the hard  working Session Chairmen who kept the Conference moving 
smoothly, the interesting and informative speakers ,  and the Conferees 
themselves to whom this collection of papers i s  dedicated. 

C hai rman  P r o g r a m  Chair men 

T. A. HENRIE R. E. LINDSTROM 
Reno Metallurgy Research Center 
U.  S. Bureau of Mines U .  S. Bureau of Mines 
Reno, Nevada Reno, Nevada 

D. J. BAUER 
Reno Metallurgy Research Center 
U.  S. Bureau of Mines 
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Committee 

J .  F. NACHMAN, Ex-Officio K. A. GSCHNEIDNER, J R  
Research Laboratories Iowa State University 
Solar Division of International 
Harves te r ,  San Diego, California 

A. F. CLIFFORD W .  C. KOEHLER 
Virginia Polytechnic Institute 
Blacksburg, Virginia Oak Ridge, Tennessee 

Ames Laboratory 
Ames, Iowa 

Oak Ridge National Laboratory 
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* 
SPIN WAVE SPECTRUM FOR HOLMIUM METAL 

R .  M .  Nicklow, J .  C .  G .  Houmann', H.  A .  Mook and M .  K .  Wilkinson 
Sol id  S t a t e  Division, Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37830 

ABSTRACT 

-+ 
The d ispers ion  r e l a t i o n ,  E(q),  f o r  sp in  waves propagating 

i n  t he  c -d i rec t ion  of  holmium metal i n  i t s  p lane-sp i ra l  magnetic 
phase has been s tudied  by coherent i n e l a s t i c  s c a t t e r i n g  of thermal 
neutrons.  Extensive measurements were made a t  SO" and 78°K. In- 
c ident  neutrons with energies a s  low a s  3 . 5  meV were used i n  order  
t o  measure E ( 4 )  a t  small 4, where sp in  waves with energies down t o  
0 . 2 5  meV have been observed. The shape of t h i s  p a r t  of t h e  d i s -  
persion r e l a t i o n  i s  q u i t e  s e n s i t i v e  t o  t h e  anisotropy p rope r t i e s  
o f  holmium. A t  both temperatures E ( 4 )  increases  l i nea r ly  with 
increas ing  4 and then leve ls -of f  near i$ = 2 , t h e  wave vec tor  of 
t h e  s p i r a l  s t r u c t u r e ,  before  increas ing  fur?her t o  maximum energies 
of 3 meV a t  50'K and 2 . 6  meV a t  78°K near t h e  Br i l l ou in  Zone bound- 
a r y .  Analysis of t hese  da t a ,  neglec t ing  magneto-elastic and s i x -  
f o l d  anisotropy e f f e c t s ,  shows t h a t  t h e  un iax ia l  an iso t ropy  para- 
meter i s  .022  * .003 meV/ion a t  both temperatures and t h a t  t he  
exchange i n t e r a c t i o n  extends a t  l e a s t  t o  t h e  f i f t h - n e a r e s t  neighbor 
plane i n  t h e  c -d i r ec t ion .  The parameters descr ib ing  t h e  exchange 
in t e rac t ion  between neares t  neighbor planes a r e  r e l a t i v e l y  inde- 
pendent of t h e  range assumed f o r  t h e  in t e rac t ion  and a r e  approxi- 
mately 0.10 m e V  a t  50°K and 0.09 meV a t  78°K. Analysis of these  
da t a  including magneto-elastic and s ix- fo ld  anisotropy contribu- 
t i ons  t o  t h e  Hamiltonian w i l l  be d iscussed .  The energy width of 
t he  measured sp in  waves increased markedly with increas ing  4.  

* 
Research sponsored by t h e  U. S .  Atomic Energy Commission under 
cont rac t  with Union Carbide Corporation. 

'Guest S c i e n t i s t  from Research Establishment Ris6, Roskilde, 
Denmark. Now re turned .  
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MAGNET PROPERTIES OF P r C o 5  ALLOY POWDERS 

K a r l  S t rna t  and J a m e s  T s u i  

De par  tme  nt of E le  c t r ic al Engine e r ing 
University of Dayton, Dayton, Ohio 45409 

ABSTRACT 

The in te rmeta l l ic  compound P r C o 5  holds the p romise  of 
permanent  magnets  having energy products up to 36 MGOe, ye t  it has  
been neglected in favor  of SmCo5  in the recent  efforts to develop r a r e  
earth-cobalt-based magnets. This paper reports the particle-size 
dependence of coerc iv i ty  and hys t e re s i s  loop shape of mor t a r -g round  
powders ,  r e su l t s  of ballmill ing expe r imen t s ,  and two ways to  improve 
the  p rope r t i e s  by su r face  t r ea tmen t  of the par t ic les .  
coe rc ive  f o r c e s  up to  MHc = 5750 oersle_d-were obtained by ballmill ing.  
Mortar-ground powders of <10prn had MHc = 3350 Oe. 
be  improved to  near ly  8000 Oe by metallirting the par t ic les  with zinc.  
Chemica l  su r f ace  polishing with 1% H N 0 3  i s  another  effective method 
to  inc rease  the coercivity.  

In t r ins ic  

Th i s  could 



INTRODUCTION 

In the r e s e a r c h  work  on the permanent-magnet  a l loys of the 

type RCo5,  the compound promising the highest  values  of the energy  

product ,  ( I )  P r C o 5 ,  h a s  s o  far been somewhat  neglected. 

h a s  been on SmCo5  which a l l o w s  one t o  produce powders  having 

ex t raord inar i ly  high in t r ins ic  coerc ive  f o r c e s  by s imple  mechanica l  

grinding. F o r  P r C o  

3500r-0e(2) and 5750 . Oe(3) could be obtained by different  methods of 

vibrat ion grinding. With the powder having 3500 Oe coercivi ty ,  the 

respec tab le  energy  product of 4. 35 MGOe was  achieved readi ly  in a 

compact  of only 63. 5% density. (4) But if one hopes to  approach  the 

theore t ica l  l imi t  of 36 MGOe and get  high BHc-coercivi ty  by using the 

spec ia l  p ress ing  o r  s in te r ing  techniques now being developed for  

SmC o 

a r e  required.  

the densi ty  and the intended application of the magnet .  

The  e m p h a s i s  

only the relat ively modes t  values  of M,H.c = 
5' 

\-. 

(5' '' 7, min imum values  of H in the range of 6000 to  12000 Oe' 5' M c  
T h e  d e s i r e d  value depends on the h y s t e r e s i s  loop shape,  

In this paper  we r e p o r t  on the permanent  magnet  proper t ies  

powders  m a d e  by mechanica l  comminut ion in a m o r t a r  o r  of P r C o  

with a n  a t t r i t o r  mi l l ,  and about successfu l  a t tempts  to improve these  

proper t ies  by sur face  t r e a t m e n t  of the par t ic les .  

5 

PARTICLE-SIZE DEPENDENCE O F  MHc FOR 

MORTAR -GR OUND POWDERS 

A single-phase P r C o  al loy,  p r e p a r e d  f r o m  the e lementa l  
5 

meta ls  by a rcmel t ing  and homogenization f o r  65 hours  a t  1050°C, was  

pulverized with m o r t a r  and pestle. The par t ic le  s i z e s  w e r e  classi f ied 

by sifting, aided by a permanent  magnet  f o r  the f inest  f rac t ions  as 

recommended by Becker .  ( 8 )  Samples  f o r  hys te res i s - loop  m e a s u r e -  

ments  w e r e  prepared  by premagnet iz ing the powders  with 26 kOe,, 

-4 -  



potting -- 250 mg in epoxy r e s i n  and cur ing  a t  t empera tu res  between 

45 and 7OoC in a 4. 5 kOe aligning field. 

F ig .  1 shows the par t ic le -s ize  dependence of the in t r ins ic  

coe rc ive  fo rce ,  H and the res idua l - to-peak  magnetization r a t io  

("loop squa reness" ) ,  M r / M p ,  measu red  with a peak fleld of 22. 4 kOe 

in the alignment direction. The  cu rve  exhibits the expected s i ze  

dependence of the proper t ies .  T h e  bes t  value of H = 3350 Oe, 

combined with a good loop squa reness  r / M p  = 0.  9 ,  is found for the 9; 10 p fraction. The coerc iv i t ies  observed a r e  about twice those of 

M c '  

M c  M 

the cor responding  f rac t ions  of mischmetal-cobal t  powders,  ( ' )  but 

much l e s s  than those repor ted  fo r  SmCo !" 5 

IMPROVEMENTS B Y  TREATING THE PARTICLE SURFACES 

One fac tor  that  l imi t s  the coerc ive  fo rce  of RCo powders to 

values f a r  below the an iso t ropy  field i s  the ex is tence  of ea sy  domain- 

nucleation or  wall-trapping s i t e s  on the par t ic le  su r faces  f r o m  which 

the magnetization r e v e r s a l  c a n  be initiated a t  re la t ive ly  low opposing 

5 fields.  Becker  and C e ~ h ( ~ ' * )  have demonstrated on YCo and SmCo 

that the coerc iv i ty  of pa r t i c l e s  c a n  be  inc reased  many t i m e s  when the 

g ranu le s  a r e  smoothed and rounded by immers ing  them in a chemica l  

polishing solution. 

a small amount of zinc powder. (7)  Under p rope r  conditions,  the Z n  

5 

5 

A s  an  a l te rna t ive ,  the powder m a y  be heated with 

eac t s  with the RCo compound, apparent ly  forming a thin nonmagnetic 

hell ,  and thus deactivating the d is turbed  su r face  l aye r  and leaving 

the  magnetic c o r e  underneath geometr ica l ly  rounder  and smoother .  

We have t r ied  to adapt both techniques to P r C o  . 5 

5 

The  upper 

c u r v e s  in F ig .  l ( a )  and (b)  show the  changes in the p rope r t i e s  of 

mor t a r -g round  powders when they a r e  intimately mixed with 5 w / o  of 

Z n  dus t ,  outgassed in quar tz  tubes which a r e  then pumped down to  

- 5 -  



2 x 

t r ea tmen t  i nc reases  the coerc iv i ty  a f t e r  magnetization in 22. 4 kOe 

by a f ac to r  2 t o  4 fo r  the var ious  s ize  f rac t ions .  

7900 Oe f a r  powder of < 1 0 p m .  

improved except fo r  the f ines t  f r ac t ion  fo r  which M r / M p  declined 

f r o m  0. 9 to 0. 79.  The  conditions fo r  this t r ea tmen t  a r e  l ikely to  

depend s t rongly  on the sur face- to-volume ra t io  of the powder and 

T o r r ,  valved off and heated to  450°C fo r  10 minutes.  Th i s  

T h e  highest  value i s  

The loop squa reness  is  genera l ly  a l s o  

m u s t  ye t  be optimized f o r  these  small par t ic le  s i zes .  

Fig.  2 shows the effects of immers ing  mor t a r -g round  par t ic les  

of 37 to  44 p m  d iame te r  in a n  aqueous solution of 1 %  HNO 

tempera tu re .  

minutes  of this polishing t rea tment .  

sl ightly improved. On prolonged etching, MHc dec l ines  again. The 

weight loss  of the powders in the  ac id  was - 18%af te r  16  minutes ,  the 

d i ame te r  reduction consequently - 6%, so that  the i n c r e a s e  in coercivit.{ 

cannot be a t t r ibu ted  to  reduced par t ic le  s ize .  

a t  room 

The  coerc iv i ty  i s  approximate ly  doubled a f te r  8 to 16  
3 

The  h y s t e r e s i s  loop shape i s  a l s o  

BALLMILLING EXPERIMENTS 

T o  produce l a r g e r  quantit ies of powders f o r  magnet  fabrication, 

one mus t  u s e  s o m e  f o r m  of c o m m e r c i a l  grinding device.  

P r C o  

Mill ,  Model BS-01 of the Union P r o c e s s  Corpora t ion .  The init ially 

< 105pm granu les  a r e  ground with 

s t ee l  ba l l s  in a 800 m l  jar under tetrachloroethyiene.  

mill ing runs ,  cha rges  of 30 g and 60 g of P r C o s  w e r e  ground. 

of - 300 m g  w e r e  withdrawn a t  r egu la r  t ime in te rva ls ,  magnetically 

aligned and bonded as desc r ibed ,  and hys t e re s i s  loops measu red .  The  

m a t e r i a l  used in these  expe r imen t s  w a s  p repa red  f r o m  P r - C o  m a s t e r  

a l loys  rece ived  f r o m  the U. S. Bureau  of Mines in Reno, Nev. These  

We ground 

in a ve r t i ca l  ba l l  mi l l  with a s ta t ionary  j a r ,  a Szegevary At t r i t o r  5 

2. 5 kg of 3mm-d iame te r  s t a in l e s s -  

In two different 

Samples  
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alloys, made by a fused-salt  electrolysis process , (9)  were  remc!tnd in 

the arcmelting furnace under addition of cobalt. 

ballmilling contained approximately 7 %  of a second phase. 

The ingots used for  

Fig.  3 presents the resu l t s  of this attrition grinding. The 

genera l  features of the curves  a r e  those seen  previously in experiments 

with other mater ia l s .  Initially, both H and Mr /Mp increase  rapidly. 

The loop squareness  reaches a flat  peak between 20 and 60 minutes 

grinding t ime,  then begins to  decline, while the coercivity continues 

M c  

o increase  slowly. The amount of mater ia l  ground has some,  although 

not a very  important,  influence on these properties and the grinding speed. 

A final coercivity of MHc 2 5750 Oe was attained - the same value 

which Buschow e t  al. got with vibration grindingt3)- but a somewhat 

higher peak would have been reached had the grinding been continued 

The  loop squareness  had dropped t o  0.  67 a t  this point. 

fabrication, the properties of the powder af ter  60 min. 

the 60  g-lot would be bet ter :  H = 4800 Oe. Mr /M = 0. 9 5 .  

F o r  magnet 

of grinding 

M c  P 
SUMMARY 

The par t ic le  size dependence of the intrinsic coercive force  

and hysteresis-loop squareness  as well as the ?-operties attainable by 

at t r i t ion grinding of P r C o 5  a r e  reported.  

ground mater ia l  produced, magnets with a static energy product up 

t o  25 MGOe should be possible if a packing density of a t  l eas t  90% can  

With the bes t  a t t r i to r -  

e achieved and good particle alignment retained, as has been done with 

mCo . The coercivity of < 10 pm powder was ra i sed  t o  nearly 8000 Oe 5 
by coating the par t ic les  with a zinc alloy. 

-7 - 



ACKNOWLEDGMENTS 

T h i s  work  w a s  per formed under  the sponsorsh ip  of the 

Molybdenum Corpora t ion  of Amer ica .  

T h e  Reno Metal lurgy R e s e a r c h  Center  of the U .  S. Bureau  of 

Mines kindly supplied electrowon P r - C o  alloys. 

grateful ly  the meta l lurg ica l  support  given by Dr.  A .  E. Ray and his  

group and the ab le  exper imenta l  a s s i s t a n c e  of the M e s s r s .  D. Walsh  

and J. Wilde, all of the Universi ty  of Dayton. 

We also acknowledge 

R E  FERENC ES 

(1)  K .  S t r n a t ,  P r o c .  7th R a r e  E a r t h  R e s e a r c h  Conf . ,  p. 17, Coronado,  
Calif. (1968); a l so :  P r o c .  2nd Europ.  Conf. on Hardmagnet ic  
M a t e r i a l s ,  in p r e s s :  IEEE T r a n s .  Mag. (1970). 

(2)  K.  S t rna t ,  Cobalt No. 36 (1967) ,  133. 

( 3 )  K. H. J .  Buschow and W .  A .  J. J. Velge, 2 .  angew. P h y s i k g  
(1969) ,  157. 

U. S. A i r  F o r c e  M a t e r i a l s  Labora tory ,  unpublished r e s u l t s  (1966). (4)  

( 5 )  K. H. J. Buschow, e t  a l . ,  Phi l ips  Tech.  Rev. 3 (1968), 336. 

(6) 

(7 )  

D. K. Das ,  IEEE T r a n s .  Mag. 2 ( 1 9 6 9 ) ,  214. 

J. J. Becker  and R. E.  Cech ,  Tech.  Repor t  AFML-TR-69-46 
on Cont rac t  No. F33615-68-C-1248 with the U S A F  M a t e r i a l s  L a b o r a -  
to ry ;  a l so :  J. J. Becker ,  J. Appl. P h y s i c s  ( M a r c h  1970), in p r e s s .  

(8) J. J. Becker ,  IEEE T r a n s .  Mag. 2 (1969), 211. 

(9)  E. M o r r i c e ,  E. S. Shedd, M. M. Wong and T .  A .  Henrie ,  J. 
Meta ls  2 (1969) ,  34. 

-8- 



SIEVE OPENINGS [ p m ]  

a 
P 
i 

6 10 

vi 
w 

D: 

10 8ooo IO 20 37 5 3  74 

(o)MORTAR GROUND.SIFTED 

Pr Co5 

- 

(b)HEATEO TO 450'C FOR 
10 MINUTES IN VACUUM 
WITH 5%Zn 

0 2  

01 

0; 10 20 30 40 i o  i o  i o  80 90 l W  

- 

- 

. .  
10 20 3 7  5 3  74 IO 

I "  Hp=22.4kOe 

0 

NOMINAL PARTICLE S I Z E ,  d [pm] 

F i g u r e  1 :  
and the r e s i d u a l - t o - p e a k  magnet izat ion r a t i o  f o r  m o r t a r - g r o u n d  
and z i n c - t r e a t e d  powders .  
f i e l d - a l i g n e d ,  bonded with  epoxy r e s i n  at  low packing dens i ty .  
P r o p e r t i e s  a f t e r  magnet iz ing  with H 

P a r t i c l e - s i z e  dependence  of the intr ins ic  c o e r c i v e  f o r c e  

P a r t i c l e s  p r e m a g n e t i z e d  with  26 kOe,  

= 22. 4 kOe.  a P 

- 9 -  



F i g u r e  2: Ef fec t  of c h e m i c a l  
s u r f a c e  pol ishing on the  Pr Cos 

y c o e r c i v e  f o r c e  and the  

o( 3 of m o r t a r - g r o u n d  powder  

P Y kOe. P a r t i c l e  s i z e :  37-  
a* 44pm. Etching  solut ion:  

0 8  p; h y s t e r e s i s  loop s q u a r e n e s s  

-...- .......- after magnet iza t ion  in  22. 4 0 ...... a. ...~ ...... D .........-- 

1% HNO in H 0. P a r t i c l e s  
a l igned i?~ fielcf. ETC*INC TlME [YIN]  

6000 - 

- I O  

- 08 

M, 
-06 Mp 

- 0 4  

Pr Cos - 02 

t I 
0 20 40 60 80 100 120 140 160 180 200 

GRINDING TIME [MINI 

F i g u r e  3: Att r i t ion  gr inding  of P r C o 5 :  Dependence  of 
the  c o e r c i v e  f o r c e  and h y s t e r e s i s - l o o p  s q u a r e n e s s  on 
gr inding  t i m e .  Aligned p a r t i c l e s .  Magnet iz ing f ie ld  
H = 22. 4 kOe. 

P 

- 10- 



STRUCTURAL AND MAGNETIC PROPERTIES OF INTFRMEThT,LIC 
c 

COMPOUNUS IN THE TERNARY SYSXM + e 7  

Hans R. Kirchmayr 
Institut fiir Ekperimentalphysik 
Ruhr-Universitat, BOCHLJM, Germany 

Abstract 
Samples of the composition Y(Feq-vCov)2, Y6(Fel-xCox)23, 

Y(Fel-yCoy)5, and Y2(Feq-zCoZ),,7 have been prepared by 
high frequency melting and by arc-melting. By X-ray 
diffraction and X-ray fluorescence analysis the crystal 
structure, lattice spacings, and the actual composition 
have been determined. 

Solid solubility is observed for v = 0.0 to 0.4 and 
v = 0.7 to 1.0; for x = 0.0 to 0.2; for y = 0.7 to 1.0 
and for z = 0.0 to 1.0. 

The magnetic measurements show a marked dependence of 
the magnetization of YCo2 on the mechanical treatment of 

the samples. The magnetization G and the hyperfine field 
at the Fe-nuclei reach a maximum for v = 0.3 to 0.4. 

In the Y & ? ~ , C O ) ~ ~  samples the Curie temperature IC 
increases with x. With increasing y-values Tc and@ 
decrease. 

In Y6Fe23 the crystallographic different lattice sites, 
ccupied by Fe-atoms, are also magnetically non-equivalent 
is shown by Mijssbauer measurements. 

1. Indroduction 

The phase diagrams of rare earth metals (RE) with tran- 
sition metals, especially 3d-metals, the intermetallic com- 

pounds present in these systems, and especially the magnetic 
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properties of these compounds have been the object of 

many investigations in the last years (1,2). This is due 
mainly to the fact that in such compounds the interaction 

between the magnetic moments of 4f- and 3d-atoms can be 
studied. By diluting either the 4f-atoms by a nonmagnetic 
--atom, e.g. Y or by substituting one 3d-atom by another 
3d-atom, very often the magnetic properties are changed 

drastically, while the crystal structure remains the same. 

This is for instance true f o r  compounds o f  the general 
formula RE(Mn, Fe)2 and RE6(Mn,Fe)23 (RE = Y, Gd, Er) ( 3 ) .  

In this paper we want to present preliminary results o f  
investigations on intermetallic compounds of the ternary 
system Y-Fe-Co (Y(F~,CO)~, Y(F~,CO)~ resp. Y6(Fe,Co)23, 

and Y2(Fe,Co) ).. This system has been chosen because Y 
has no magnetic moment, while Fe and Co have usually a 
non-zero magnetic moment. In subsequent investigations we 
want to replace Y by RE-atoms withmagnetic moment and 
want to study the interaction between the 4f- and the 
3d-moments. 

17 

2. The boundam systems of the ternary system Y-Fe-Co 

Y-Fe-system: 

The phase diagram of Y-Fe has been given schematically 
by D0I"LAGA.LA et al. in 1961 (4). In the meantime additional 
phases and intermetallic compounds have been detected by 

X-ray methods. At least the f o l l o w i n g  compounds seem to 
be stable at room temperature: YFe2, YFe3, Y6Fe23, 

Y2Fe17 (1). The compound YFe5 (CaCu5 structure-type) has 
been reported by different authors; whether or not it is 
stable at room temperature is not sure. 

-12-  



Y-Go-system: 

The phase diagram of the Y-Co system has been investigated 
more recently (5 ,6) .  At least the following compounds seem 
to be stable (1): 
Y 5 co, Y4G03, YGo2, YGo3, Y*CO7, YCO5, Y2COq7. 

Fe-Go system: 

The phase diagram of this system is well known (7). At 

hase, austenite), at low temperatures an extended& -iron 
ferrite) mixed crystal region and a narrow region of 

high temperatures complete solid solubility exists @-iron 

c.p. hexagonal-cobalt exist. 

3. Experimental techniques 

The samples (5 - 7 g )  were prepared by induction melting 
mixtures of yttrium (nuclear grade 99.9 %), electrolytic 
cobalt (99.9 %) and iron (soft, carbonfree iron 99.9 %) 
in an alumina crucible ("morganite"). An excess of 

Y by vaporization, although argon of normal pressure was 
used as protective atmosphere. Temperatures up to 1800°C 
were necessary to obtain homogeneous samples. The cooling 
rate was 15°C/minute. A n  additional tempering procedure 
was not performed. Some samples were also prepared by 
arc-melting. All samples were checked for their composi- 
tion by X-ray fluorescence ( 8 ) ,  using watery solutions 

mortar under kerosene and the alloy powder was investigated 
by X-ray Debye-Scherrer photographs, using CrK -radiation. 
Some samp1e.s were also examined by high-temperature X-ray 
diffraction. 

3 - 1 5  % Y was used in order to compensate the loss of 

f the alloys. A part of each sample was crushed in a 8 

The remaining part of each sample was used f o r  
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differential thermal analysis, micrographs and especially 
for magnetic measurements including Massbauer measurements. 
The DTA-apparatus (9) and the magnetic balance (IO) have 
been described earlier. The MGssbauer equipment, utilizing 
a 1024 channel analyzer, was of a conventional type. 

4. Experimental results 

Lattice spacings and structures: 

Samples of three pseudobinary cuts, corresponding to 

the compositions Y(Fel-xCox)2, Y(Fel-x CO ) 

to 5)3 and Y2(Fel-xCox)17 have been prepared over the 
whole concentration region x = 0.0 to 1.0. 

(z: 23/6 = 3.83 

In contrast to earlier investigations (11) we Gave not 
been able to obtain single phased samples of Y(F~,CO)~ in 
the whole concentration region, at least with our prepara- 
tion procedure. From the X-ray diffraction patterns and 
from the change of the lattice spacings only for x = 0.0 
to 0.4, and x = 0.7 to 1.0 a single phase could be observed. 

The reason f o r  these results, are not clear yet since 
actually YFe2 and YCo2 have both the same structure 
(MgCu2-type). 

By preparing sabples of the nominal compositions 

Y6(Fe,Co)23 and Y(Fe,Co) 
Y6Fe23 (Th6Mn23-type) and o f  Pe in YCo5 (CaCu5-type) was 
investigated. 

When the composition was approximately Y(Feq-xCox)5 

the solid solubility of Co in 5 

(x = 0.2 to 0.7), then three phases were eo-existing, 

namely Y6(Fe,Co) 23' Y(F~,CO)~, and Y*(F~,CO),,~. 

It could not be determined to what extend the Fe:Co 
ratio was different in these 3 phases. At high temperatures 
near the solidus line, complete solid solution for all 
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5’ Fe:Co ratios seems to exist in the compound Y(Fe,Co) 

The alloys of the composition Y2(Fel-xCox)17 show 

complete solid solubility for any x-value. The structure 
is of the rhomboedral Th2Zn17-type. 

If a hexagonal unit cell is chosen, the a- and the 
c-values show a positive deviation from Vegard’s rule. 

measurements: 

The susceptibility and the magnetization have been 
measured from 80 K to 1200 K in fields up to 12 kOe. 

First several samples of YCo2 have been investigated 
because of the controversial results of earlier 
investigations. For YCo2 a Curie-temperature near 300 K 
and a small saturation magnetization has been reported 
(11,12). However, also antiferromagnetic (13) and Pauli- 
paramagnetic behavior (14) has been reported. By neutron- 
diffraction studies (14) no magnetic l i n e s  resp. no 
magnetic ordering could be observed. 

We have found that the properties of YCo2 samples are 
very sensitive to any mechanical treatment. Grinding e.g. 
may change the magnetic character of the samples 
completely. Measurements on bulk samples of YCo2 showed 
a very small variation of the magnetization of less than 

@.I G a d  cm3 g-’. The susceptibility does not follow a 
Curie-Weiss-law and is smaller than 0.285 Gaul? cm g- . 3 1  

The same sample showed the same X-ray diffraction lines 
after grinding in a mortar under kerosene. The magnetization 
at 80 R and 10 kOe increased, however, to 0.748 G a d  
crn3g-l. The temperature variation of the magnetization 
between 77 K and 500 K increased to 0.45 Gaul? cm3g-’. 

When the same sample was ball milled for 12 hours 
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under n-penthane (dried with sodium metal), the X-ray 

diffraction lines-became diffuse and broad. This fact must 
be attributed to lattice distortions, but not to grain 
size effects. The temperature dependence of the magnetiza- 
tion of this sample is raised to the I O  fold value of the 
original sample. The magnetization at 80 K and 10 kOe is 

now 14.5 Gaul3 cm g- . 3 1  

The results of the magnetic measurements on the series 
Y(Fel-xCox)2 in general agree with the results by ABEL 
and CRAIG (11). For x = 0.3 a maximum of the magnetization 
is observed. Then the magnetization decreases with in- 
creasing x. Also the Curte-temperatures increase from 530 K 
for YFe2 to 64-C K for Y(Fe0.6Co0,4)2. After that they 
remain more or less constant and decrease f o r  x = 0.9 to 
525 K. 

The M8ssbaLer Fe57-measurements, performed at 300 K, 
yield a single well resolved spectrum for all specimens 

investigated (x = 0.0 to 0.8). For YFe2 a hyperfine field 
of I90 kOe is measured, which agrees with earlier 
measurements (2). For x = 0.1 195 kOe, x = 0.2 200 kOe 
and x = 0.3 203 kOe have been detected. 

The samples with the composition Y6(Fel-xCox)23 showed 
Curie-temperatures for x = 0.0, x = 0.1 and x = 0.2 of 
481 K, 485 K and 640 K, respectively. The magnetization 
at 80 K and 10 kOe for these 3 samples was nearly the 
same (120 Gaul? cm3g-'). 

The samples with the composition Y(Fel-xCox)5 showed 
Curie temperatures of 1085 K and 935 K, for x = 0.9 
and x = 1.0 respectively. The corresponding (7-values 
were 98 and 83. 

The temperatures dependence of the susceptibility of 

the series Y(Fe,Co)2 and Y(Fe,Co)23 resp. Y(Fe,Co)5 

-16-  
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shows more or less normal Curie-Weiss behavior. A detailed 
analysis and the calculation of the effective Bohr-magneton 
numbers is now being performed. 

The magnetic properties of the mixed crystal series 
Y2(Fe,Co),,? are presently under investigation. 

MGssbauer-measurements on Y Fe showed that in this 6 23 
compound the Fe-atoms at the different lattice sites are 
magnetically non-equivalent. This results from the fact 
hat the spectrum shows more than the usual 6 lines and is 
on-symmetric. Therefore, also an isomer shift seems to be 

present indicating different valence states of the iron- 
atoms. MGssbauer measurements on other members of the 
series Y6(Fe,Co)2g are also now being performed. 

5. Discussion 

Because of the different number and crystal structures 
of the compounds in the binary systems Y-Fe and Y-Co, 
complete s o l i d  solubility can only be possible for the 
series YFe -YCo2, Y2Fe17-Y2Co17, and probably for 
YFe -YCo 

2 
(this latter series has not been investigated). 3 3’ 

For Y2(Fe,Co)17 such a complete solid solubility range 
has been observed. For ths series Y(Fe,Co)2 we could 
observe only limited solubility. The reason is obviously 
the different method of sample preparation and tempering 
rocedure we have used in contrast to (11). 

For  the compound Y6(Fel-xCox)23 a homogeneity region 
seems to exist for x = 0.0 to 0.2 and for Y(Fel-xCox)5 
for x = 0.7 to 1.0. Although it was attempted to establish 
the phase relations, liquidus and solidus lines and the 
nature of the transition from the Y6(Fe,Co)23 phase to 

the Y(Fe,Co) phase by differential thermal analysis and 
by micrographs, additional investigations are necessary. 

5 
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Nevertheless the fact that an appreciable amount of Go 

resp. Fe can be solved in Y6Fe23 resp. YGo5 seems to be 

well established. 

The results of the magnetic measurements reflect the 
phase relations just discussed. 

YCo2 has magnetic properties which depend mainly on 
the mechanical treatment performed. If stacking faults 

and dislocations are produced e.g. by ball milling, the 
magnetization increases by several orders of magnitude. 
Such a behavior may be explained by the fact that stacking 
faults in the MgCu2 structure can bring Go-atoms close 
together, which are otherwise well separated. This can 
result in a magnetic ordering which is otherwise impossible. 
A similar behavior has been observed with c o l d  worked 
Sc(Nil-xCox)2 (15) and Fe-A1 (16) samples. By tempering 
a cold worked YCo2 sample at 15OoG for 4 hours a con- 
tinuous decrease of the susceptibility by IO % could be 
observed, which can be interpreted as a recovery of the 
distorted lattice. 

We think, however, that final conclusions about the 
magnetic nature of YGo2 can only be drawn if a single 
crystal is investigated. 

The results of the magnetic measurements on the series 
Y(Fe,Go)2 show that the mean value of the magnetic 
moments increases with the Co content in a similar manner 
as in the Fe-Go system. The increase in the magnetizatior, 
resp. the moment is reflected in a similar increase of 
the hyperfine field, which is uniform for all Pe-atoms, 
irrespective of the number of Go-atoms at nearest neighbor 
sites. This is in contrast to measurements of the hyper- 
fine field at the Fe-nuclei in compounds of the composition 

Y(Fe,mI2 (2). 

- 1 8 -  
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Also the magnetic properties of the compounds 

Y6(Fe,Co) 
solid solubility of Fe and Co in these compounds and the 
fact that Fe and Co are very probably distributed 
statistically on the 3d-atom lattice sites. In the 
Y6Fe23 structure, however, 4 different lattice sites are 
present, which are occupied by Fe. This is reflected in 
the Mijssbauer pattern. 

can be understood if one considers the limited 5 

After concluding the investigations on the compounds 
of the ternary system Y-Fe-Co, the next step of our 
investigations will be studies of RE-Fe-Co systems, where 

RE is a magnetic rare earth element, because then all 
magnetic properties of a specific RE(F~,CO)~ compound 
which differ from the magnetic properties of the 
isostructural Y(F~,CO)~ compound can be attributed to the 
presence of a localized magnetic moment at the RE-site. 
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CNETIC AFTEREFFECT AND AGING O F  Sm(Co, Cu, F e ) 5  
r c -  

PERMANENT M C N E T  ALLOYS 

n 

and 

K.  Strnat  

Depar tment  of E lec t r i ca l  Engineering 
University of Dayton, Dayton, Ohio 45409 

ABSTRACT 

Alloys of this type can  be magnetically hardened by prec ip i ta -  
tion of a nonmagnetic phase. 
pronounced magnetic af tereffect :  Once the magnetization r e v e r s a l  has 
s t a r t ed ,  the intr insic  induction continues to d rop  slowly - a t  constant 
f ield s t rength  - fo r  s eve ra l  minutes and In increments  up to 50% of the 
saturat ion.  
R(Co, Cu, F e ) 5  alloys in different s tages  of heat t r ea tmen t  and for  
SmCog. 

Magnets made  f r o m  them show a very  

This  undes i rab le  phenomenon has  been studied f o r  

R-Co alloy powders a r e  subjec t  to a degradation of their  
permanent -magnet  p rope r t i e s  by aging. 
pe r fo rmed  a t  room t empera tu re  and 125OC with powders of SmCo5, 
SmCog. 5Cul .  5 and SmCo3. 
ments .  
t r ea t ed  al loys with copper and i ron  substi tution, while proper ly  
precipitation-hardened samples  of the l a t t e r  type a r e  r a the r  stable.  

Air -aging exper iments  were  

Cui. 35 Fee. subjec ted  to var ious  t r e a t -  
The degradation i s  ve ry  s e v e r e  fo r  SmCog and f o r  poorly heat-  

he r e su l t s  a r e  d i scussed  in t e r m s  of the meta l lurg ica l  phase s t ruc tu re  
nd models  of the magnet iza t ion- reversa l  mechanisms.  

INTRODUCTION 

Permanen t  magnets  containing a s  their  magnetically act ive 

consti tuent a r a r e  ear th-cobal t  in te rmeta l l ic  phase of the type RCo5 

o r  a modification thereof,  can be made by powdering the alloy, then 
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bonding o r  press ing  the powder, and, i f  desired,  s inter ing it. (') 

Nesbitt  e t  a1 (2)and Tawara  and Senno (3)  have a l s o  demonst ra ted  a n  

al ternat ive approach  which allows one to achieve  high intr insic  coerc ive  

f o r c e s  in the bulk without the necess i ty  of comminution. 

paper is concerned with magnets of the l a t t e r  type. 

The p resen t  

Alloys with a two-phase mic ros t ruc tu re  can  be  produced by 

replacing a pa r t  of the cobalt  by copper.  I f  they a r e  given a n  appropr i a t e  

heat t rea tment ,  ve ry  high coerc ive  fo rces  can  be achieved. This  has  

so far been done successfu l ly  with alloys based on Sm-Co, Ce-Co and 

mischmeta l -cobal t .  

the sa tura t ion  magnetication and, consequently, the energy  product 

possible fo r  magnets  made  f rom such  alloys.  

effect  can  be counterac ted  to some  degree  by the simultaneous addition 

of i ron  in amounts that  a r e  accommodated by the AB5 la t t ice .  

bas i s  of r ecen t  fu r the r  investigations,  (4* 5* 6 l  7, a c l e a r e r  concept of 

the mechanism of the magnetic hardening has  begun to evolve: At 

high t empera tu res ,  nea r  the per i tect ic  react ion,  extensive solid 

solubility of copper (and iron, i f  used)  in the "RCog'l-crystal  appea r s  

to exist .  

one r i c h  in  Co  and s t rongly  magnetic a t  room t empera tu re ,  the o ther  

r i c h  in Cu and nonmagnetic. (At l ea s t ,  i t  has a m u c h  lower sa tura t ion  

The addition of nonmagnetic copper a l s o  lowers  

Th i s  undes i rab le  s ide  

On the 

But on cooling, the alloy decomposes  into two phases ,  the 

and Cur i e  point than the f i r s t  phase. ) 

Near  the center  of the miscibi l i ty  gap, i. e . ,  nea r  x = 1. 5-2 
('1) in the SmCo5 -xCux sys tem,  spinodal decomposition occur s  on cooling. 

Th i s  yields a n  ex t r eme ly  fine-grained s t r u c t u r e  in which the magnet ic  

phase  ("SmCogt') is p resen t  in the f o r m  of m o r e  o r  l e s s  isolated 

pa r t i c l e s  which act l ike the granules  in  ground powders,  except that  

they a r e  r a t h e r  per fec t  c rys t a l l i t e s  with a roundishshape  and a smooth  

su r face  and consequently c a n  have ex t r eme ly  high domain-nucleation 

coercivi ty .  
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However, f o r  alloys with low copper content on the Co s ide of 

the immisc ib i l i ty  region, where  the solvus l ine f a l l s  off steeply,  annea l -  

ing a t  only a few hundred OC following homogenization produces a n  
in t r ag ranu la r ,  nonmagnetic precipi ta te  in a magnetic "SmCog" mat r ix .  (7) 

This  precipi ta te  impedes the motion of magnetic domain walls through 

the ma te r i a l ,  thus c rea t ing  coerc ive  fo rce  in the c l a s s i ca l  manner ,  so 

that a subdivision of the magnet into fine par t ic les  is not requi red .  The 

alloys investigated by us a r e  in the l a t t e r  category. 

AGING EXPERIMENTS 

Descr ip t ion  of the Phenomenon 

SmCog powders p repa red  by mechanica l  grinding, and to a 

9 
a.. 

l e s s e r  extent the magnets  made  by compacting these,  l o se  much of 
their  high init ial  coerc ive  fo rce  upon prolonged exposure  to a i r .  (8) 

This aging p rocess ,  which is cons iderably  acce le ra t ed  by heating to 

100-150°C, has been at t r ibuted to the c rea t ion  of low-energy domain 

nucleation s i t e s  on the par t ic le  su r faces  by select ive oxidation. 

a l loys which a r e  magnetically hardened  by precipitation of a nonmagnetic 

phase,  however,  su r f ace  nucleation of domains plays no ro l e ,  if our 

concept of the c a u s e s  of magnetic ha rdness  is c o r r e c t .  Consequently, 

t he i r  permanent -magnet  p rope r t i e s  should not de t e r io ra t e  upon aging. 

(The s a m e  might be expected of the spinodally-decomposed alloys.  

While domain nucleation p r o c e s s e s  may be  impor tan t  in these,  the 

In the 

@ par t i c l e s  a r e  completely imbedded in  the solid and  not exposed to air. ) 

F o r  mass ive  p ieces  of such  two -phase al loys,  no aging problem should 

the re fo re  exis t  - a t  l e a s t  not a t  the low t empera tu res  mentioned - and 

this expectation appea r s  to be borne  out by  our exper iments .  

However, in the production of magnets  f r o m  these  al loys,  i t  

The difficult ies of m a y  b e  necessa ry  to work with powders a f t e r  all. 

controll ing simultaneously the chemica l  homogeneity, the ma t r ix -c rys t a l  
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orientation, and the pre ipita ion process during the casting of magnets 

of practical  s i ze s  and shapes may prove prohibitive. Powder -metal-  

lurgical  processing allows a better homogenization and the imposition 

of a texture by means of magnetic particle alignment before pressing. 

Production casting of any but the simplest  and smal les t  shapes may 

also prove quite difficult in view of the brit t leness of the alloys. If 

the copper-containing alloys a r e  to go through a particulate s ta te  during 

processing, it is important to know how their magnetic properties 

depend on particle size,  and in what manner the properties may change 

because of the reaction of powders or  compacts with the atmosphere.  

The f i r s t  s e t  of experiments reported he re  was designed to shed some 

light on these questions. 

b. Experimental Procedures  

The alloys were prepared by arcemelting from the elemental 

Then they were annealed with intent metals a s  described previously. 

to homogenize, for the t imes and temperatures noted in the figure 

captions, and water -quenched to preserve  the solid solution. The 

te rnary  and quaternaryalloys were then annealed for  4 hours a t  various 

lower temperatures to develop the precipitate. 
micros t ruc tures  found in SmCoj. CuFeo. for the various stages of 

heat treatment. The mater ia l  was then ground with mor t a r  and pestle 

and classified by sifting, all in a i r  and a t  room temperature.  Fo r  the 

magnetic measurements,  

Figure 1 shows the 

250 mg of the loose powder were premagnetized 

Q in a field of 26 kOe and mixed with an  epoxy res in  which was cured  a t  

t empera tures  between 4 5 O  and 7OoC in 4.5 kOe. 

measured  with a peak field strength of H 

data for the intrinsic coercive force,  MHc, determined f rom these. 

The loops were symmetric and generally nicely square  a s  shown in 

Figure 3c. Fo r  the air-aging studies, severa l  g rams  of the powder 

Hysteresis loops were 

= 22.4  kOe and the reported 
P 
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were spread thin in  a f la t  aluminum dish  and either kept a t  125OC in  a 

heated "desiccator" with the l id  left open, o r  mere ly  a t  room temperature  

in a cabinet. 

as described. 

Samples of 250mg were  withdrawn, potted and measured  

C. Results of Forced-Aging Experiments 

In Figure 2 we show how the intrinsic coercive force  changes 

A control sample of during aging a t  125OC for periods up to 72 hours.  

SmCo5 powder (Curve a) was aged alongside the two-phase alloys and 

xhibited the previously observed severe degradation. F r o m  an initial 

value of MHc = 10,200 oersted,  the coercivity dropped to 7,  000 Oe 

during the first two hours  and continued to decrease,  although a t  a 

much slower ra te ,  to values below 6 ,  000 Oe. Even af te r  72 hours i t  

had not reached a final, stable value yet. By contrast ,  SmCo Cu 

F e  which had been heat t rea ted  for  optimal coercivity ( H is 0 . 4  M c  
near ly particle-size independent f r o m  105pm down to the particle s ize  

of <37pm used in this tes t )  showed only a r a the r  minor  initial drop in 

H 

af te r  the f i r s t  two hours (Curve b). 

near ly  homogenized, metastable state obtained by annealing a t  1 100°C 

and water-quenching f r o m  there  behaves ve ry  similar to SmCo5 

(Curve c). 

r a t e  even after 72 hours. 

3. 5 1 .35 

from 8, 000 to about 7, 600 Oe where i t  appeared to r ema in  constant 
C 

However, the s a m e  alloy in  the 

T h e r e  is a s h a r p  initial decay which continues at a slow 

Curve d r e fe r s  to resu l t s  with a ( coa r se r )  

wder of the alloy SmCo3. 5 Cu1.5 which had received no homogeniza- 

on anneal but was only heat-treated for  4 hours  a t  6OO0C af te r  a r c -  

melting, following approximately the procedure descr ibed by Nesbitt 

e t  a1 in their  f i r s t  publication on such alloys. (2) This powder showed 

a 

lying between that of the homogenized and the properly precipitation- 

t rea ted  alloys with a n  i ron  addition. 

strong initial and a slower continuing decline of Hc, i t s  behavior 
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I t  i s  in format ive  to look not only t the oerc ive  fo rce  but 

a l s o  a t  the changes taking place in the h y s t e r e s i s  loop shape during the 

aging process .  F igu re  3 shows, super imposed ,  the loops measu red  a t  

0 and 72 hours .  I t  mus t  be noted that only the H-sca les  a r e  the s a m e  

f o r  all s i x  curves .  Because  of the na ture  of the measu remen t  - on 

samples  of low packing density that contain only approximately the 

s a m e  amount of magnetic powder in  a d ispers ion  that may differ f rom 

sample  to sample  - the (B-H)-sca les  va ry  slightly. 

a r b i t r a r y ,  and  attention should focus only on loop shape and coercivity.  

SmCo5 and the homogenized Sm(Co, Cu, F e )  - alloy init ially had loops 

with a "fat tai l" i n  the f i r s t  and th i rd  quadrants .  

p re sence  of a ve ry  high-coercivity f ract ion of pa r t i c l e s  whose magnetiza - 
tion r e v e r s a l  begins by domain nucleation on the par t ic le  surface.  

aging these  t a i l s  shr ink,  the magnetization p rocesses  n e a r  the t ips of 

the loop become reve r s ib l e ,  and the loops "square  up. " One c a n  unde r -  

s tand  these  changes in  t e r m s  of the model of the magnetization r e v e r s a l  

They  were  lef t  

Q 
This indicates  the 

On 

proposed by Becker (8)  i n  the following manner :  During aging, su r f ace  

co r ros ion  of the pa r t i c l e s  c r e a t e s  low-energy nucleation s i tes ,  thus 

lowering the coerc iv i ty  espec ia l ly  of the pa r t i c l e s  that  were  init ially 

m o s t  difficult to r e v e r s e ,  unt i l  eventually - a f t e r  long aging t imes  - 
2, m a y  d rop  to the level  of the wall-motion coerc ive  force.  The  

l a t t e r  was de te rmined  to be about 1, 500 Oe in  the Sm(Co, Cu, F e )  by 

measu remen t s  on v e r y  c o a r s e  powder, but is unknown f o r  our  SmCo5 

alloy. F r o m  the s imi l a r i t y  in the behavior between the SmCo5 and 

the homogenized Sm(Co, Cu, F e )  i t  is concluded that in the <37pm 

powder of the l a t t e r  a ma jo r  portion of the pa r t i c l e s  r e v e r s e s  by 

domain nucleation and growth. In the al loy that was heat - t reated a t  

475OC a f t e r  homogenization, however, the "tail" is m u c h  l e s s  p ro -  

nounced. It promptly vanishes  on aging, and the modera te  l o s s  of 
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H The loop shape in M c  
the second quadrant  r ema ins  essent ia l ly  unchanged. It s e e m s  that 

only some  of the f inest  par t ic les ,  which contain l i t t le  o r  none of the 

precipi ta te ,  can eve r  be swept c lean  of domain walls and fo rced  to 

renuclea te  them on the surface.  

de t e rmines  the coerc iv i ty  by providing obs tac les  to wall  motion and 

internal  nucleation o r  wall-trapping s i tes .  

the par t ic le  i n t e r io r ,  the changes of the par t ic le  su r face  by co r ros ion  

during the f i r s t  hours  is at t r ibutable  to this. 

h mos t  of the g ra ins ,  the precipi ta te  

Since these  a r e  f ea tu res  of 

cannot influence the coerc iv i ty  of mos t  of the powder. Q 
d. Resu l t s  of Room-Tempera ture  Aging Exper iments  

T h r e e  of the powders have been a i r - aged  a t  toom t empera tu re  

up  to 100 days (F igu re  4). 

l o s s  of coercivity,  but H appea r s  to level  off a f t e r  60  days a t  a 

somewhat  higher level  than before.  

SmCo 

also in the homogenized s t a t e ,  appea r s  r a t h e r  stable.  

SmCo5 showed again a pronounced init ial  

M c  
The tes t  i s  being continued. 

Cu 1. 35 Fee. 3. 5 
in the prec ip i ta ted  and - somewhat  surpr i s ing ly  - 

The f a c t  that  

t he re  is no init ial  decline and  the cons iderable  sca t t e r  of the points m a y  

be due to an  unfortunate f ea tu re  of our  s ample -p repa ra t ion  technique: 

The t empera tu re  of the epoxy binder during cur ing  va r i ed  considerably,  

and i t  is possible that an  apprec iab le  - and unequal - amount of additional 

par t ic le  co r ros ion  took place during the curing. While the t e s t s  should 

e r e f o r e  be repea ted ,  the r e su l t s  s t i l l  point out the difference in the 

nsit ivity to aging between SmCog and the prec ip i ta t ion-hardened  alloy, 

and they demonst ra te  how s t rongly  the aging is acce le ra t ed  a t  125OC. 

The different init ial  values in the 25OC and the 125OC aging 

t e s t  a r e  due to the f ac t  that heat- t reat ing,  grinding and sifting were  

done twice. 

reproduce  the s i ze  distribution exactly. 

F o r  the powder f r ac t ion  C37pm i t  is not possible to 
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U G N E T I C  AFTEREFFECT 

The two-phase alloys containing copper show a ve ry  pronounced 

magnetic af tereffect .  

accompanying a change in the magnetizing field i s  followed by a fu r the r ,  

slow adjus tment  of (B-H) which takes  place over a period of s e v e r a l  

minutes.  

SmCo2. 5 Cuz. 5 in the a s - c a s t  s ta te .  

The immedia te  change of the in t r in s i c  induction 

Th i s  was f i r s t  pointed out by Becker  ( Io)  for  the alloy 

We have investigated this  phenomenon on the same  al loys on 

which the aging s tudies  were  made ,  using as samples  magnetically 

aligned powder compacts  of about 60% packing density which were  

bonded with tin. F igu re  5 shows pa i r s  of demagnetization cu rves ,  one 

t r aced  in the usua l  manner  in a few seconds,  the o ther  much m o r e  

slowly with seve ra l  s teps .  

essent ia l ly  cons tan t  f o r  3 minutes  during which the magnetization 

continued to drop. 

adjustment.  

can  be ve ry  l a rge ,  notably in the proper ly  precipitation hea t - t r ea t ed  

SmCo3. 5 Gul. 35 Fee. 
1, 960 C, o r  over 50% of the remanence  of the sample.  

p resent ,  but negligibly s m a l l  f o r  p rac t i ca l  purposes ,  in  SmCog. 

At each  s t ep  the field s t r eng th  was held 

T i m e  m a r k e r s  indicate the decreas ing  r a t e  of the 

I t  can  be  seen  that in the s t eep  pa r t  of the cu rve  the changes 

where  the height of the l a r g e s t  s t ep  amounts  to 

The  effect is 

The  af tereffect  occu r s  only in those pa r t s  of the hys t e re s i s  

loop where  the magnetization p rocesses  a r e  i r r eve r s ib l e .  

co r rec t ly  precipitation-hardened alloy i t  is not observed  in the f i r s t  

quadrant  o r  in the s t ra ight- l ine portion of the second f r o m  the remanence  

point to the knee. 

thermal ly  ac t iva ted  c reeping  of unstable domain walls through the 

thicket of precipi ta te  pa r t i c l e s  which a c t  as pinning s i tes .  

af tereffect  was theoret ical ly  desc r ibed  by Neel. 

F o r  the 

Th i s  indicates that  the cause  of the phenomenon is a 

This  type of 
' (11) 

-28- 



In practical  t e rms ,  the existence of the aftereffect means that 

the equilibrium demagnetization curve - the focus of all steady magnetiza- 

tion s ta tes  - which is the one of importance for most  magnet applications, 

l i e s  appreciable lower and has a smal le r  intrinsic coercive force  than 

a quickly-traced curve.  

product provided the knee of the demagnetization curve is sufficiently 

far to the left of the lowest operating point of the magnet. 

however, not the case  for our best sample of SmCo3. 5 Cui. 35 Feg. 4 

This need not adversely affect =Hc and energy 

This i s ,  

for which the aftereffect  begins to become noticeable a t  approximately @ koe .  

S U M M A R Y  

The degradation by air-aging and the magnetic aftereffect have 

been investigated for SmCo5 and Sm-Co based alloys that were magnetically 

hardened by additions of Cu and F e  and precipitation of a second phase. 

After the proper heat treatment,  SmCo3. 5 Culm 35 Fee. 4 was found to 

be quite stable on aging, even as a fine powder, in s ta rk  contrast  to 

SmCog. The same  alloy, however, shows la rge  changes of the magnetiza- 

tion a t  constant field for severa l  minutes a f te r  a field change occurred. 

This causes  the steady-state magnetization curve  to be appreciably 

different f rom one measured a t  the usual t r ave r sa l  speed. 

is a l so  present in SmCog but is insignificant there. 

causes  and the practical  implications of these phenomena for  the 

The effect 

Probable physical 

pplication of permanent magnet were discussed. 
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F i g u r e  1: Mic ros t ruc tu res  of SmCoj. Cu Fee. (250x) 

(c) Tempered  fo r  4 hours at 
473OC. At this tempera ture ,  
MHc has its optimum value. 
Note that no  precipitate i s  
visible as yet. (not even a t  
lOOOx magnification. ) 

- 3 1 -  

(d) T e m p e r e d  for 4 hours  a t  
576OC.  Prec ip i ta te  has be -  
come visible. MHc has dropped 
apprec iab ly  below i t s  optimum. 



F i g u r e  2: T i m e  dependence 
of the in t r in s i c  c o e r c i v e  
f o r c e  dur ing  a i r - a g i n g  of 
powders  at 125OC. 

F i g u r e  3: H y s t e r e s i s  loops of a l igned  powder s a m p l e s  before  
( C u r v e s  1) and  a f t e r  ( C u r v e s  2)  aging in  air a t  125OC. 

F i g u r e  4: T i m e  dependence 
of the in t r in s i c  c o e r c i v e  
f o r c e  during air -aging of 
powders  a t  r o o m  t e m p e r a t u r e .  
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B."(.CI 
S m C o l r  Culx, Feo a 

Figure  5: Magnetic aftereffect: 

demagnetization curves and 
curves  t raced  with severa l  3 -  
minute stops a t  constant field. 

Comparison of quickly - t raversed  ;:;:::::::::':::;' 1 
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Abstract 

Neutron diffraction and thermal magnetization analyses were 
made of HoFe2. 
the Curie temperature with the Ho moments coupled anti- 
parallel to the Fe moments. 
are 1.7 _+ 0.2 and 9.5 f 0.2 LIB for Fe and Ho resp. corres- 
ponding to 6.1 U B  per unit formula. It is concluded that the 
Ho-Ho interactions decrease rapidly with increasing tempera- 
ture and that the Ho-Fe interaction must be weak. 

The magnetic structure is ferrimagnetic below 

The saturation moments at 4.2OK 

Introduction 

Magnetic properties of the intermetallic compounds 

involving transition and the rare earth metals have been 
extensively studied, particularly the cubic Laves phase 

compounds (MgCuZ structure). Magnetization measurements 
which have been made for the RFe series by Wallace and 

Skrabek 
are not in good agreement. No attempts to date have been 
made to directly determine the individual atomic moments and 
the magnetic structures of the rare earth-iron alloys. 
Accordingly neutron diffraction experiments as well as magne 
tization studies have been carried out on HoFe2 to determine 
the extent of magnetic interaction and the magnetic moments 
of Fe and Ho. 

, Wertheim and Wernickj2) , and Crangle and Ross ( 3 )  
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Sample Preparation 

Ho and Fe in stoichiometric quantities were induction 
melted under argon in Morganite recrystallized alumina 

crucibles at 1600OC. 
1275OC for 2 4  hours to yield single phased material as 
evidenced by both X-ray powder diffraction and metallographic 
examination. The lattice constant, 5,  was calculated as 
7.303 f .001 8 in good agreement with the value reported by 

The samples were then annealed at 

were retained in an argon 
neutron diffraction 

surements 

was measured on a powdered 
xtraction method proposed 
fie magnetization measure- 
0 kOe. At low tempera- 
nt for saturation. The 

g6.O 
extrapolated using the 
*ous magnetization 
.mu/g was obtained, in 
i ~ Wernick") but 
I and Skrabek") . 

q p k  I....__ U ,  is in good 
agreement with earlier worK solute saturation 
magnetization value, CJ = 6.1 p B  per unit formula, suggested 
on antiferromagnetic coupling between the Ho and Fe 
sublattices. 
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Neutron Diffraction Analysis 

Neutron diffraction analysis was carried out at the 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. Powder 
patterns were obtained at 4.2, 77, 298, and 700°K. 
sample, an earlier neutron diffraction analysis taken prior 
to the magnetization measurements showed small extra peaks 
present, most of which could be indexed assuming a magnetic 
cell twice the size of the chemical cell. The presence of 
such small peaks on low temperature neutron diffraction 
patterns have been observed for HoCo2 by Moon et al. ‘6) and 
by Lemaire(7). 
another sample of HoFe2, no such peaks were evident 
suggesting that they were caused by the presence of small 
amounts of other phases as proposed by Moon et a1.(6) for 

HoCo2. 

On one 

On a later neutron diffraction pattern of 

Below the Curie temperature, the ferrimagnetic behavior 
of the compound was confirmed. The magnetic structure is 

similar to that of HoCo2 in that the moments of Fe and Ho are 
antiparallel; their values at 4.2OK are 1.7 t 0.2 and 
9.5 t 0.2 uB resp. corresponding to a moment of 6.1 p B  per 
unit formula, in good agreement with our magnetization 
measurements. 

Discussion 

The saturation moment of 9.5 pB is not too far removed 
from the calculated value of 10 p B  €or the trivalent free 
ion and thus provides further direct evidence that little 
or no quenching of the moment of H o  occurs in HoFe 
reported by Moon et al.(6) for the Laves phase compounds 
TbCo2, HoCo2, and ErCo2. 

2 as 
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The temperature variation of the intensity of two 
magnetic peaks (222) and (220) provides some knowledge of 
the magnetization behavior of the two sublattices, Figs. 1 
and 2, resp. The (222) peak arises only from Fe contributions 
and its intensity is constant to just about the Curie tempera- 
ture at which point it drops sharply. The (220) peak is due 
only to Ho contributions. 
sharply. 
were found for Ho and Fe, resp. 

After 8OoK the intensity drops 
At room temperature moments of 6.0 p B  and 1.6 p B  

e The above observations reveal that the Ho-Ho interaction 
decreases rapidly with increasing temperature, the Ho-Fe 
interaction is weak, and the Fe sublattice magnetization 
persists far beyond room temperature. 

Similar studies are in progress on HoFe3 and Ho2Fe1,. 
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FIG. 1 V a r i a t i o n  of neu t ron  d i f f r a c t i o n  i n t e n s i t y  
of the (222) peak for HoFe2 w i t h  t empera tu re .  
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FIG. 2 V a r i a t i o n  of neu t ron  d i f f r a c t i o n  i n t e n s i t y  
of t h e  (220) peak f o r  HoFe2 w i t h  t empera tu re .  
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* 
INTERMETALLIC SYSTEMS CONTAINING L&"IDES 

Burke Leon and W. E. Wallace 

Structural and magnetic characteristics of two sets of 
ernary systems have been studied: (a) Ln$Ji2-.&lx with Ln = Ce, 
Fr, Nd, Gd, Tb, Dy, Ho and Er and (b) Prl-&nXC02 where Ln = Dy 
and Ho. The temperature range covered was from 2 to 300°K. The 
latter ternaries exhibit the C15 structure for all values of x. 
In the LnNi2T$tx ternaries there is an appreciable range of pri- 
mary solubility for phases based on LnAl2. The same is true for 
phases based on M i 2 ,  except for CeiTi2; the solubility of CeAl2 
in CeNi2 is below the level of detection. An intermediate phase 
(C22 structure) based on the composition LnNiAl  was observed in all 
the Al-containing ternaries. 
hibited Curie-Weiss behavior with paramagnetic moments in close 
agreement with that expected for free ions. 
susceptibility suggesting the effect of partial crystal field 
quenching and/or spin compensation (Kondo effect). 
LnNi2-$lX ternaries become ferromagnetic at low temperatures. 
The magnetic behavior of FrNi2-Sx with x = 1.85 - 1.95 is 
anomalous at low temperatures. 

x 2  behavior. Theb-8ecome ferrimagnetic at low temperatures. There is 
a threshhold value of x (-0.2) below which Fr has no moment. 
Co-containing systems do not exhibit Curie-Weiss behavior. 

All of the samples except CeNiAl ex- 

CeNiAl has a very low 

Most of the 

The Fr Ln Ni ternaries exhibited normal paramagnetic 

The 
They 

re ferrimagnetic at low temperatures with the Fr and Co moments 
ligned parallel and the Pr and Ln moments aligned anti-parallel. 

I. Introduction 

Compounds represented by the formulas Mi2 and W2 (Ln 

represents a rare earth or yttrium) are well known and have been 

extensively The present study was initially concerned 



with t h e  replacement of N i  by Al i n  t h e  mi2 phase t o  a s c e r t a i n  t h e  

range of t h e  primary s o l i d  so lu t ion  phase based on Wi2. 

e f f o r t s  were i n  time extended t o  include t h e  e n t i r e  composition range 

i n  t h e  LnNip-LnA12 pseudo-binary systems. 

s tud ied .  In  addi t ion  measurements were made on t h e  four systems 

Prl-xLnxNi2 and Prl-xLn Co 

These 

Eight systems were 

with Ln =.Dy and H o .  x 2  

The objec t ive  i n  studying t h e  LnNi2-LnA12 t e r n a r i e s  was t o  

a s c e r t a i n  whether t h e  phase boundaries could be in t e rp re t ed  i n  terms 

of Br i l l ou in  Zone f i l l i n g .  

four t e r n a r i e s  was q u i t e  d i f f e r e n t .  

magnet a t  low temperatures ind ica t ing4  t h a t  t h e  ground s t a t e  of t h e  

Pr+3 ion i n  t h i s  compound i s  t h e  s t a t e .  The ion  i n  t h i s  s t a t e  

i s  non-magnetic i n  the  absence o f  a magnetic f i e l d  but it acqui res  

a moment when exposed t o  a 

pr+3 is  ac ted  upon by t h e  f i e l d  produced by t h e  s t rongly  magnetic 

Dy or Bo ion.  

n e t i c  c h a r a c t e r i s t i c s  of under these  circumstances. The cor res -  

ponding cobal t  compounds were of  i n t e r e s t  because they represent  a 

genera l ly  s imi l a r  s i t u a t i o n .  

generated not only by t h e  f i e l d  of t h e  Dy o r  Ho ion but by t h a t  

of t h e  cobal t  cons t i tuent  a s  well .  

The motivation f o r  studying t h e  o ther  

PrNi becomes a Van Vleck para- 2 

In  Prl-,Dy,Ni2 or P'l-xHoxNi2 

m e s e  t e r n a r i e s  were examined t o  determine t h e  m a g -  

However, i n  them t h e  Pr+3 moment i s  

11. Experimental Deta i l s  

Samples were prepared by l e v i t a t i o n  melting using t h e  b e s t  

They were annealed i n  MgO grade ma te r i a l s  ava i l ab le  commercially. 
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c ruc ib l e s  sea led  of f  i n  Vycor under vacuum. The annealing was 

ca r r i ed  out under conditions e s t ab l i shed  a s  optimal by experiment. 

Annealing temperatures ranged from 550 t o  900°C and times va r i ed  

from about 2 days t o  2 weeks. S t ruc tu res  and phases present  were de- 

termined by a GE XRD-5 di f f rac tometer  using Z r - f i l t e r e d  molybdenum 

rad ia t ion .  

Magnetic p rope r t i e s  were obtained using techniques t h a t  a r e  

tandard i n  t h i s  

111. Results and Discussion 

A .  mi,-LnAl, Ternaries - - 
In  a l l  cases except f o r  Ln = Ce the re  i s  a siiDstantia1 range 

of primary s o l u b i l i t y  f o r  t h e  phases based on both Mi2 and InA12. 

There i s  i n  addi t ion  an intermediate phase at approximately t h e  

composition JhNiAl.  m e  intermediate phase i s  hexagonal; it has 

t h e  C22 s t r u c t u r e  (Fe2P) recent ly  described by Dwight 

s o l u b i l i t y  of CeA12 i n  CeNi2 i s  below t h e  l e v e l  of de t ec t ion  i n  t h i s  

work (1 mole $), 

s o l u b i l i t y  of CeNi2 i n  CeA12. 

g.8 The 

I n  con t r a s t  with t h i s  behavior t he re  i s  s u b s t a n t i a l  

S imi la r  r e s u l t s  were obtained by 

Wallace 5 g .  i n  s tud ie s  of CeNi -CeC% pseudo-binaries.' 2 Q The phase r e l a t ionsh ips  a r e  s m a r i z e d  i n  Table I. Dif f rac-  

HoNil. O p .  95 and t i o n  pa t t e rns  f o r  t h r e e  samples (DyNi.36A11.34, 

ErNil.83Al.17) were obtained a t  4.2"K. 

a t  room temperature. 

S t ruc tu res  were t h e  same as 
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Table I 

Ranges Over Which Phases a r e  S tab le  i n  L n N i 2 - m 2  Pseudo- 

Binaries 

(Resul t s  a r e  given i n  mole %-m,) 
** ** mt 

Cl5 phase based Intermediate phase Cl5 phase based 
on mi2 ( ~ 2 2  s t r u c t u r e )  on LnA12 Ln 

Ce 

Pr 

Nd 

Gd 

Tb 

m 
Ho 

E r  

* 

0 - 4  

0 - 5  

o - 8.5 

0 - 8.5 
0 - 8.5 
0 - 8.5 

o - 8.5 

42.5 - 59 
50 - 56 

43 - 50 

40 - 51.5 
46 - 52.5 

44 - 52 
44 - 59 
50 - 60 

84.5 - 100 
85 - 100 
81 - 100 
78 - 100 
79 - 100 
81 - 100 
77 - 100 
83 - 100 

*There i s  no de tec tab le  s o l u b i l i t y .  The s e n s i t i v i t y  of the  method 
i s  such t h a t  t h e  s o l u b i l i t y  must be l e s s  than  1 mole per cent 
CeM2 

te rmina l  and intermediate phases, r e spec t ive ly .  

** 
Phase boundaries a re  uncer ta in  by 30.01 and -f0.02 or 0.03 for t h e  
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Magnetic c h a r a c t e r i s t i c s  a r e  l a rge ly  summarized i n  Tables 

I1 and 111. All of the  t e r n a r i e s  were paramagnetic a t  room tempera- 

t u r e  as adjudged from t h e  l i n e a r  v a r i a t i o n  of magnetization with 

f i e l d .  All samples except CeNiAl exhib i ted  Curie-Weiss behavior 

with e f f e c t i v e  moments i n  c lose  agreement with those expected f o r  

t h e  f r e e  t r i p o s i t i v e  ion. In  m o s t  cases t h e  t e r -  

na r i e s  became ferromagnetic upon cooling t o  4.2"K. 

(See Table 11) 

Three a l loys  r e -  

a ined  paramagnetic down t o  4.2"K. I n  t h e  major i ty  of cases lowering 

t h e  Al/Ni r a t i o  i n  t h e  sample r e s u l t e d  i n  a dec l ine  of Curie tempera- 

t u r e ,  Weiss constant and sa tu ra t ion  magnetization. Only two systems 

were inves t iga ted  i n  t h i s  respec t  i n  d e t a i l  -- t h e  TbM2 and ErA12 

primary phases. In  the  former case t h e r e  was a l i n e a r  dec l ine  of 

Tc,  e and psat a s  Al was replaced with N i .  

@ 

Data a r e  given i n  

Table 11. The behavior of t h e  Er-containing t e r n a r i e s  i s  d i f f e r e n t ;  

Tc, e and p s a t  

E r A l  i s  replaced by Ni. 

pass through a maximum when about 5% of t h e  A l  i n  

2 

A s  noted above CeWiAl does not exh ib i t  Curie-Weiss behavior. 

I ts  s u s c e p t i b i l i t y  i s  very low compared t o  t h a t  expected from 

u r i e ' s  Law, due undoubtedly t o  c r y s t a l  f i e l d  quenching e f f e c t s  

nd/or sp in  compensation by t h e  conduction e l ec t rons  (Kondo phe- 

nomenon). 

dominant e f f e c t  i n  regard t o  low temperature magnetic behavior, x 

var i e s  a s  T1/' i n  t h e  low temperature l i m i t .  

t h a t  x-' i s  l i n e a r  with Ta where a i s  very c lose  t o  0.5 ( ac tua l ly  

0.57) f o r  T < 60"~. 

Anderson'' has shown t h a t  i f  s p i n  compemation i s  t h e  

-1 

Data f o r  CeNiAl show 

This lends support t o  t h e  idea  t h a t  sp in  
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Ln 

Ce 

Pr 

Nd 

Gd 

Tb 

Tb 

DY 
Ho 

E r  

Ce 

Pr  
Nd 

Gd 

Tb 

Tb 

Tb 

DY 
Ho 

E r  

Er 

Er 

Table I1 

Comparison of Magnetic Behavior of Ternary Systems and Parent 

Binary Systems for t h e  Primary Phase Region 
* 

D N F ~  

.05 

.04 

.11 

.05 

.09 

.16 

.16 
* 17 

1.80 
1.84 
1.73 
1.55 
1.92 
1 -79  
1 .BO 

1.80 

1.90 
1.76 

1.55 

1.70 

3 .W3.57)  
3 .W3.74)  1.73 (1.84) 
8.23 (7.82) 6.88 (7.13) 
9.9U9.82 1 6.59 (7.82 1 
9.78(9.82) 6.45(7.82) 
10.8 (10.4) 7.92 (9.23 ) 
10.6( 10.5) 8.02 (8.40) 
9.50( 9.37) 5.18 (6.75) 

Ternaries based on L d J ,  
b 1 

-- (3.1)a (-41) 
--'(37) 29(30) 3.44( 3.46) --'(2.60) 
25 (76) 19 (70) 3.61( 3.59) 1.71(2 2 7  1 
68 (182) 58(168) 8.73( 7.94) 6.06( 7 .io) 
u8(121)  102 (110) 10.7( 9.81) 8.19(8.60) 
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9.71 7.25 
10.1 6.30 
10.8( 10.7) 8.05(9.62) 
io.  9(  io .  7) 8.05 (9.16) 
9.82 (9.46) 8. E (9.59) 
9.87 7.14 
9.62 6.45 



Table I1 (Continued) 

x 
T and 8 denote the Curie and Weiss temperatures, respectively. 
pEff is the paramagnetic moment; psat is the saturation moment 
measured at 4.2"~. 

'The numbers in parenthesis give the ordering temperature for the 
Mi2 o r  LnK12 parent phase. A l l  except Ce.0 order ferromagnetically. 
Susceptibility work and heat capacity work show that CeAl becomes 
antiferromagnetic. 
W P  signifies Van Vleck paramagnetism. 

2 
2 DNF signifies Ynat the ternary does not form. 

eNi2-xAlx ternaries remain paramagnetic doym to 2.28%. 

'Magnetic nature of these ternaries at l o w  temperatures is in doubt 
(vide infra). 
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Tab e I1 

Magnetic Properties of the C22 InNi2-xAlx Alloys 

2.56 

--' -10 3.73 3.62 

3.84 3.62 

61 53 8.90 7.94 

d ' d _ _  -- _ _  
CeNi. 98A11. 02 

PrNil. 0 2 ~ .  98 

2 0 ~ .  80 l7 

Gmi1.0p.95 
65 52 10.2 9.72 

TbNil,OIAl .99 
47 30 11.0 10.6 

HoNi A1 27 12 10.6 10.6 

16 o 9.85 9.59 
ErNi~. 90~~1. io 

DyNi. 951~1.01 

1.09 .91 

"Curie and Weiss temperatures in OK. 

bMoments in Bohr magnetons. 

'These ternaries are paramagnetic at 4.2'K. 

Lboes not exhibit Curie-Weiss behavior. 

2.14 

3.20 

1.64 3.27 

6.36 7.00 

8.01 9.00 

7.82 10.0 

7.25 10.0 

7.40 9.00 

-48- 



compen a t i o n  i s  pr imar i ly  respons ib lb  fo r  t h e  reduction i n  x. 

Results f o r  PrNi2-xAlx a l loys  a r e  a l s o  anomalous i n  t h e  

Al-rich C15 phase. 

a maximum between 15 and 20°K. The reduction i n  inomen'c below 15°K 

i s ,  however, absent at  higher f i e l d s  (> 1 5  liOe). The dec l ine  i n  

moment below 20°K may ind ica t e  t h e  onset of antiferromagnetism, 

Magnetization versus t e n p e r a t w e  passes through 

t h i s  appears un l ike ly  i n  view of t h e  f a c t  t h a t  B A i 2  i s  

It seems more l i k e l y  t h a t  it, i . e .  t h e  dec l ine ,  i s  

a c r y s t a l  f i e l d  e f f e c t .  Ferromagnetism i n  grows out of t h e  2 
Ti 

~ 

( s i n g l e t )  s t a t e  by t h e  boots t rap  process.= It seems l i k e l y  

t h a t  weakened exchange ( ind ica t ed  by t h e  reduced Weiss cons tan t )  

r e s u l t s  when Al i s  replaced by n i cke l  and t h i s  des t ab i l i ze s  t h e  

ferromagnetic form of t h e  t e rna ry  allow. h o u n d  25 o r  30°K t h e  

a l l o y  begins t o  transform i n t o  t h e  ferromagnetic form but egchange 

i s  weakened a s  temperature i s  lowered, i n  some way which i s  a s  ye t  

not understood, and t h e  ma te r i a l  re laxes  i n t o  a Van Vieck paramagnet. 

The ferromagnetic form can be  sus ta ined  with t h e  he lp  of an ex te rna l  

f i e l d  which a s s i s t s  t h e  boots t rap  process .  

The f i r s t  and second Br i l l ou in  Zone f o r  t h e  Cl5 s t r u c t u r e  

a r e  formed by t h e  1ll and 220 p lanes ,  r e spec t ive ly .  The inscr ibed  

sphere f o r  t h e  f i r s t  zone holds 0.23 e l ec t rons  per  atom; t h a t  f o r  t h e  

second holds 0.99. 

electrons/atom. 

LriNi2 occurs a t  e l ec t ron  concentrations of 1.10 and 1.16 f o r  t e r n a r i e s  

The f u l l  f i r s t  and second zones hold 0.38 and 1.33 

The phase boundary of t h e  te rmina l  phase based on 
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containing the light and heavy lanthanides, respectively, which is 

consistent with contact by the Fermi surface at the 220 zone faces. 

The insolubility of CeA12 in CeNie can be formally understood in terms 

of a fraction of quadripositive cerium 2 0.30, although the situation 

may be more complex. The band structure in CeNi2 may be substantially 

different than that in the other h N i 2  compounds so that zone boundary 

contact occurs at a lower e.c., in which case it is unnecessary to 

postulate that a portion of Ce+3 is ionized into the quadripositive 

state. 

F r l - x h x N i 2  and F'r Ln Co Ternaries 1-x x 2 B. 

The four PrNi2-LnNi2 and PrCo -LnCo2 pseudo-binary systems 2 

(Ln = Dy and Ho) exhibit continuous solid solubility. Lattice para- 

meters for the nickel systems vary linearly with composition. There 

seems to be a slight positive deviation from Vegard's Rule for the 

cobalt systems of about 0.01 A at the composition Pr Ln Co .5 .5 2 -  
For simplicity the PrlmxLnxNi2 with Ln = Dy and Ho are desig- 

nated PDN and F", respectively, and the corresponding cobalt compound: 

PDC and PHC.  A l l  the ternaries were found to be paramagnetic at room 

Q temperature. Curie-Weiss behavior was observed for PDN and mW but 

not for POC and W C .  The effective moments for PDN and FWJ are in 

close agreement with values expected from the free ion moments. 

The magnitude of the saturation magnetization of PDN or PHN 

for x > 0.25 indicated that the Pr and Ey or Ho moments are coupled 

antiferromagnetically. The saturation magnetization indicates that fo:: 

x < 0.2 Pr carries no moment; for x above this threshhold the Pr 
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moment increases  with increas ing  x up t o  3.2 + t h e  f r e e  ion  value 

i n  PDN and PHN. 

The sa turaz ion  magnetizations of PDC and PHC a t  4 . 2 " K  a r e  

given i n  Table IV. The magnitude of t h e  sa tu ra t ion  magnetization and 

t h e  v a r i a t i o n  of magnetization with temperature ind ica t e  t h a t  these  

t e r n a r i e s  a r e  fe r r imagnet ic ,  both t h e  Pr and Co moments being coupled 

an t i fe r romagnet ica l ly  t o  Ey o r  Ho. The moment of Pr i n  PrCo2 i s  1 . 2  

; with t h e  i n s e r t i o n  of Dy or Ho i n  p lace  of Pr t h e  Fr moment r i s e s  cz, 
progress ive ly  t o  3.2 pB, t h e  f r e e  ion moment. 

garded a s  i n i t i a l l y  i n  t h e  11, non-magnetic s t a t e .  In t e rac t ion  with 

The Pr ion can be r e -  
+ 

Co, and Dy or Ho mixes i n  t h e  magnetic s t a t e s  (i = 3, 4 and 5)  

increas ing  t h e  Pr moment t o  t h e  l i m i t i r g  f r e e  ion va lue ,  3.2 +. 

Table TV 

Satura t ion  Magnetization of Prl-xDyxCo2 and Prl-xHoxCo2 at  4.2"K 

prl -x*xC02 p'l-xHoxCo2 

X X 
ps a t  'sat 

(CLg/formda u n i t  ) (%$/formula unit ) 

0.10 2.39 0 .lo 2.80 

1 .34 .19 

.44 
1.73 

.60 2.58 

.69 3.56 

.81 5.10 
91 6.67 

.20 1.48 

.25 .91 

.31 .46 

.46 1.85 

.61 3.29 

.72 4.33 

.85 5.86 

- 5 1 -  



References 

*This work was assisted through a fellowship to one of us (B. L.) 
by the General Telephone and Electronics Corp. and by general 
program support by the U. S.'Atomic Energy Commission and the 
National Aeronautics and Space Administration. 

1. W. E. Wallace, "Electronic Structure of Alloys and Intermetallic 
Compounds," Progress in Rare Earth Science and Technology, 
Vol. 3, p. 1 (1968) Pergamon Press, Edited by L. Eyring. 
This publication contains many references to work on the 
L M 2 ,  Mi2 and LnCo2 compounds. 

2. 

3. W. M. Swift and W. E. Wallace, J. phys. Chem. Solids, in press. 

4. W. E. Wallace and K. H. blader, 1norg.Chem. I, 1627 (1968). 
5. W. G. Penney and R. Schlapp, Phys. Rev. g, 194 (1932). 
6. D. Schumacher and C. A. Hollingsworth, J. Fhys. Chem. Solids 

J. Farrell and W. E. Wallace, Inorg. Chem. 5, 105 (1966). 

3, 749 (1966) 
7. R. A. Butera, R. S. Craig and L. V. Cherry, Rev. Sci. Instr. 

- 32, 708 (1961). 

8. 

9. W. E. Wallace, T. V. Volkmann and R. S. Craig, in press. 

A. E. Dwight 6 g . ,  Trans. Met. SOC. ADO3 e, 2075 (1968). 

10. 

11. K. H. Mader, E. Segal and W. E. Wallace, J. Phys. Chem. Solids, 

P. W. Anderson, Fhys. Rev. I&, 352 (1967). 

in press. 

- 5 2 -  

n 



E1AC;IUETIC SUStiEl"l'1BILITY AND IiUCLEAii MAGhWl'IC RESONANCE OF SOME KCu 
E 21 - e 7 5  - 

COMPOUhDS 
/ 

K.H.J. Buschow 

Philips Hesearch Laboratories, Eindhoven, 'l'he Netherlands 

and 

* A.M. van Diepen and H.W. de Hijnt 

N at uurkundig Laborat or-- iteit van Amsterdam, 
-- AmLt er- 

8 . 0  33d 
mL&&w . G r  bwwtL-l 
g d * L L '  
Abstract 

5' Magnetic susceptibilities of the cubic RCu compounds TbCu 
5 ,  and TmCu have been measured between 2.1 and 5 

temperatures Curie l a w s  are followed. The type 

of ordering changes with growing atomic number from antiferromagnetic 
to ferromagnetic, while DyCu5 is metamagnetic at The Knight 
shifts of the 63Cu NMR in these compounds have been measured between 
100 and 300 OK. The results are discussed in terms o f  the Ruderman- 

2.1 OK. 

ittel-Kasuya-Yosida theory. 



Sample Preparation 

'The samples used in the present investigation were prepared by 

arc-melting, splat-cooling, and vacuum-annealing techniques. The 

rare-earth metals were 99.97b and copper was 99.99% pure. For the 

X-ray, NTJR, and susceptibility measurements powdered samples were 

used. A-ray diffraction showed that after annealing the compounds 

TbCu5, DyCu5, IIoCu5, ErCu5, and TmCu5 had the cubic Ade5 structure 

and were free of a second phase. Lattice parameters have earlier 

been reported.' 

possible to prepare stable and single-phase cubic R C u  

Yor the other rare-earth elements it was not 

5 compounds* 

Magnetic Susceptibility and Magnetization 

'l'he susceptibilities were measured between 2.1 and 300 OK 

at the higher temperatures with a Curie balance, while at the lower 

temperatures a null-coil pendulum magnetometer, employing the Faraday 

method, was used. 

susceptibilities are straight lines. Paramagnetic Curie temperatures 

are small for the 'Pb and Dy compounds; for the other compounds they 

are zero within the experimental error. Figs.1-3 show the 

magnetization versus temperature curves at 6 kOe and the magnetization 

versus applied field at 

Experimental results f o r  IioCu5 and TmCu5 are similar to those of 

ErCu5. 

From 300 down to at least 20 OK the reciprocal 

5' 2.1 OK for TbCu5, DyCu , and ErCu 5 

Table I summarizes the experimental data. 

TbCu clearly shows antiferromagnetism. There is a peak in the 
5 

(T-T curve, and at 2.1 OK, as at other temperatures, the susceptibility 
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2 TbCu, t ‘9 

0- 
0 f 0 W 3 0 4 0 5 0 6 0 7 0 6  - Temperohre (OK) 

Fig.1. Magnetization versus temperature at 6 kOe for TbCu5. Insert 

shows the magnetization versus applied field at 2.1 OK. 

----cikn,wmtun= (“K) 

5‘ Insert 
Fig.2. Magnetization versus temperature at 6 W e  f o r  DyCu 

shows the magnetization versus applied field at 2.1 OK. 
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-Temperature (OK) 

Fig.3. Magnetization versus temperature at 6 kOe f o r  Ercu,. Insert 

shows the magnetization versus applied field at 2.1 OK. ' 

A 

I I I 
100 200 300 
+ Tmpemfure (OK) 

-61 
0 

Fig.4. 'Yhe Knight shift of the 63Cu NMK in HoCu 5 as a function Of 
the temperature (open circles), and the Knight shift as a function 

of the susceptibility (black dotsj with the temperature as parameter. 

-56- 



i s  f i e l d  independent. 

HoCu QCu and TmCu on t h e  cont ra ry ,  show a t y p i c a l  ferromag- 5’ 5’ 5’ 
n e t i c  behavior. Towards lower temperatures the  magnetization i s  s t i l l  

inc reas ing ,  and at 

c h a r a c t e r i s t i c  f o r  a ferromagnet. The magnetic moments a t  30 k0e and 

2.1 OX have been determined ( see  Table I ) .  The va lues  a r e  considerably 

lower than  the  t h e o r e t i c a l  va lues  f o r  f r e e  t r i p o s i t i v e  ra re-ear th  ions .  

2.1 OK 

2.1 OK t h e  U--H curve shows f i e l d  dependence 

here  a r e  severa l  p o s s i b i l i t i e s  f o r  t he  reduced moments: (1)  A t  

t he  o rde r ing  may not y e t  be complete, s ince  TC i s  very low. 

30 kOe s a t u r a t i o n  may not y e t  have been achieved. (3 )  Crys t a l  f i e l d  

e f f e c t s  may be s i g n i f i c a n t .  

( 2 )  A t  

DyC;u5 seems t o  represent  an in te rmedia te  case. A t  l o w  f i e l d s  i t  

behaves as an antiferromagnet and it  shows a peak i n  the  0-’1’ curve. 

A t  h igher  f i e l d s ,  however, i t  behaves as a ferromagnet, and no p e a k  is 

observed. This  type  o f  magnetic behavior i s  commonly r e f e r r e d  t o  as 

metamagnetism. 

Knight S h i f t  Resu l t s  

The Xuclear Magnetic Resonance (NMR) of t h e  63Cu nucleus was 

bserved at  temperatures ranging from 300 down t o  100 O K  with a 

crossed-coils induct ion  spectrometer ope ra t ing  at 8 MHz. The Knight 

s h i f t s  were determined r e l a t i v e  t o  t he  63Cu NMR i n  CuCl powder. 

a l l  of  t h e  compounds they  were found t o  be negative i n  t h i s  

temperature reg ion  and propor t iona l  t o  the  s u s c e p t i b i l i t y .  A s  an 

example experimental  r e s u l t s  f o r  HoCu5 a r e  given i n  Fig.4. 

For  

For  t h e  
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Table I. Effect ive moments, paramagnetic Curie temperatures, ordering 
temperatures, magnetic moments at 
constants between conduction e lec t rons  and 4f spins  of RCu 

2.1 O K  and 30 kOe, and exchange 

5 compounds* 

TbCu5 9.6 9.72 2 15 a n t i f e r r o  - 9.0 -0.12 

DyCu 10.9 10.63 2 7 metamagn. 6.5 10.0 -0.12 

HoCu 10.8 10.60 Y O  ferromagn. 7.6 10.0 -0.13 

ErCug 9.7 9-60 ,-0 ferromagn. 7.3 9.0 4 - 1 2  

TmCu, 7.4 7.60 -.O ferromagn. 4.9 7.0 -0.13 

5 

5 

~~ 

a Determined a t  2.1 O K  i n  a magnetic f i e l d  o f  30 Ma. 

other  compounds they a re  similar.  

The dominant in te rac t ion  which i s  responsible  f o r  temperature 

dependent Knight s h i f t s  and magnetic ordering i n  in te rmeta l l ic  

compounds as those s tudied here is generally accepted t o  be the 

i n d i r e c t  exchange in te rac t ion  v i a  the  conduction e lec t ron  spins. The 

mechanism of t h i s  in te rac t ion  i s ,  up till now, best  described by the  

R uderman-Ki t t e 1-Kasuya-Y o s ida  (RKKY ) theory . I n  the in t e rp re t  a t  i on 

of Knight s h i f t  and magnetic s u s c e p t i b i l i t y  t he  relevant  equations a re  
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The meaning of t h e  symbols i s  t h e  same a s  i n  e a r l i e r   paper^.^ 
func t ion  F(2kYR 

The 

) i s  t h e  well-known RKKY func t ion  mn 

(4) 4 F(x)  = ( x cos x - s i n x  ) /x  . 
The parameter ?sf i n  E q . ( l )  can be derived from the  s lope  of t h e  

K O '  -K curve,  provided t h e  Knight s h i f t  due t o  Pauliparamagnetism, 

known. Since t h e r e  i s  no Pauliparsmagnetic RCu compound with t h e  5 
AuBe 

curves t o  zero s u s c e p t i b i l i t y .  The value derived i n  t h i s  way i s  

K - (+0.15 2 0.031%. 

s t r u c t u r e ,  KO had t o  be der ived  from ex t r apo la t ion  of t he  X-K 5 

0 -  

I n  these  RCu5 compounds t h e r e  a r e  t w o  d i f f e r e n t  Cu s i t e s .  They 

a r e  occupied i n  t h e  r a t i o  1:4. The observed resonance i s  a t t r i b u t e d  

t o  t h e  C u I I  s i t e ,  t h e  CUI resonance being unobservable due t o  t h e  

poor s i g n a l  t o  noise  r a t i o .  

should be made f o r  t h e  magnetic d ipo le  f i e l d s  caused by the  ra re-ear th  

ions  a t  t h e  copper nuc le i .  I t  can e a s i l y  be derived t h a t  t he  resonan- 

c e s  i n  powdered samples, i n  t h e  case  of  a x i a l  symmetry, a r e  s h i f t e d  

I n  t h e  d e r i v a t i o n  of %sf co r rec t ions  

ue t o  magnetic d ipo le  f i e l d s  over 

Kdip = -i. xf  ( 1 - 3 ~ 0 s ~  Si) / r i  3 . 
1 

(5 )  

Here r .  i s  the  d i s t ance  from t h e  Cu nucleus t o  a ra re-ear th  ion ,  

f 
t h e  summation extends over a l l  ra re-ear th  ions .  The summation has 

been c a r r i e d  out f o r  t h e  CuIl s i t e s  i n  t h e  RGu5 compounds over a l l  

t h e  angle between t h e  symmetry a x i s  and t h e  d i r e c t i o n  of  ri ,  while 
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ra re-ear th  s i t e s  w i th in  a s.phere of r ad ius  

+O.O77 X 

DyCu , and HoCu of -0.01 eV, for ErCu and TmCu of -0.02 eV. The 

numbers given i n  Table I include these  cor rec t ions .  

symmetry which causes the  magnetic d ipole  s h i f t  also should give 

r i s e  t o  e l e c t r i c  quadrupole coupling. The measured l i n e  widths were 

of t h e  order  of  30 G and no s p l i t t i n g  could be observed. I t  is not  

c l e a r  whether quadrupole e f f e c t s  a r e  small or averaged out  by 

l a t t i c e  imperfections.  

20 1 and amounts t o  

5 '  This  r e s u l t s  i n  a co r rec t ion  on Isf f o r  'l'bcu 

5 5 5 5 
The axial 

Equations ( 2 )  and ( 3 )  o f f e r  t h e  p o s s i b i l i t y  t o  determine r and 

HoCu 

observed CuII resonances and 

r =  +0.62 eV, ky = 1.08 fi- , and a l s o  f o r  r =  -1.86 eV, kF = 1.46 1-l. 

A dec i s ion  between these  two s e t s  of va lues  can be reached by 

cons ider ing  t h e  magnetic p rope r t i e s  of t h e  compound DyCu Zn. 

compound can be looked upon as DyGu 

a r e  occupied by 2;n atoms. UyCu and DyCu Zn a r e  i s o s t r u c t u r a l  bu t ,  

s ince  Zn has  one valence e l e c t r o n  more than  Cu, we expect t h e  va lue  

as a func t ion  o f  t h e  k'ermi wave vec to r  kF ( f ig .5) .  With t h e  5 
8 ' 6  we can f i t  t h e  two equat ions  f o r  

P 
1 

This  

i n  which p a r t  of t h e  Cu sites 
4 

5 

5 4 

Q of k,. t o  be somewhat higher i n  t h e  l a t t e r  than  i n  the  former compound. 

'The paramagnetic Curie ' temperature 8 
t o  -10 OK. 

a change of s ign  of 8 from p o s i t i v e  t o  negative.  'l'his condi t ion ,  

imposed on the  va lue  of kr by experiment, is  met only i n  one of t h e  

two cases  d iscussed  above, v i z . ,  kF = 1.08 p' and r= +0.62 eV. Thiri 

observed f o r  DyCu Zn is c lose  

Th i s  means t h a t  a long  wi th  an increase  of kF t he re  goes 
P 4 

P 
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~" ig .5 .  oependence of t he  
Yunctions xii and xGu 
on kh, f o r  hoCu 5' 

I I I I 
0.7 0.8 0.9 1.0 1.1 L - "/k> 

i s  seen i n  pig.5, where x H ,  proportional t o  - B p ,  changes from 

negative t o  posi t ive values when kF i s  increased near 1.08 r1 
\kEJk/ = 0.78). 

Concludinq Remarks 

I t  should be noted t h a t  t he  derived r i s  representat ive f o r  

h i s  whole s e r i e s  of RCu compounds. A number of  s e r i e s  of in te rmeta l l ic  5 
compounds of  rare-earth elements with nonmagnetic other  metals have been 

invest igated and analyzed i n  terms of the  RKKY theory as described 

The dependence of on kF i s  found t o  be a smooth funct ion,  

1.4 8-l and negative f o r  higher pos i t ive  f o r  kF values  lower than 
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values.  A io  t h e  r e s u l  S w i v e d  f o r  t he  RCu compounds l i e  on t h i s  5 
curve. The pos i t i ve  va lue  der ived  here  f o r  r again  shows t h a t  f o r  

these  smaller kh, va lues  the  in te rband mixing 

exchange i n t e g r a l  i s  small and cannot compensate t h e  pure s-f exchange 

which i s  o f  an e l e c t r o s t a t i c  na ture  and should a l w a y s  be pos i t ive .  

This  r e s u l t  is  s t r i k i n g  i f  one th inks  o f  t he  rough approximations 

p a r t  of t h e  e f f e c t i v e  

t h a t  a r e  inherent  t o  t h e  model and of t h e  f a c t  t h a t  t h e  conduction 

e l e c t r o n s  a r e  probably f a r  from behaving as f r e e  e l ec t rons .  
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MAGNETIC PROPERTIES O F  
h 

Clayton E. Olsen, George P. Arnold, Norris G. Nereson 

ABSTRACT 

Neutron diffraction and bulk susceptibility measurements have been made 
on the intermetallic compound dysprosium thallium three. The neutron dif- 
fraction investigation confirmed the surmise of Baenziger and Moriarty that 
this compound had an ordered AuCu structure. Below 11K, in addition to the 
nuclear reflections, a complex set of magnetic reflection appeared which could 
be indexed a t  4.7K on a magnetic cell whose edges were four times the corre- 
sponding cube edges of the chemical cell. A s  yet the magnetic structure has 
not been derived from the observed powder pattern. A solution of this magnetic 
structure requires the use of a single crystal. 

300K show the following: In the temperature interval 10K to 200K the Curie Weiss 
plot of l/x vs T is linear with a n  intercept on the temperature axis of -20K 
confirming the antiferromagnetic nature of the ordered structure observed by 
neutron diffraction. The paramagnetic moment obtained from the slope of the 
Curie Weiss plot gave an indicated paramagnetic moment for the dysprosium of 
11.3 Bohr magnetons which may indicate substantial crystal field effects and/or 
conduction electron polarization in this compound. At temperatures above 
200K the observed reciprocal susceptibilities become smaller than Curie Weiss 
extrapolation. Below 11K the bulk susceptibility does not fall in the case of 
classical antiferromagnets but continues to rise although not a s  rapidly as would 
e expected if the compound were ferromagnetic with an inflection at 7.5"K. No 
emanance was observed in the compound. These results suggest that the anti- 

ferromagnetic structure i s  such that the aligned moments have a ferromagnetic 
component. 
possibility of a second magnetic structure below 3.5"K. 

3 

Bulk susceptibility measurements over the temperature interval 1.4K to 

The bulk susceptibility measurements below 3.5"K suggest the 

* Work done under the auspices of the United States Atomic Energy Commission. 
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Introduction 

Intermetallic compounds of the r a r e  earth elements having the ordered 

copper three-gold structure are of interest  because of their simple cubic 

structure. Because of the high magnetic scattering amplitude compounds 

containing dysprosium a r e  of particular interest  for neutron diffraction 

investigations the only work reported to date on the dysprosium thallium 

three system i s  the x-ray work by Baenziger and Moriarty'') where they 

repor t  the existence of the compound DyTl In their x-ray investigations 

they were not able to establish whether the compound was ordered because 

of the relative x-ray scattering factors. 

3' 

Preparation of Material 

The preparation of the DyTl sample was accomplished by induction 3 
heating stochiometric quantities of the metals (99.9% pure) in an evacuated 

tantalum container to approximately 1700°C. 

increased considerably above the latter temperature when the exothermic 

reaction occurred. The preparation was annealed in the container for 20 

hours at 1000°C. 

The container and i ts  contents 

The resulting gray intermetallic compound was crushed and powdered 

in a dry argon atomsphere. A specimen examined by x-ray powder diffrac- 

tion showed that the major phase was cubic DyTl having a lattice constant 

of 4 .676 i  . This i s  in good agreement with the lattice constant of 4 . 6 7 2 0 i  

reported for DyTl by Baenziger and Moriarty. 

were also observed in the x-ray pattern; it was estimated that this impurity 

content was approximately 5%. When this compound was crushed it was ob- 

served to be somewhat ductile which is contrary to the brittleness of most 

rare-earth intermetallic compounds. Deterioration and a change in color of 

the compound was observed when exposed to a i r  for more than one hour. 

3 

Weak lines of CY -thallium 
3 
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Neutron Diffraction Results 

The neutron diffraction results from a powder sample of DyT13, as ob- 

served a t  a temperature of 76°K and a neutron wavelength of 1.14k , are shown 

3 in the upper portion of Fig. 1. Only lines from the ordered cubic DyTl 

(AuCu structure type) were present in the diffraction pattern. The intensities 

of the various nuclear reflections a r e  reasonably close to that expected a s  

shown in Fig. 2 where log F2e-2w plotted against sin €I should yield a 

3 

2 

traight line; here  F i s  the geometric structure factor, u; 2W = (12h 2 . 2  sin 8 /mk@X 2 )[ 6 (x)/x + 1/41 and 0 i s  the Debye temperature. (2) 

The Debye temperature obtained from the slope of the line in Fig. 2 i s  

100 i l5'K. This i s  an unusually low Debye temperature for an intermetallic 

compound and i s  probably associated with the ductile property of the cornpound 

mentioned above. 

The neutron data at a temperature of 4 .7"K,  shown in the lower part  of 

Fig. 1, contains superlattice reflections in addition to the nuclear reflections. 

The superlattice reflections a r e  evidence for antiferromagnetic ordering of 

moments in this compound a t  low temperatures. An attempt was made to 

measure the intensities of certain magnetic reflections as a function of temper- 

ature. Due to the fact that most of the magnetic reflections a r e  small  and not 

well resolved, i t  was difficult to obtain good data. in the vicinity of the Neel  

int; however, the approximate Neel t empera tue  i s  11 i 2°K. 

The observed superlattice reflections a t  T = 4.7"K can al l  be indexed on 

a magnetic cell which is four times that of the chemical cell in all  directions; 

the magnetic indices a r e  identified with the letter M in Fig. 1. 

angular positions of the magnetic reflections from the quadrupled cell agree 

well with the centroids of the observed reflections. However, the magnetic 

reflections (112) and (220) a r e  approximately 25% wider than normal and the 

The calculated 
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(222) reflection has a width about 10% greater than the standard size. 

large reflection widths probably means that additional unresolved reflections 

are present; these extra reflections could a r i se  from slight distortions of the 

large cubic magnetic cell. It is also noteworthy that the observed magnetic 

reflections a r e  quite small compared to those observed in other AuCu type 3 
compounds. (3) This would indicate that either a low order of magnetic 

symmetry o r  an incomplete antiferromagnetic ordering is present; a low 

dysprosium moment is an unlikely possibility. 

The 

There is some evidence that this compound may change structure with 

increasing temperature. For example, the (112) and (220) magnetic reflec- 

tions are still resolved and observable as two discreet peaks at T = 6°K; 

however, at T = 7°K and below, the above reflections are merged into one 

broad peak. It was not possible to assign a magnetic model o r  calculate a 

magnetic moment for this compound on account of the unresolved magnetic 

reflections and their weak intensities. 

crystal with a better resolution diffractometer is necessary. 

Bulk Susceptibility Measurements 

Further investigation using a single 

The powdered sample in the form of a right cylinder was measured in a 

helium filled cryostat using a modified Faraday method. The magnet pole 

faces were stepped producing a uniform gradient of approximate 8% of the 

mean magnetic field over the sample. 

position was mapped using a rotating coil gaussmeter and the sample 

position determined with respect to the field. The measurements were made 

using an electrodynamic balance similar to the one described by Butera et al. 

The capsule correction was determined over the same temperature range as 

the sample and capsule. No 

demagnetization corrections have been made on the data. The temperature 

The field in gap at the specimen 

(4) 

This correction was used in the calculations. 
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was measured using thermocouples attiched to the wall of the container adjacent 

to the sample. Where cryogenic fluids were used temperatures were determined 

using vapor pressure thermometry. Automatic temperature control was used 

at intermediate temperature points and measurements were made only after the 

temperature and the magnetic force became stable. 

measurements were made a s  a function of field. 

At each temperature 

The results of the measurements a r e  shown in Figures 3 and 4. Measure- 

ents of the susceptibility as a function of field were independent of field, with- 

experiment e r ro r  4%, from 296K to about 3.5K. Below this temperature 

No the susceptibility showed a slight linear increase with increasing field. 

remanance was observed a t  any temperature. 

Discussion of Results 

The bulk magnetic measurements a r e  consistent with the neutron measure- 

ments. 

ature a t  which the (112M) and (220M) magnetic reflections in the neutron 

diffraction measurements become well separated. 

magnetic behavior observed in the neutron measurement a r e  reflected in 

slight bump in the susceptibility data about 3.5K to 7.5K. The bulk measure- 

ments below 4K indicate the possibility of a second magnetic structure o r  a 

complicated temperature dependent magnetic behavior of a single structure. 

The bulk measurements indicate that magnetic structure o r  structures, 

The temperature of the point of inflection corresponds to the temper- 

The generally complicated 

hile they a r e  basically antiferromagnetic, have a ferromagnetic component. 

e absence of a low temperature remanent moment and the Curie Weiss 

extrapolation support this conclusion. It appears that the magnetic structure 

or  structures are more complicated than the simpler antiferromagnetic 
structures found for the ordered AuCu compounds FyPt and DyIn3. (3) 

3 3 
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The Curie-Weiss plot of 1/X m vs T yields a value of 11.29 Bohr magnetons 

per dysprosium atom which is considerably higher than the usual free ion mo- 

ment of 10.5 Bohn magnetons. This indicates a very high conduction electron 

polarization, most probably. The Curie-Weiss constant for the compound 

is 17.30 and 0 is -20K. 

single crystals. 

Further work on this compound call for the use of 
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MAGNETIC PROPERTIES AND SPECIFIC HEAT OF 
MONOCHALCOGENIDES OF La, P r  AND Tm 
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J .  P. Maita and A .  S .  Cooper 

B e l l  Te lephone  L a b o r a t o r i e s ,  I n c o r p o r a t e d  
Murray  H i l l ,  N e w  J e r s e y  

ABSTRACT 

The m o n o s u l f i d e s ,  m o n o s e l e n i d e s  and m o n o t e l l u r i d e s  of La, P r  
and Tm h a v e  been  i n v e s t i g a t e d  w i t h  r e s p e c t  t o  s p e c i f i c  h e a t  
and t h e i r  m a g n e t i c  p r o p e r t i e s .  The La-compounds were found 
t o  be s u p e r c o n d u c t o r s  a round  1 ° K  and weak P a u l i  p a r a m a g n e t s .  
A l l  the  Pr-compounds show a s i n g l e t  g round s t a t e  and d o  n o t  
o r d e r  m a g n e t i c a l l y  as d e m o n s t r a t e d  by s u s c e p t i b i l i t y  and 
NMR down t o  1.4'K. TmS and TmSe are exchange  i n d u c e d  a n t i -  
f e r r o m a g n e t s ,  Tm b e i n g  t r i v a l e n t .  I n  c o n t r a s t ,  Tm i n  TmTe 
i s  d i v a l e n t  and ordersantiferromagnetically a t  0.21'K. 

I. INTRODUCTION 

The p r e s e n t  s t u d y  of La-, P r -  and Tm- monochalco-  

g e n i d e s  was i n i t i a t e d  m a i n l y  f o r  two r e a s o n s :  (1) Our 

r e c e n t  d i s c o v e r y  of t h e  h y p e r f i n e  enhanced  n u c l e a r  m a g n e t i c  

c o o l i n g ,  f i r s t  d e m o n s t r a t e d  i n  PrBi , '  s u g g e s t e d  t h e  s t u d y  

of o t h e r  n o n o r d e r i n g  Van V l e c k  p a r a m a g n e t s ,  b e i n g  good metals 

and h a v i n g  t h e  p r o p e r  c u b i c  symmetry.  

e x t e n d i n g  Trammel ' s3  e a r l y  work p r e d i c t e d  i n t e r e s t i n g  e f f e c t ( 3  

a round  t h e  c r i t i c a l  r a t i o  U A  where 9 i s  the exchange  p a r a -  

m e t e r  and A t h e  c r y s t a l  f i e l d  s p l i t t i n g .  The m a g n e t i c  

p r o p e r t i e s  of Pr -monocha lcogen ides  have  f i r s t  b e e n  s t u d i e d  

by t h e  R u s s i a n  g r o u p  of S m o l e n s k i ,  e t  al.4 

2 ( 2 )  R e c e n t  t h e o r i e s  

They a p p e a r e d  
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t o  be  a n  i n t e r e s t i n g  s e q u e n c e  of compounds for o u r  p u r p o s e ,  

w h i l e  on t h e  Tm-monochalcogenides  no m a g n e t i c  d a t a  have  b e e n  

p u b l i s h e d  y e t .  I n  t h e  n u c l e a r  c o o l i n g  e x p e r i m e n t s ,  t h e  

c r y s t a l  f i e l d  s p l i t t i n g  and t h e  exchange  i n t e r a c t i o n  s t r e n g t h  

a r e  two f u n d a m e n t a l   parameter^.^ 
c r y s t a l  f i e l d  s p l i t t i n g  i n  t h e  Pr-compounds by s p e c i f i c  h e a t ,  

t h e  e l e c t r o n i c  and l a t t i c e  p a r t  had t o  be s u b t r a c t e d  p r o p e r l y .  

h i s  was done  by m e a s u r i n g  a l l  t h e  c o r r e s p o n d i n g  La-compounds.  

I n  o r d e r  t o  d e t e r m i n e  t h e  

@ 
The e x c h a n g e  i n t e r a c t i o n  c a n  t h e n  be  e v a l u a t e d  u s i n g  Eqs .  

(2) and (5). 

11. EXPERIMENTAL RESULTS 

2 .1 .  P r e p a r a t i o n  of Compounds 

S l i c e s  of 0.5-1 m/m t h i c k n e s s  were c u t  f rom s o l i d  

m a t e r i a l  and r e a c t e d  i n  v a p o r  (weighed  i n  s t o i c h i o m e t r i c  

a m o u n t s )  of S ,  S e  or Te i n  d o u b l y  s e a l e d  q u a r t z  t u b e s .  

A f t e r  c o m p l e t i o n  of t h e  r e a c t i o n  t h e  t e m p e r a t u r e  was r a i s e d  

t o  1050" for 2-3 d a y s ;  t h e  m a t e r i a l  c r u s h e d ,  p r e s s e d  i n  a n  

a g a t e  d y e  and r e s i n t e r e d  for 2-3 d a y s .  This p r o c e d u r e  l e a d s  

i n  a l m o s t  a l l  c a s e s  t o  s i n g l e  p h a s e  m a t e r i a l .  For  most  of t h e  

e a s u r e m e n t s  i t  i s  p r e f e r a b l e  t o  work w i t h  good solid 0 
m a t e r i a l .  T h e r e f o r e  t h e  m a t e r i a l  was t r a n s f e r r e d  i n t o  a 

T a - c r u c i b l e ,  s e a l e d  u n d e r  vacuum and k e p t  s l i g h t l y  above  

t h e  m e l t i n g  p o i n t  f o r  a few m i n u t e s .  After m e l t i n g ,  i t  was 

c o o l e d  down t o  room t e m p e r a t u r e  w i t h i n  30-60 m i n u t e s  ( e x c e p t  

TmTe, wh ich  was a n n e a l e d  f o r  9 weeks a t  450°C). A l l  c h a l c o -  

g e n i d e s  of  La, P r  and Tm were  found t o  m e l t  c o n g r u e n t l y  

-75-  



and no a t t a c k  of t he  tan ta lum c r u c i b l e s  was d e t e c t a b l e .  

All samples cons is ted  i n  l a r g e  po r t ions  of sdngle c r y s t a l s .  

2 . 2 .  Magnetic P r o p e r t i e s  and NMR Resu l t s  

The magnetic parameters a r e  l i s t e d  i n  Table 1 and 

shown i n  F igs .  1-4.  The magnet iza t ion  between 1.4 and 3 0 0 ° K  

w a s  measured wi th  a,pendulum magnetometer i n  f i e l d s  of up t o  

15 kOe. 

d e n t l y  i n  low f i e l d s  (10 Oe) by a mutual i nduc t ion  method 

record ing  t h e  s i g n a l  vs .  t h e  r e s i s t a n c e  of a c a l i b r a t e d  

Ge-thermometer o r  a t  h igher  temperatures v s .  t h e  e . m . f .  of 

a c a l i b r a t e d  thermocouple. LaS, Lase, LaTe a r e  good metals 

and found t o  be Superconducting around 1"K, wi th  an  i n t e r -  

mediate e l e c t r o n i c  s p e c i f i c  h e a t  and weak Pau l i  paramagnetism. 

PrSe and PrTe e x h i b i t  a s i n g l e t  ground s t a t e  wi thout  magnetic 

o rde r ing ,  as shown i n  F ig .  1 and by NMR down t o  1.4'K i n  

agreement wi th  Smolenski e t  a l ' s  work.4,  Our  r e s u l t s  i n  PrS 

however d i sag ree  cons iderably  wi th  t h e i r s .  We found a very  

weak peak i n  the  low f i e l d  s u s c e p t i b i l i t y  a t  7'K, and a 

very small spontaneous fe r romagnet ic  moment of 

wB/Pr atom compared t o  about 5*10-2 bB/Pr atom and an  a n t i -  

fe r romagnet ic  peak a t  16°K given by Smolenski e t  a l . 4  

sample made wi th  a somewhat l e s s  pure P r  showed a low f i e l d  

s u s c e p t i b i l i t y  peak t h r e e  t imes as b i g  and correspondingly 

a spontaneous fe r romagnet ic  moment about t h r e e  t imes as b i g  

as i n  t h e  pu res t  PrS sample. These i r r e p r o d u c i b l e  r e s u l t s  

on PrS soon c a s t  doubts about t h e  t r u e  na tu re  of t h i s  

The o rde r ing  temperatures were determined indepen- 

3.1.10-3 

A 
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FIG. 1 
Inverse  molar 
s u s c e p t i b i l i t y  
v s .  temperature 
for PrS,  PrSe, 
PrTe . 

m a t e r i a l .  The f a c t  that  we could e a s i l y  observe a temper- 
141  a t u r e  independent NMR s i g n a l  between 2 and 20.3’K on P r  

i n  PrS proves t h a t  our  weak anomaly a t  7 ° K  as we l l  as t h e  

temperature dependent s u s c e p t i b i l i t y  d isp layed  i n  F ig .  1 

s an  a r t i f a c t  of an  impur i ty  phase. Thus, P r S  i f  made 

wi th  t h e  proper s to ich iometry ,  has t o  be considered as a 

new nonordering Van Vleck paramagnet. All t he  Tm compounds 

e x h i b i t  an t i f e r romagne t i c  order ing ,  i n  c o n t r a s t  t o  a l l  the  

ne ighbor ing  Tm-pnlctides,‘ which do n o t  o rde r  due t o  a 
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FIG. 2 
Inverse molar 
susceptibility vS. 
temperature f o r  
TmS, TmSe, TmTe. 

singlet ground state. 

temperature drops gradually from TmS to TmTe and is 

considerably below the value of the free Tm3+ ion. 

magnetization curves taken at l.42"K in TmS and especially 

TmSe look quite complex as shown in Fig. 

present the magnetization curves at 1.42'K and 4.22'K of 

TmTe. 

of 6.346 i, the effective moment close to the value of Yb3+ 

and the light silvery color in contrast to the deep purple 

The effective moment below room 

The 

3. In Fig. 4 we 

Considering the anomalously large lattice constant 

-18- 



/ 
FIG. 3 

Molar m a g n e t i z a t i o n  
v s .  f i e l d  i n  TlnS 
and TmSe a t  1.42"K 

c o l o r  of o t h e r  t e l l u r i d e s ,  w e  soon concluded t h a t  t h i s  

compound p r e s e n t s  a r e l a t i v e l y  rare c a s e  where Tm i s  i n  

t h e  d i v a l e n t  s t a t e .  I n  t h e  cour se  of t h i s  work we became 

aware t h a t  I a n d e l l i  and Palenzona'  were o b v i o u s l y  f i r s t  t o  

nd e v i d e n c e  f o r  t h e  p o l y v a l e n t  b e h a v i o r  o f  t h i s  compound 

om t h e i r  measurements of t h e  anomalous ly  l a r g e  l a t t i c e  

Cons tan t .  It i s  i n t e r e s t i n g  t o  n o t e  however t h a t  a n n e a l i n g  

a t  v a r i o u s  t e m p e r a t u r e s  fo l lowed  by r a p i d  quenching  r e s u l t s  

In a m i x t u r e  of T h 2 +  and 'h3+ which is r e f l e c t e d  by l a t t i c e  
-79- 



FIG. 4 
Molar m a g n e t i z a t i o n  
v s .  f i e l d  i n  Tm2+ 
Te a t  1.42'K and 
4.22"K and c a l c u -  
l a t e d  magnet i -  
z a t i o n  cu rves  for 

8'  r6, r and r 7 
I n s e r t :  I n v e r s e  
low t e m p e r a t u r e  
molar  s u s c e p t i b i l i t y  
v s .  T i n  Tm2+Te. 

p a r a m e t e r s  r a n g i n g  from 6 . 0 5  t o  6 .34 A [ a  t y p i c a l  v a l u e  was 

a = 6.16  A from a t e m p e r a t u r e  of g O O " C ] .  

F i g .  4 shows t h a t  Tm2+Te o r d e r s  a t  0.21°K. 

formula8  would p r e d i c t  0 .20 -0 .27"s  f o r  t h e  v a r i o u s  TN v a l u e s  

of EuTe r e p o r t e d  i n  t h e  

a t  4 .22  and 1.42'K i s  c o n s i d e r a b l y  l a r g e r  t h a n  what one would 

expec t  for any c r y s t a l  f i e l d  ground s t a t e  r6, r 7 and r8 i n  

t h i s  s t r u c t u r e .  

m a t e r i a l  and we cannot  d r a w  much i n f o r m a t i o n  from t h e  

The i n s e r t  i n  

The deGennes 

The m a g n e t i z a t i o n  

U n f o r t u n a t e l y  our sample i s  p o l y c r y s t a l l i n e  
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m a g n e t i z a t i o n  s i n c e  t h e  off d i a g o n a l  e l e m e n t s  of J, a r e  a l l  

z e r o  b u t  t h e y  a r e  d i f f e r e n t  f rom z e r o  o f  J+ and J-. 

2.3.  S p e c i f i c  Heat  

The low t e m p e r a t u r e  s p e c i f i c  h e a t  of TmS, TmSe 

and TmTe a r e  p l o t t e d  i n  F i g .  5.  Tms and TmSe d e v e l o p  a weak 

anomaly  a t  t h e  N&el t e m p e r a t u r e .  I n  TmS e . g .  t h e  t o t a l  

e n t r o p y  [ n e g l e c t i n g  t h e  n u c l e a r  p a r t  a t  low t e m p e r a t u r e ]  a t  

@K i s  o n l y  a b o u t  3 .9  J/ 'K mole,  s m a l l e r  t h a n  R I n  2 = 5.76 

J/"K mole which one would e x p e c t  for a ground s t a t e  d o u b l e t .  

I -  

6 -  

5 -  

'- 

3 -  

2 -  

1 -  

I o 2 4 s n IO 12 

T C X I  

FIG. 5 
S p e c i f i c  h e a t  v s .  
t e m p e r a t u r e  b e -  
tween 1 . 5 - 1 3 O K  o f  
TmS, TmSe and TmTe 
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If a c o m p a r i s o n  i s  made w i t h  t h e  P r - m o n o c h a l c o g e n i d e s  and 

t h e  P r  and Tm m o n o p n i c t i d e s  which d o  n o t  o r d e r ,  t h e  work of 

Lea Leask  and Wolf'' l e a d s  t o  t h e  c o n c l u s i o n  t h a t  TmS and 

TmSe r e p r e s e n t  new examples  where  m a g n e t i c  o r d e r i n g  o c c u r s  

I n  s p i t e  of t h e  ground s t a t e  b e i n g  a s i n g l e t .  I n  TmTe t h e  

l a r g e  s p e c i f i c  h e a t  i s  m a i n l y  due  t o  c r y s t a l  f i e l d  s p l i t t i n g  

9 

e f f e c t s .  

I n  F i g .  6 ,  we a r e  t r y i n g  t o  d e d u c e  some numbers 

f o r  t h e  c r y s t a l  f i e l d  s p l i t t i n g  A b e t w e e n  rl and r4 i n  PrSe 

-82- 
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I n  (cprX-cLaX) * T ~  
VS. I/T for X = S e  
and Te 



and PrTe. We assume the  e l e c t r o n i c  and l a t t i c e  c o n t r i b u t i o n  

t o  the  s p e c i f i c  h e a t  t o  be i d e n t i c a l  i n  LaS and PrS ,  Lase 

and PrSe a s  we l l  a s  i n  LaTe and PrTe. 

A t  low temperature ( T  << A )  the S t a r k  s p e c i f i c  

h e a t  anomaly i s  given by 

[gi i s  t h e  degeneracy f a c t o r  of r i ] .  
I n  [CprX-CLaX1T2 v s .  1/T, where X s t ands  f o r  Se or Te. 

p l o t  i s  l i n e a r  only a t  temperatures above about 10'K. Below, 

t h e r e  i s  a l a r g e  excess  s p e c i f i c  h e a t ,  the  o r i g i n  of which i s  

c u r r e n t l y  being explored f u r t h e r .  With the  l i n e a r  s l o p e s  

i d e n t i f i e d  a s  a c r y s t a l  f i e l d  s p l i t t i n g ,  we g e t  agreement 

with s u s c e p t i b i l i t y  and Knight s h i f t  r e s u l t s .  I n  Table 1 we 

a l s o  inc lude  the s p l i t t i n g  A obtained r e c e n t l y  from i n e l a s t i c  

neutron s c a t t e r i n g  i n  PrTe.17 The agreement between s p e c i f i c  

h e a t  and the n-experiment i s  q u i t e  good. 

We t h e r e f o r e  p l o t  

The 

111. DISCUSSION 

The s tudy of the  La-monochalcogenides was mainly 

undertaken f o r  a b e t t e r  understanding of the  low temperature 

s p e c i f i c  h e a t  anomaly found i n  the corresponding Pr-compounds 

and e s p e c i a l l y  i n  o rde r  t o  determine the  c r y s t a l  f l e l d  

s p l i t t i n g  and t h e  exchange parameter of the  l a t t e r .  Because 

of the excess  s p e c i f i c  h e a t ,  our numbers f o r  the  c r y s t a l  

f i e l d  s p l i t t i n g  may be somewhat u n c e r t a i n .  The good agreement 
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r 
i n  PrTe w i t h  t h e  i n e l a s t i c  n - s c a t t e r i n g  r e s u l t s 1 7  however 

g i v e s  u s  some f a i t h  i n  t h e s e  numbers. 

c r o s s  t e s t  can  be made t o g e t h e r  w i t h  t h e  low t e m p e r a t u r e  

Van Vleck  s u s c e p t i b i l i t y  Xy and t h e  Knight  s h i f t  measure- 
18 ment K = AH/H. 

A f u r t h e r  rough 

For Pr3+ i n  o c t a h e d r a l  symmetry we have :  

K = axf 

G e n e r a l l y  E q .  ( 2 )  does  n o t  r e p r e s e n t  t h e  measured low 

t e m p e r a t u r e  s u s c e p t i b i l i t y  Xf which can  be  enhanced ( p o s i t i v e l y  

o r  n e g a t i v e l y )  o v e r  t h e  c r y s t a l  f i e l d  s u s c e p t i b i l i t y  XFF i n  

t h e  m o l e c u l a r  f i e l d  approx ima t ion :  

Xf = - (5)  

Thus, t o  d e r i v e  9, a c c u r a t e  v a l u e s o f  A and Xf a r e  needed .  

X on t h e  o t h e r  hand can  be  a f f e c t e d  by  v a r i o u s  i m p u r i t i e s  

and f o r t u n a t e l y  can  be  measured i n  a n  a l t e r n a t i v e  way by NMR 

as shown by ( 3 )  and ( 4 ) .  

down e x p l i c i t l y  i n  ( 4 )  f o r  a g i v e n  m a t e r i a l ,  

f 

a i s  t h e  hyper f j -ne  c o n s t a n t  w r i t t e n  

The f i r s t  term 
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c o r r e s p o n d s  t o  t h e  s p i n  d i p o l a r  and o r b i t a l  c o n t r i b u t i o n ,  

t h e  second te rm i s  due  t o  t h e  c o r e  p o l a r i z a t i o n  and t h e  

t h i r d  t e r m  due t o  t h e  c o n d u c t i o n  e l e c t r o n  p o l a r i z a t i o n  

( a s s u m i n g  It  t o  b e  u n i f o r m ) .  

v a l e n t  F(J ,L ,S)  of t h e  s p i n  d i p o l e  and o r b i t a l  o p e r a t o r  i s  

296/225, He i s  a n  e m p i r i c a l  c o n s t a n t  (-90 kOe/wB). K~ c a n  

be d e t e r m i n e d  f rom t h e  La r e s o n a n c e  i n  t h e  c o r r e s p o n d i n g  

For Pr3+ t h e  o p e r a t o r  e q u i -  

- 

a-compound and rsf i s  o b t a i n e d  f rom t h e  t e m p e r a t u r e  d e p e n -  

d e n t  r e s o n a n c e  on t h e  nonmagnet ic  component i n  t h e  P r -  

compound. The second and t h i r d  t e r m  i n  ( 4 )  a r e  u s u a l l y  

small c o r r e c t i o n s  of t h e  o r d e r  of a few p e r c e n t  t o  t h e  f i r s t  

one and were  d r o p p e d .  For Pr3+, <r-3> = 5.0 a . u .  and 

KSpin orbit i s  g i v e n  n u m e r i c a l l y  by 184 Xf[cm3,,molel. The 

a g r e e m e n t  i s  r e a s o n a b l y  good e x c e p t  i n  P rS  where  t h e  

d i s c r e p a n c y  may a r i s e  p a r t l y  f rom n e g l e c t i n g  t h e  c o n d u c t i o n  

e l e c t r o n  c o n t r i b u t i o n  and p a r t l y  f rom d i f f i c u l t i e s  i n  sample  

p r e p a r a t i o n .  T h e r e  i s  however a s m a l l  d i f f e r e n c e  be tween 

Xexp and XFF which c o u l d  be a t t r i b u t e d  t o  e x c h a n g e  e f f e c t s .  

A t  l e a s t  i n  PrTe,  t h e  numbers for A s h o u l d  b e  v e r y  r e l i a b l e  

rom t h e  c r o s s t e s t  by s p e c i f i c  h e a t  and i n e l a s t i c  n e u t r o n  

s c a t t e r i n g .  seems t o  be  of a n t i f e r r o m a g n e t i c  n a t u r e  as 

one  would e x p e c t  f rom t h e  a n t i f e r r o m a g n e t i c  o r d e r i n g  of o t h e r  

m o n o c h a l c o g e n i d e s  of t r i v a l e n t  l a n t h a n i d e s .  The c o r r e s p o n d i n g  

T m - c h a l c o g e n i d e s  c o u l d  n o t  be  e x p l o r e d  as t h o r o u g h l y  as t h e  

PF compounds b e c a u s e  TmS and TmSe e x h i b i t  exchange  i n d u c e d  

m a g n e t i c  o r d e r i n g .  The m o l e c u l a r  f i e l d  t h e o r y  p r e d i c t s  a 
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second order  phase t r a n s i t i o n  for such m a t e r i a l s  w i t h  a 

f i n i t e  jump i n  the  s p e c i f i c  hea t  anomaly be ing  p ropor t iona l  
t o  e -2A/kTc. F ig .  5 shows however tha t  h igh  temperature 

s p i n  c o r r e l a t i o n  and f l u c t u a t i o n  e f f e c t s  are cons iderable  

i n  such m a t e r i a l s .  I f  T, <.: A ,  the magnetic o rde r ing  can 

no longer  be de t ec t ed  by s p e c i f i c  h e a t .  I n  t h e  case  of  TmS 

and TmSe the  s p e c i f i c  heat maximum i n  zero  magnetic f i e l d  

co inc ides  p e r f e c t l y  wi th  the  maximum of t h e  low f i e l d  

s u s c e p t i b i l i t y  and must be i d e n t i f i e d  as the  c o r r e c t  

o rde r lng  temperature.  

t h e  magnetic p r o p e r t i e s  o f  Tm3+Te. The compound i n  t h i s  

valence s t a t e  i s  only s t a b l e  under pressure19  or a t  h igh  

temperature.  It i s  l i k e l y  tha t  i f  i t  o rde r s  a t  a l l ,  t h e  

exchange f o r c e s  must be almost balanced by the  c r y s t a l  f i e l d  

It would a l s o  be i n t e r e s t i n g  t o  study 

s p l i t t i n g .  I n  t h e  d i l u t e  l i m i t  of course ( e . g . ,  d i l u t e d  w i t h  

La-, Lu- or Y-sul f ide  o r  -se ' lenide)  TmS and TmSe a r e  expected 

t o  e x h i b i t  Van Vleck paramagnetism. It i s  c l e a r  t h a t  Tm 

rnonochalcogenides a r e  unsu i t ab le  f o r  nuc lea r  cool ing .  

t h e  o the r  hand t h e  P r  monochalcogenides m i g h t  be  very u s e f u l  

On 

for such an  a p p l i c a t i o n .  

PrSe and PrTe as nuc lea r  coo l ing  materials f a i l e d  for reason:> 

Our r e c e n t  e f f o r t s  however t o  use  

which a r e  no t  c l e a r  y e t .  Only PrTe showed a s m a l l  cool ing  

e f f e c t  between 50 and 100 m"K but  only i n  small f i e l d s .  We 

have observed similar d i f f i c u l t i e s  i n  s e v e r a l  nonordering 731,- 

compounds. It i s  l i k e l y  t h a t  t h i s  f a i l u r e  i s  l inked  wi th  th.2 

very l a r g e  s p e c i f i c  h e a t  observed i n  a l l  these  m a t e r i a l s  
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down t o  v e r y  low t e m p e r a t u r e s  t h e  o r i g i n  of which h a s  t o  be 

exp lo red  f u r t h e r .  
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RARE EARTH IONS IN HEXAGONAL FIELD ? 
E.  Segal and W .  E .  Wallace 

Department of Chemistry 
University of P i t t sburgh  
Pi t t sburgh ,  Pa. 15213 

Abstract  

Energy l eve l s ,  eigenfunctions and magnetic moments of r a r e  
ea r th  ions i n  a c r y s t a l  f i e l d  of hexagonal symmetry have be n o - 
t a ined  using .a Hamiltonian of t h e  form 3-C = Be08 + Bg (0% + - 06) .  
Results have been obtained f o r  a l l  J values appearing i n  
t h e  r a r e  e a r t h  s e r i e s  and have been t abu la t ed  i n  a form convenient 
for use i n  analyzing t h e  influence of t h e  c r y s t a l  f i e l d  on t h e  buLk 
thermal and magnetic p rope r t i e s  of compougds containing t h e  rare 
ea r ths .  
a few ca l cu la t ions  were made with t h i s  r a t i o  devia t ing  by 10 and 20% 
(from 8/77). These c a l c u l a t i o  s showed t h e  r e s u l t s  t o  be r e l a t i v e l y  
in sens i t i ve  t o  changes i n  B&/B6. 

8 k  
77 

Since experiment shows t h a t  Bg/B6 may devia te  from 8/77, 

8 

I. In t roduct ion  

For many years it has been t h a t  t h e  macroscopic 

thermal and magnetic p rope r t i e s  of systems containing r a r e  ea r ths  

a r e  s i g n i f i c a n t l y  influenced by t h e  i n t e r a c t i o n  between t h e  r a r e  

ea r th  ion  and t h e  ions i n  i t s  environment. Information has become 

8 ava i l ab le  for assess ing  these  e f f e c t s  f o r  c r y s t a l s  having cubic 

symmetry but not f o r  hexagonal c r y s t a l s .  The objec t ives  i n  t h i s  

study were (1) t o  provide f o r  hexagonal c r y s t a l s  information needed 

t o  assess  t h e  inf luence  of t h e  c r y s t a l  f i e l d  in t e rac t ion  o n  t h e i r  

hea t  capac i ty  and s u s c e p t i b i l i t y  behavior and ( 2 )  t o  present t h e  
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results of t h e  ca l cu la t ion  in a form convenient for  use by experi-  

mentalists. For s impl i c i ty  t h e  treatment was l imi t ed  t o  hexagonal 

c r y s t a l s  having an i d e a l  axial r a t i o .  

11. General Description of t h e  Calculations 

A. The Hamiltonian 

The most genera l  Hamiltonian f o r  a hexagonal c r y s t a l  f i e l d  

onta ins  four  independent parameters. 

6 6  X = BOOo + BOOo + B:O: + B606 2 2  4 4  
To da te  very  few ca l cu la t ions  have been made using t h i s  complete and 

complex Hamiltonian. There a r e  many c r y s t a l s  f o r  which t h e  a x i a l  

r a t i o  i s  i d e a l  ( i . e .  c/a = 2 J 2 / 3 )  o r  nearly so. 

BZOE i s  s m a l l  and can b e  neglected.  

s impl i f i ed  by making use of t h e  r e s u l t  BE/.; = A = 0.1035 obtained 

i f  t h e  po in t  charge model app l i e s .  

For t hese  t h e  term 

The Hamiltonian can be f u r t h e r  

77 

X = BC0; + BE (0; + 2 0:) ' ( 2 )  

Calcula t ions  were made using t h i s  s impl i f i ed  Hamiltonian. Clearly 

these  ca l cu la t ions  can be regarded as s i g n i f i c a n t  only i f  t h e  simpli-  

f i e d  Hamiltonian can be  j u s t i f i e d .  Experiment reveals'  t h a t  t h e  
6 E/B6 r a t i o  i s  r e l a t i v e l y  insensitive'' t o  the p a r t i c u l a r  rare e a r t h  

ion  and/or t h e  na ture  of t h e  substance involved. 

p o s s i b i l i t y  e x i s t s  t h a t  t h i s  r a t i o  may devia te  from 8/77 by 10 t o  205. 

Accordingly some ca l cu la t ions  were made with va r i a t ions  t o  t h i s  extent ;  

changes i n  r e s u l t s  obtained were minor. 

Nevertheless t h e  

-91- 



B. The Energies, Eigenfunctions and Magnetic Moments 
-1 

Eigenfunctions o f  t h e  c r y s t a l  f i e l d  s t a t e s  1 a r e  expressed 

as l i n e a r  combinations of eigenfunctions f o r  t h e  f r e e  ion  assoc ia ted  
J 

with var ious  values of M, IC)= 1 a i M  1.) 
eigenfunctions ( i . e .  t h e  va lues  of a 

. The energies and 
I 

M = - J  
) were evaluated using t h e  i M  

Operator Equivalent method of Stevens." 

obtained from t h e  standard expression 

The magnetic moments were 

Further d e t a i l s  of t h e  ca l cu la t ions  may be found e 1 ~ e w h e r e . l ~ ' ~ ~  

For ca lcu la t ions  t h e  Hamiltonian was used i n  t h e  form 

0 
(4)  x = w [ x F  O 4  + (I - 1x1 ) 1 4 

where F4 and F a r e  t h e  comon mul t ip l i ca t ive  f ac to r s ,8  t h e  parameter 

x denotes t h e  r e l a t i v e  importance of t h e  4th and 6 th  degree terms and 

w i s  an energy sca l ing  f a c t o r .  

course B4F4 = Wx and B6F6 = W ( l  - 

6 

6 o4 5 0; and o6 E 0: + 77/8 06. Of 

I 
1x1 ) . 

111. Results 

Calculations were made f o r  a l l  t h e  J values appearing i n  

t h e  r a r e  ea r th  s e r i e s .  For brev i ty  r e s u l t s  a r e  given here only f o r  

J = I5/2 and 4. 

where. The s t a t e s  i n t o  which t h e  2J+l - fo ld  degenerate multiplet: ;  

a r e  decomposed by a hexagonal c r y s t a l  f i e l d  a re  given i n  Table I. 

Deta i led  r e s u l t s  for J = 17/2 and 4 a r e  given i n  Table 11. Results 

Results obtained f o r  o ther  J values a r e  given e l se -  
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weak compared t o  t h e  sp in-orb i t  coupling energy 

Table I 

Crys ta l  F i e ld  S t a t e s  f o r  Rare Earth Ions i n  a Hexagonal F ie ld  
x 

J Rare Earth Crys t a l  F i e ld  S t a t e s  
-. -1 

512 ~ e + 3 ,  ~ m + 3  17(d) + K ( d )  + 1 

presented a r e  for cases i n  which t h e  c r y s t a l  f i e l d  i n t e r a c t i o n  i s  

-1 

+ I&)  

* 
s and d i n  parenthes is  i nd ica t e  a s i n g l e t  and doublet ,  
r e spec t ive ly .  
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Table I1 
* 

Energies, Eigenfunctions and Magnetic Moments 

J = 15/2 3 r (doublet)  + 2 'G(doub1e t )  + 3 'T 9 (doublet)  7 

al a - 11 a 13 X E P P P 
2 2 2 

71.0 i189 0.067 0.533 0.538 1.000 0.000 0.000 

- I t  L 

-0.8 -167 0.066 0.533 0.537 1.000 

-0.6 -145 0.061 0.530 0.534 0.997 

-0.4 -126 0.044 0.520 0.522 0.985 

-0.2 - l l 3  0.015 0.489 0.489 0.943 

0.0 -113 0.099 0.053 0.ll3 0.676 

0.2 2 0.Q5 0.412 0.431 0.872 

0.4 38 0.030 0.511 0 . 5 Z  0.977 

0.6 85 0.060 0.529 0.533 0.996 

-0.033 -0.003 

-0 .083 -0 .009 

-0.169 -0.021 

-0.327 -0.066 

-0.501 0.540 

0.490 0.201 

0.214 0.013 

0.093 0.007 

0.8 137 0.066 0.533 0.537 0.999 0.034 0.003 

* 
Explanation o f  Symbols i n  Table: 

x i s  a parameter giving t h e  r e l a t i v e  importance of t h e  fou r th  and 

s i x t h  order terms. E i s  t h e  energy i n  units of t h e  parameter W. 

(For de f in i t i ons  of x and W see t e x t ) .  %re t h e  normalized co- 
P I  J 

e f f i c i e n t s  i n  t h e  eigenfunction i G>= 1 aiM I .> . p ,, and 
m=-J 

a r e  magnetic moments (d iv ided  by gJ b) along d i r ec t ions  p a r a l l e l  -_ . - . ~ -  

2 21 and perpendicular t o  t h e  c ax i s ,  r e spec t ive ly .  p = \ jp , ,  + PI * 
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Table I1 (Continued) 

- a9 - a3 
2 

X E ii 
2 

51.0 Ti29 0.200 1.000 0 .ooo 

-0.6 - 90 0.206 0.983 -0.117 
- 84 0.477 -0.775 0.162 

-0.8 -109 0 * 199 0.998 -0 .Ob9 

- 69 0.145 0.923 -0,329 
0.0 - 66 0.025 0.868 -0.483 
0.2 - 50 0.186 0.714 -0,698 

0.6 72 0.182 0.985 0.163 
0.8 99 0.198 0.998 0.056 

0.4 53 0.087 0.916 0.389 

a15 - 
2 

0.000 

0 A37 
0.144 
0.610 
-0.198 
-0.117 
-0.065 
-0.102 

-0.059 
-0.027 

X 

p . 0  

-0.8 
-0.6 

6:: 
0.0 

0.2 

0.4 
0.6 
0.8 
X 

a5 E P ii - 
2 

2 3  0.333 0 1.000 

- 5  0.268 -0.271 0.958 

- 6  0.109 -0.444 0.849 

-11 0.319 -0.132 0.991 

- 3  0.190 -0.379 0.906 

-11 0.042 -0.476 0.797 
-15 0.037 -0.493 0.733 
70 0.039 0.477 0.795 
44 0.211 0.356 0.91 
30 0.313 0.154 0.987 

-v  “I. 

a7 - 
2 

0.000 0.467 

-0.286 0.4432 
-0.135 0.452 

-0.423 0.323 
-0.529 0.243 
-0.604 0.175 
-0.681 0.096 
0.607 o.172 

0.158 0.447 
0.391 0.345 

a5 i-I - 
2 

d01 
100 

104 
114 
127 
143 
10 5 
-22 

- 38 
-66 
E 



Table I1 (Continued) 

X "15 - 
2 

&3 - a9 
2 

P E 
2 

51.0 

-0.8 
-0.6 
-0.4 
-0.2 

0.0 

0.2 

0.4 
0.6 
0.8 

3201 

173 
148 
12 5 
108 
100 

60 
-63 

-102 

-150 

0.600 0.000 

0.598 0.049 

0.563 0.214 
0.502 0.344 
0.305 0.496 
0.169 0.675 

0.589 0.118 

0.478 -0.389 
0.579 -0.163 
0.598 -0.056 

1.000 0.000 

0.999 0.000 

0.993 0.003 
0.977 Q.0Q 

0.938 0.044 
0.832 0.247 
0.709 -0.205 
0.921 0.020 

0.987 0.004 
0.998 0.001 

X 

Tl.0 

-0.8 
-0.6 
-0.4 
-0.2 

0.0 

0.2 

0.4 
0.6 
0.8 

E 

*221 

170 
119 

7 1 
28 
1 

-100 

-119 
-150 

-185 

I11 

0.733 
0.733 
0.728 
0 I 710 
0.647 

0.527 
0.458 

0.695 
0.726 
0.732 

IL 

0 

0.001 

0.004 
0.018 
0.063 

0.060 

0.006 

0.193 

0.048 

0.001 

P "1 - 
2 

0.733 0.000 

0.733 0.033 
0.728 0.083 
0.711 0.169 
0.650 0.328 
0.497 0.587 
0.530 -0.485 
0.696 -0.215 
0.726 -0.093 
0.732 -0.034 
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"11 - 
2 

1.000 

I. 000 

0 * 997 
0.986 
0.945 

0.868 
0.976 

0.810 

0.996 
0.999 

"13 - 
2 

0.000 

0.000 

0.001 

0.003 
0.008 
0.016 

-0.107 

0.003 
0.034 

0.000 



Table I1 (Continued) 

\ I  IL “1 - “ll - “13 - 
2 2 2 

I-I x E P  

;Lo +91 0.867 0 0.867 0.000 0.000 1.000 

-0.8 49 0.867 0.000 0.867 0.003 -0.000 1.000 

8 0.867 0.001 0.867 0.008 -0.002 1.000 

0.4 -34 0.866 0.005 0.866 0.020 -0.007 1.000 

0.998 
0.0 -119 0.559 0.287 0.628 -0.446 0.306 0 242 

9°.6 
-0.2 -75 0.863 0.019 0.863 0.059 -0.030 

0.2 -112 0.852 0.061 0.854 -0.070 0.084 0.994 
0.4 -107 0.865 -0.026 0.865 -0.006 -0.036 0.999 
0.6 -101 0.867 -0.002 0.867 -0.006 -0.003 1.000 

0.8 -96 0.867 -0.000 0.867 -0.002 -0.000 1.000 

X E 

71.0 e 7 3  
-0.8 -206 
-0.6 -139 
-0.4 - 62 
-0.2 0 

0.0 65 
0.2 109 
0.4 149 
0.6 190 
0.8 231 

P 

1.000 
0.999 
0.983 
0.686 
0.958 
0.881 

0.955 
0.991 
0.997 
0.999 

-97 

“3 
F 

0.000 

-0.037 
-0.144 
0.594 
0.171 

0.189 
0.102 

0.059 
0.027 

-0.022 

- a15 - 
2 2 

0.000 1.000 

0.001 0.999 
0.014 0.990 

“9 

-0.139 0.792 
-0.109 0.979 
-0.273 0.962 
0.103 0.977 
0.022 0.995 
0.006 0.998 
0.001 1.000 



Table I1 (Continued) 

1 
7 

J = 4 + 1, ( s i n g l e t )  + 1 ( s i n g l e t )  + ( s ing le t )  + 

(PT3+, m3+, 

'-1 

2 (doublet)  + \ (doublet) 5 

p = o  = 0.25 

E i s  a l i n e a r  function of x E i s  a l inear  function of x 

X E X E 

n 8  il 79 
-20 0 1 

2 
0 

X E 

Tl.0 +11.0 

-0.8 13.6 
-0.6 16.8 
-0.4 20.8 
-0.2 25.3 
0.0 30.1 
0.2 23.3 
0.4 17 .1  
0.6 -0.9 
0.8 -4.9 

X 

P "2 
0.500 1.000 

0.478 0.993 
0.414 0.971 
0.324 0.940 
0.230 0.906 

0.031 0.829 

0.168 0.882 
0.457 0.985 

0.145 0.873 

0.216 0.723 

"4 

"4 
0.000 

0.121 

0.239 
0.342 
0.424 
0.487 
0.559 
0.691 

-0.170 

a2 

-0.471 

1.000 

0.978 
0.914 
0.824 
0.730 
0.645 
0.531 
0.284 
0.668 
0.957 

P 

714.0 
-10.8 
- a.2 
- 6.4 
- 5 .1  
- 4 . 1  
- 1.9 
- 0.3 
13 .1  
12.5 

E 

- 9 8 -  



1 
I 

I Table I1 (Continued) 

X 

?l 

0 

E 

*21 
Energy i s  l i n e a r  with x 

2.25 

X E I 
F-1 
0 

Energy i s  l i n e a r  with x 
-36.5 

*When x = fl, r3 and 
a r e  ]*3> and t h e  assoc ia ted  moment i s  0.75. 

converge t o  a doublet whose eigenfunctions 
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M A G N E T I C  I N T E R A C T I O N S  A M  CRYSTALLINE FIELO I N  E Q U I A T O M I C  

R A R E  E A R T H  yNO13LE METALS COMPOUNOS 

J a c q u e s  PIERRE 

L a b o r a t o i r e  d ' E l e c t r o s t a t i q u e  e t  de P h y s i q u e  d u  M 6 t a l .  

Cedex 166 - 38-GRENOBLE, F r a n c e  

A b s t r a c t  

a r e  a n t i f e r r o m a g n e t s  w i t h  an o r d e r e d  s t r u c t u r e  o f  ( I l l lo )  
t y p e .  When a d i v a l e n t  m e t a l  i s  s u b s t i t u t e d  f o r  t h e  n o b l e  
'one, t h e  i n t e r a c t i o n s  become f e r r o m a g n e t i c .  We e x p l a i n  
t h e s e  v a r i a t i o n s  b y  means o f  i n d i r e c t  e x c h a n g e  t h e o r y .  

The R C U  and  RAg compounds w i t h  h e a v y  rare e a r t h s  

T h e  c r y s t a l l i n e  f i e l d  e x p l a i n s  t h e  v a r i a t i o n s  o f  
t h e  s u s c e p t i b i l i t i e s  i n  CeAg. P r A g  and  NdAg a t  low t e m p e r a -  
t u r e s  and  t h e  d i r e c t i o n s  o f  t h e  r a r e  e a r t h  moment i n  t h e  
o r d e r  r a n g e .  We o b s e r v e  a d i r e c t i o n  p a r a l l e l  t o  < 0 0 1 >  a x i s  
i n  TbCu and  t o  <Ill> a x i s  i n  HoCu. 

1 - M a g n e t i c  p r o p e r t i e s  o f  R C U  and  RAg compounds 

The R C U  a n d  RAg compounds w i t h  heavy  rare e a r t h s  

p 2 ' 3 1 .  The e x p e r i m e n t a l  p a r a m a g n e t i c  a r e  a n t i  f e r r o m a g n e t  s 

moments y are i n  a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  v a l u e s  o f  ex 
t h e  t r i v a l e n t  i o n s .  The p a r a m a g n e t i c  C u r i e  t e m p e r a t u r e s  €J 

and  Nee1 t e m p e r a t u r e  ON v a r y  a s  Oe Gennes f a c t o r  

[ g  - 1 1  J ( J +  1 1  [ f i g u r e  1 )  ; t h e y  a r e  s i m i l a r  f o r  homologous 

compounds i n  s p i t e  o f  a 5 % d i f f e r e n c e  i n  t h e  c r y s t a l l i n e  

p a r a m e t e r .  

P 

2 

The m a g n e t i c  o r d e r e d  s t r u c t u r e  has been  e s t a b l i s h e o  

b y  n e u t r o n  d i f f r a c t i o n  f o r  TbCu, T b A g C 4 )  and OyAg").  We 

have  s t u d i e d  t h e  TbCu and  HoCu compounds. We g i v e  i n  f i g u r e  

2 t h e  p a t t e r n s  o b s e r v e d  f o r  HoCu a t  4 .2 and  7 7  K .  The 



+ 1 1  
p r o p a g a t i o n  v e c t o r  o f  t h e  o r d e r e d  s t r u c t u r e  i s  7 = [ T  T 0). 

T h i s  [ n l l O l  s t r u c t u r e c 6 )  c a n  b e  d e s c r i b e d  as f e r r o m a g n e t i c  

s h e e t s  p a r a l l e l  t o  [ I 1 0 1  p l a n e s ,  t h e  moment s i g n  c h a n g i n g  

f r o m  one s h e e t  t o  t h e  n e x t  o n e .  

J 

r e s p e c t  

bHo = 0 

2 0 5  

3 04 

5 4 2  

2 9 0  

5 2 6  

2 6  0 

2 9 9  

1 6 6  

1 0 2 2  

5 1 2  

The m a g n e t i c  i n t e n s i t i e s  a r e  c a l i b r a t e d  w i t h  

t o  t h e  n u c l e a r  o n e s ,  t a k i n g  b 

8 5  I O - ”  cm, b C u  = 0 . 7 9  10-lZHzrn ( t a b l e  I). 

= 0 . 7 6  10-12crn.  

5.65 

5 . 1 4  

T A B L E 1  

N u c l e a r  a n d  m a g n e t i c  i n t e n s i t i e s  o b s e r v e d  a t  4 . 2  K on TbCu 

a n d  HoCu compounds a n d  c o r r e s p o n d i n g  moments 

8 . 2 0  

8.05 

h k l  

1 1  0 

1 1 1  

3 1  0 

3 1 1  

1 1 2  

3 3  0 
3 3 ,  

3 1 2  

2 2  

2 2  
1 1 0  

2 2  

2 2  
2 0 0  

2 2  2 2  I 
S I  2 2  0 1 
2 2  
2 1 1  

2 2  

l o b s  
[ b a r n s )  

3 3 3  

1 9 1  

4 3 2  

4 2 2  

5 2 2  

2 5 1  

1 9 7  

2 1 8  

9 1 1  

3 8 1  

TbCu 

7 . 8 5  I 1::: 
n u c l e a r  

6 ’ 7 3  6 .27  I 1::: 
n u c l e a r  

5 . 8 8  1 8 . 7 6  

5 , 3 5  I 8.74 

n u c l e a r  

4 . 8 1  1 8 . 4 3  

txi- ( b a r n s )  

HoCu 

11 u c  l e  ar  

n u c l e a r  

n u c l e a r  

5 . 2 2  1 9 . 0 1  

I 
* t a k i n g  f a c c o r d i n g  t o  ( 7 )  * * t a k i n g  f a c c o r d i n g  t o [ ’ )  
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The moment d i r e c t i o n  is a l o n g  t h e  m a g n e t i c  c e l l  c - a x i s  f o r  

TbCu i n  agreement  w i t h  Cab le  & d4). I t s  v a l u e  i s  

8 . 7 5  ? 0 . 3  p B  a t  4.2 K and 7 . 8  ? 0 . 3  p B  a t  7 7  X .  F o r  HoCu, 

i t  does an a n g l e  'P- 5 5  ? 4' w i t h  t h e  c - a x i s  [p=8.35'0.4 u B  
a t  4.2 K 1  and p o i n t s  t h u s  a l o n g  t h e  <Ill> d i r e c t i o n .  

The SmAg compound p r e s e n t s  a NOel t e m p e r a t u r e  a t  

40.4 K .  The v a r i a t i o n  o f  t h e  p a r a m a g n e t i c  s u s c e p t i b i l i t y  can  

b e  e x p l a i n e d  by t h e  Van V l e c k  - t y p e  p a r a m a g n e t i c  and 

a n t i f e r r o m a g n e t i c  i n t e r a c t i o n s .  From t h e  measurements t h e  

L - S c o u p l i n g  c o n s t a n t  A = 380  ? 30 K is deduced . l 9 )  

The s u s c e p t i b i l i t i e s  o f  CeAg, PrAg. NdAg compounds 

show a t  l o w  t e m p e r a t u r e s  d e v i a t i o n s  f r o m  t h e  C u r i e - W e i s s  

l a w " ) .  The p a r a m a g n e t i c  moments r i s e  w i t h  t e m p e r a t u r e  and 

r e a c h  t o w a r d s  2 0 0  K t h e  f r e e  t r i v a l e n t  i o n  v a l u e  [ f i g u r e  3,  

t a b l e  1 1 ) .  The c e r i u m  i s  h e r e  t r i v a l e n t ,  i n  agreement  w i t h  

t h e  v a l u e  o f  t h e  c r y s t a l l i n e  p a r a m e t e r .  CeAg and PrAg o r d c r  

f e r r o m a g n e t i c a l l y  a t  7 ? 0.5 K and 14 f 1 K; NdAg becomes 

an a n t i f e r r o m a g n e t  u n d e r  20 +I K ( 1 ,  91 

T A B L E  I1 

E x p e r i m e n t a l  and t h e o r e t i c a l  v a l u e s  o f  t h e  p a r a m a g n e t i c  

moments a t  l o w  and h i g h  t e m p e r a t u r e s  f o r  CeAg, PrAg,  NdAg. 
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T h e  v a r i a t i o n  o f  t h e  m o m e n t  can b e  e x p l a i n e d  b y  t h e  e f f e c t  
o f  t h e  c u b i c  c r y s t a l l i n e  f i e l d ,  w h i c h  s p l i t s  t h e  l e v e l  

J = L - S ,  as  i t  was o b s e r v e d  i n  C e A 1 2  ( I O 1  . 
2 - C r y s t a l l i n e  f i e l d  

~ 

T h e  c r y s t a l l i n e  f i e l d  h a m i l t o n i a n  i s  w r i t t e n  a s  
4 6 

6' U c  = A 4  6 < r  > O 4  + A 6  Y < r  > 0 

i n  terms o f  S t e v e n s  o p e r a t o r  e q u i v a l e n t s  O 4  a n d  O s  a n d  

e f f i c i e n t s  6 a n d  Y .  

I n  t h e  c a s  o f  c e r i u m  ( Y  - 0 1 ,  t h e  l e v e l  i s  s p l i t  

i n  a q u a d r u p l e t  Q t r , )  a n d  a d o u b l e t  D [ r 7 )  s e p a r a t e d  b y  

A = E D  - E Q .  T h e  e x p e r i m e n t a l  m o m e n t  a t  low t e m p e r a t u r e s  

u i x  - 1 . 9 6  u B  i s  i n  a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  m o m e n t  

p i h  = 1 . 9 9  clB o f  t h e  q u a d r u p l e t ,  w h i c h  i s  t h u s  t h e  l o w -  

l y i n g  l e v e l .  T h e  s u s c e p t i b i l i t y  i s  e x p r e s s e d  w i t h o u t  

e x c h a n g e  a s  : 

T h e  s u s c e p t i b i l i t y  w i t h  e x c h a n g e  is g i v e n  b y  1 / x e C h =  I / x -  n 

a m o l e c u l a r  f i e l d  m o d e l  [ l l ' .  By c o m p a r i s o n  w i t h  t h e  
p e r i m e n t a l  v a r i a t i o n s  we d e d u c e  f o r  CeAg 

A = + 360 t 20  K 

n 4 u . e . m .  
T h e  g e o m e t r i c a l  c o e f f i c i e n t  A 4  is n e g a t i v e  a n d  we e x p e c t  

t h a t  i t  d o e s  n o t  v a r y  m u c h  i n  t h e  r a r e  e a r t h  s e r i e s .  
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I n  t h e  s e c o n d  g r o u p ,  e x c  a n g e  a n d  m a g n e t o c r y s t a l -  

l i n e  e n e r g i e s  a r e  s i m i l a r .  H o w e v e r ,  we c a n  s u p p o s e  t h a t  t h e  

o n l y  e f f e c t  o f  t h e  c r y s t a l  f i e l d  i s  t o  l e v e l  t h e  d i r e c t i o n a l  

d e g e n e r a c y  o f  t h e  m o m e n t .  T h e  m a g n e t o c r y s t a l l i n e  e n e r g y  i s  

t h e n  w r i t t e n  i n  terms o f  t h e  d i r e c t i o n  c o s i n e s  a ,  8 ,  Y o f  
t h e  m a g n e t i c  moment  

Uc = K q ( a 4  + B 4  + Y 4  - -j] 3 

1 1 2 1  

- 4 K 6  ( a 6  + B 6  + Y 6 + -Ea 1 5  2 f3 4 - -1 1 5  
4 1 4  

< C P 4 ( f ) > a n d  < L P 6 [ f l >  a r e  t h e  Z4 a n d  Z 6 - p o l e  m o m e n t s  o f  rare: 

e a r t h  i o n s  [ t a b l e  111). T h e  6 - o r d e r  term is s h o w n  by p o i n t  

c h a r g e s  m e t h o d  t o  b e  a b o u t  o n e  t e n t h  o f  t h e  4 - o r d e r  o n e .  

A s  A 4  i s  n e g a t i v e .  t h e  p r e d i c t e d  d i r e c t i o n s  f o r  t h e  moment  

a r e  t h e  f o u r f o l d  a x i s  f o r  c o m p o u n d s  w i t h  T b ,  E r ,  T m  a n d  t h a  

t h r e e f o l d  a x i s  i n  t h e  c a s e  of  Dy a n d  Ho. T h e  o b s e r v e d  

d i r e c t i o n  i s  i n  a g r e e m e n t  w i t h  t h e s e  p r e d i c t i o n s  f o r  TbCu,  

TbAg a n d  HoCu. b u t  i s  n o t  f o r  DyAg . 1 5 1  

T A B L E  I11 

Rare 
E a r t h  

Tb 

D Y  
Ho 

E r  
T m  

<LP4 > 
I121 

1/11 

- 4 / 3 3  

- 1/11 

1/11 

4 / 3 3  

<EP [I)> 6 r  
[ I 2 1  

- 5 / 4 2 9  

2 5 / 4 2 9  

- 501'42 9 

5 a / 4 z 9  

- 2 5 / 4 2 9  
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< I l l >  

<001> 
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A 

However ,  a c c o r d i n g  t o  B leaney ' l ' l .  t h e  T o  q u a d r u -  

p l e t s  e n c o u n t e r e d  i n  i o n s  p r e s e n t i n g  K r a m e r s  d e g e n e r a c y  are  
a n i s o t r o p i c  ; i n  t h i s  c a s e ,  t h e  e x c h a n g e  t e r m  [ -  nM I i s  

m i n i m i z e d  when t h e  moment p o i n t s  a l o n g  a f o u r f o l d  a x i s .  

M o r e o v e r  t h e  m a g n e t i c  d i p o l a r  e n e r g y  depends  o n l y  on  t h e  Y 

moment d i r e c t i o n  c o s i n e  a l o n g  t h e  c - a x i s  o f  t h e  m a g n e t i c  

c e l l  - 

2 

L 2 E 1 . 3 4  5 I 1  - 3Y ) 
d i p  a 

Wor t h i s  t y p e  o f  s t r u c t u r e .  T h i s  t e r m  f a v o u r s  t h e  c - a x i s  

d i r e c t i o n .  

3 - V a r i a t i o n  o f  i n t e r a c t i o n s  w i t h  number  o f  v a l e n c y  

e l e c t r o n s  

When s u b s t i t u t i n g  a d i v a l e n t  m e t a l  f o r  t h e  n o b l e  

one .  t h e  C u r i e  p a r a m a g n e t i c  t e m p e r a t u r e  0 r i s e s  [ f i g u r e  4 1  

a n d  t h e  o r d e r e d  s t a t e  becomes f e r r o m a g n e t i c  b e y o n g  a c e r t a i n  

number  o f  v a l e n c y  e l e c t r o n s  b y  c e l l  

P 

( 1 3 ,  1 4 ,  1 5 1  

T h i s  b e h a v i o u r  c a n  he e x p l a i n e d  b y  t h e  i n d i r e c t  

e x c h a n g e  t h e o r y  v i a  c o n d u c t i o n  e l e c t r o n s .  I n  t h e  s i m p l e  

t h e o r y  t w o  m a j o r  a s s u m p t i o n s  a r e  made : 

1 - t h e  s - f  i n t e r a c t i o n  t a k e s  a c o n t a c t  f o r m ,  

- t h e  F e r m i  s u r f a c e  i s  s p h e r i c a l  a n d  t h e  c o n d u c t i o n  b a n d  

p a r a b o l i c  w i t h  e f f e c t i v e  mass m*: 

W i t h i n  t h i s  m o d e l ,  t h e  C u r i e  p a r a m a g n e t i c  t e m p e r a t u r e  €I 
( 1 6 1  .' a n d  t h e  s p i n - d i s o r d e r  r e s i s t i v i t y  p, are g i v e n  b y  

2 m *  r z  
P, - - 3: (g - 1 )  J ( J  + 1 1  - - 

e2% " 'F 
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w h e r e  r i s  t h e  s - f  c o u p l i n g  c o n s t a n t ,  Z t h e  m a g n e t i c  i o n  
c h a r g e ,  V t h e  c e l l  v o l u m e ,  F [ x i I  = xi  
i s  t h e  o s c i l l a t i n g  R u d e r m a n n - K i t t e l  f u n c t i o n  

- 4  ( x i  c o s  x i  - s i n  x i ]  

x i = 2 k F  Rei. 
F o r  a n  o r d e r e d  m a g n e t i c  s t r u c t u r e  h a v i n g  a 

+ 
p r o p a g a t i o n  v e c t o r  T, t h e  o r d e r i n g  t e m p e r a t u r e  is g i v e n  by 

a n  e x p r e s s i o n  l i k e  0 w h e r e  c F ( x i I  is r e p l a c e d  by 
P '  I #  0 

.+ 
F ( x i l .  e x p ( 2 I I i  T .  8oil .  

i z o  
We h a v e  d r a w n  ( f i g u r e  5) t h e  v a r i a t i o n s  o f  t h i s  q u a n t i t y  

v e r s u s  k F a  f o r  t h e  f e r r o m a g n e t i c  c o n f i g u r a t i o n  ( 0 0 0 1  a n d  
a n t i f e r r o m a g n e t i c  o n e s  ( I I O O I ,  ( I I I I O I ,  ( n I I I I 1  c o r r e s p o n d i n g  

t o  p r o p a g a t i o n  v e c t o r s  (7 o 0 1 ,  ( 5  $ 0 1 ,  (l 2 2 2  111. 1 

A s s u m i n g  t h a t  a l l  v a l e n c y  e l e c t r o n s  a r e  f r e e ,  t h e  

f e r r o m a g n e t i c  s t a t e  s h o u l d  b e  t h e  s t a b l e  o n e  f o r  r a r e  e a r t h  

n o b l e  m e t a l  c o m p o u n d s  ( k  a * 4 . 9 1 .  I n s t e a d ,  e x p e r i m e n t  

s h o w  ( l I n 0 l .  H o w e v e r ,  i t  i s  p o s s i b l e  t o  d e d u c e  t h e  c o r r e c t  

s t r u c t u r e s  a n d  v a r i a t i o n s  f o r  0 a n d  ON, t a k i n g  f o r  t h e  

p a r a m e t e r  k a a s m a l l e r  v a l u e  t h a n  d e d u c e d  f r o m  f r e e  e l e c t m n  

m o d e l  I k F a  * 0 . 8 5  k 

FO 

P 
F 

a l .  
FO 

T h e n ,  t h e  e x p r e s s i o n  f o r  0 g i v e s  
P O 3  r 2  ( e V . A  I .\r 2 . 1  E ( e V I  a n d  w i t h  t h e  f r e e  e l e c t r c n  v a l u e  

E F  = 7 . 3  eV, we o b t a i n  Il ' l  % 3 . 9  eV. i3  i n  g o o d  a g r e e m e n t  

w i t h  t h e  p u r e  rare e a r t h s '  r e s u l t s .  

F 

We m u s t  now e x p l a i n  t h e  r e d u c e d  v a l u e  o b s e r v e d  

f o r  kF. I t  c a n  f i r s t  b e  

We h a v e  m e a s u r e d  t h e  s p e c i f i c  h e a t  o f  YCu a n d  YAg c o m p o u n d s  

(31 a n d  f o u n d  t h e  d e n s i t y  o f  s t a t e s  t o  b e  3 t i m e s  t h e  f r e e  
e l e c t r o n  v a l u e .  T h e  h i g h  r e s i s t i v i t y  also s h o w s  t h a t  t h e  

F e r m i  s u r f a c e  m u s t  b e  d i s t o r d e d .  

a n  e f f e c t  o f  t h e  b a n d  s t r u c t u r e .  

-108- 



S e c o n d l y ,  t h e  e x c h a n g e  i n t e g r a l  b e t w e e n  t w o  
1171 b y  m a g n e t i c  i o n s  i s  e x p r e s s e d  

x e x p  ( i q  . R ~ I .  3 r ( q l  ( q 1  
1 

J ( R n I  % 

I f  t h e  s - f  i n t e r a c t i o n  F o u r i e r  t r a n s f o r m  r i s  t a k e n  as  

c o n s t a n t  ( R u d e r m a n n - K i t t e l l ,  t h e  c u t  o f f  o f  t h e  s u s c e p t i -  

b i l i t y  f u n c t i o n  X 

t o r y  b e h a v i o u r  l i k e  c o s Z k F r .  F r e e m a n - W a t ~ o n ( ’ ~ )  h a v e  shown 

( S I  

a t  q - 2 k F  g i v e s  f o r  J I R n l  an  o s c i l l a -  
( q l  

a c t u a l l y  d e c r e a s e s  and  changes  s i g n  f o r  q < 2kF .  

hus  t h e  e x c h a n g e  i n t e g r a l  s h o u l d  o s c i l l a t e  as cos  q r  

w h e r e  q < 2 k F .  

C o n c l u s i o n  

I t  i s  possible t o  e x p l a i n  t h e  o r d e r e d  s t r u c t u r e s  

o b s e r v e d  i n  T C U  a n d  TAg compounds,  a n d  t h e i r  c h a n g e s  w i t h  

t h e  number  o f  v a l e n c y  e l e c t r o n s  i n  t e r m s  o f  i n d i r e c t  

e x c h a n g e  t h e o r y .  Use o f  e l e b o r a t e d  m o d e l s  n e e d  m o r e  

d e t a i l l e d  k n o w l e d g e  o f  t h e  b a n d  s t r u c t u r e .  

The moment d i r e c t i o n s  i n  o r d e r e d  s t a t e  c a n  b e  
p r e d i c t e d  w i t h  h e l p  o f  t h e  c r y s t a l l i n e  f i e l d  a n d  m a g n e t i c  

d i p o l a r  e n e r g y .  
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Reduced  o r d e r i n g  t e m p e r a t u r e s  ( a r b i t r a r y  u n i t ) .  
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F r e i b u r g  i m  Breisgau,  Fed .  Rep.  Germany 

A BSTRA C T 

Praseodymia  and thoria  f o r m  homogeneous crystal l ine phases  
hen mixed and heated to 1300°C.  The  oxygen content of these phases  6it epends on the p r e s s u r e  of molecular  oxygen maintained during the 

cooling of the samples  f r o m  500°C down to room tempera ture .  It ,is 
surpr i s ing  that the admixing of thoria  does not favor the uptake of 
oxygen t o  f o r m  m o r e  Pr(1V) compared with the c a s e  of pure p r a s e o -  
dymia.  The la t t ice  constants  of the mixed c r y s t a l  s e r i e s  ( P r ,  Th)OZ 
and ( P r ,  Th)OZ-x show appreciable  deviations f r o m  Vegard ' s  law. It 
i s  suggested to explain this by the ionic s ize  effect. 

I N T R O D U C ' I I O N  

The higher oxides of p raseodymium and te rb ium a r e  in te res t -  

ing examples  of nonstoichiometric compounds. 

successful ly  investigated in  the composition range f r o m  LnO,, 

They have been very 

to 

0, 83 by balancing oxide samples  with molecular  oxygen of different 

e s s u r e s  and a t  t e m p e r a t u r e s  ranging f r o m  300 to l O O O " C ,  using 

mainly thermogravimet r ic  methods.  Toward low \slues the t e m p e r a -  

t u r e  of the experiments  i s  general ly  l imited,  a s  the ra te  of react ion 

of the oxides with the gas  a tmosphere  and the ra te  of ion diffusion in 

the  c rys ta l  la t t ices  become very s low.  The oxygen p r e s s u r e s  

- 1 1 5 - 3 6  
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involved i n  those experiments  var ied f r o m  very low values up t o  760 

t o r r .  The resu l t s  of many isobaric ,  isothermal ,  and X - r a y  investiga- 

t ions a r e  represented  i n  the well-known (p. T ,  x)  phase d i a g r a m s  for  

Pro, and TbO, by L. Eyring, B. G. Hyde, and D.  J .  M. Bevan.' 

Compared  to  these  thoroughly investigated regions Ln0, .5  t o  

LnOl,83,  the oxygen r iches t  p a r t  of the phase d iagrams;  I. e . ,  Ln01,83 

t o  L n O z , ~ o ,  is l e s s  known because i t  is hardly access ib le  by usual 0 
exper imenta l  techniques. 

a t  low t e m p e r a t u r e s  cannot be el iminated,  all exper iments  have to be 

done a t  a n  adequate tempera ture  under a n  accordingly high oxygen 

p r e s s u r e .  Simon and Eyring in  1954', Sieglaff and Eyring in  19573, 

and MacChesney et  a l .  in  19644 and 19665 have published the resu l t s  

of such high p r e s s u r e  investigations on Prox and TbO,. However, 

these  au thors ,  though obtaining many valuable data, could not advance 

to final s ta tements  on the phase relat ionships  and on the p r e c i s e  

A s  the  limiting fac tor  of the reac t ion  r a t e  

equi l ibr ium p r e s s u r e s  in  the range f r o m  Ln01.83 to LnOz.oo 

@ We took up the problem and extended it to the question whether 

o r  not a n  oxide admixture  to  the praseodymium or  t e r b i u m  oxide cou:id 

lower  the dissociat ion p r e s s u r e s  and hence favor the oxidation to  

te t ravalency a t  any given p r e s s u r e ;  e .  g . ,  one a tmosphere .  

Fif th  R a r e  E a r t h  R e s e a r c h  Conference in  Ames ,  Iowa, I r e f e r r e d  t o  

At the 

exper iments  with mixtures  of praseodymia and s e v e r a l  t r ivalent  
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R .  E. oxides. Our  resu l t s  were  unexpected and could not be under-  

stood insofar  a s  the influence of s o m e  of the admixed oxides turned 

out to be e i ther  positive o r  negative depending only on the mixing ra t io .  1 

We decided then to  c a r r y  on with a s impler  s y s t e m  consis t ing 

of praseodymia  and thoria  Besides ,  we noticed that the phase 

relat ionships  of the s y s t e m  Pro2 - T h o 2  s e e m  to have never  been 

@ vestigated before ,  in  cont ras t  to other s i m i l a r  dioxide s y s t e m s  with 

the e lements  Th-Ce,  T h - Z r ,  Th-U,  Ce-U,  C e - P r .  

RESULTS 

We prepared  a sequence 31 mixed oxides of praseodymium and 

thor ium with different molar  ra t ios  extending f r o m  0% to  100% and 

ignited the mixtures  s e v e r a l  hours  at a b o u t  1300°C to  e n s u r e  the 

random dis t r ibut ion of the two Kinds of cations: The samples  w e r e  

then subjected to two different t rea tments .  In a f i r s t  s e r i e s ,  the 

samples  were  cooled down f r o m  500°C very slowly to  20°C in the 

open a i r ,  corresponding to 0 .  2 a t m  of oxygen p r e s s u r e .  In the second 

r i e s  of runs ,  the s a m e  carefu l  cooling was done under 150 a t m  of 

oxygen p r e s s u r e .  T h i s  high p r e s s u r e  w a s  chosen a s  we soon 

recognized that the usual p r e s s u r e  of about 10 a t m  was not sufficient 

. to  oxidize a l l  the praseodymium to the te t ravalent  s ta te .  

of samples  were  analyzed chemically for  the oxidation s ta te  of the 

Both s e r i e s  

praseodymium,  and by X-ray  diffraction for  the phases  present .  
- 1 1 7 -  
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The two s e r i e s  of samples ,  differing by the p r e s s u r e  during 

the prepara t ion ,  turned out to  r e p r e s e n t  two pseudobinary sections: 

P r o , - T h o ,  and P r o , ,  , , -Tho, ,  both with the f .  c. c . i  f luori te- l ike 

s t r u c t u r e .  

r e p r e s e n t s  the curves  obtained f r o m  plotting the cubic la t t ice  

constants  vs .  mixing ra t ios  of the cat ions.  

Table  1 gives the main  data a s  observed.  F igure  1 

Main fea tures  of the two 

s e r i e s  a r e :  

I. The plots of lattice constants vs. cation ra t io  a r e  not 

Vegard s t ra ight  l ines .  The l ines  a r e  more  or  l e s s  curved ,  indicating 

a deviation of the mixed crys ta l s  f r o m  the behavior a s  ideal  solutionr: 

o r  even indicating a slight tendency of the one phase to split into two. 

11. The oxidation of praseodymium to the te t ravalent  s ta te  i s  

by no m e a n s  favored in  the presence  of the te t ravalent  thor ium in the 

joint oxide la t t ice .  

the thoria  content when the oxygen p r e s s u r e  is 0.  2 a tm.  

The oxidation s tops a t  P r 0 1 , g 5  without r e g a r d  to  

DISCUSSION 

To d iscuss  these  resu l t s ,  one may compare  our findings with 

the  m e a s u r e m e n t s  of Hoch and Yoon6 on the Th02-Ce02-Ce0, , ,  

s y s t e m  or  those of McCullough' on the C e 0 , - P r 0 , - P r 0 1 . 5  sys tem.  

In these la t te r  two c a s e s ,  no such high degree  of miscibility has  b e e l  

observed a s  in  the s y s t e m  r e f e r r e d  t o  h e r e .  In Fig .  3 ,  the  phase 

d i a g r a m  given by Hoch and Yoon f o r  ThOz-Ce02-Ce01.5 i s  compared  
-118- 
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with a tentat ive d i a g r a m  for  T h O Z - P r O z - P r 0 1 , 5  der ived f r o m  our 

observat ions.  

(Pr, Th)Ox phase.  

dymium s y s t e m  - ranging f r o m  P r o , , , ,  t o  P r o z  - must  extend a l s o  

into the t e r n a r y  phase field. In Fig.  3, the border  line of this 

We postulate a broad homogeneity range of the cubic 

However, the miscibi l i ty  gap of the pure  p r a s e o -  

miscibi l i ty  gap has  been drawn ra ther  speculatively 

Thus,  cur iously enough, the thor ia -praseodymla  s y s t e m  does Q 
not resemble  the thor ia -cer ia  s y s t e m  in spite of the close chemical  

re la t ionship.  However, in  reading and comparing the two d iagrams,  

one has  to consider  that  the observat ion tempera tures  (or  prepara t ion  

t e m p e r a t u r e s )  a r e  r a t h e r  different (about 400°C in the c a s e  of 

( P r ,  Th)O, and about 1200°C in the c a s e  of (Ce,  Th)Ox)  and that the 

oxygen p r e s s u r e  (a  very important  var iable)  i s  nei ther  constant nor 

exactly defined in both investigations compared.  

The exper iments  of McCullough' on the Ce0, -Pro ,  s y s t e m  

d o  not give enough information t o  construct  a t e r n a r y  phase 

i a g r a m .  However, t h e r e  i s  no doubt that a continuous s e r i e s  of 

mixed c r y s t a l s  extends between CeO, and Proz with a s t ra ight  l inear  

function of the la t t ice  constants .  

The  deviation of the la t t ice  constants  f r o m  Vegard ' s  law 

observed with the P r 0 2 - T h O z  s e r i e s  is not excess ive .  However, it  is 

unique among s i m i l a r  dioxide s y s t e m s  a s  shown in F i g .  2 
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Fig.3 Phase diagrams of Tho2-PrO2-PrO1 .5 (tentative) 
and Th02-Ce02-Ce01 .5 (after Hoch and Yoon) 
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The curve  of the la t t ice  constants  of the - Tho,  s e r i e s  

1) whereas  the two i s  appreciably bent in the middle region ( s e e  F ig .  

t e r m i n a l  branches may be approximated by s t ra ight  l ines  which have 

different  d i rec t ions .  

c a m e r a  did not show any deviaticn f r o m  the f .  c .  c .  s y m m e t r y .  

P a t t e r n s  taken in  a high resolut ion focusing 

Final ly ,  we want to  understand the fai lure  of thoria  admixtures  

t o  favor the oxidation of praseodymia It s e e m s  that t h e r e  a r e  two Q 
effects  with opposite sign involved. On the one hand, a dilution of 

praseodymium oxide by thoria  in  solid solution should reduce the 

oxygen activity, according t o  the equations: 

A P r o z  P r 0 2 _ A  t 70 ' ;  dissoc.  p r e s s u r e  SO2 

A ( P r , _ y T h y ) 0 2  e ( P r , _ y T h y ) O , _ A  t ~0~ ; dissoc.  
Y p r e s s u r e  pOz 

Y p 0 2  = const . y . go2 ( y  << 1) , Raoult ' s  law 

On the other  hand, a solid solution of thoria in  praseodymia  extends 

the c r y s t a l  la t t ice;  i .  e .  , a spat ia l  condition is  produced which favors  

the  l a r g e r  t r ivalent  over  the s m a l l e r  te t ravalent  praseodymium ions 

In the c a s e  investigated here ,  the second effect mus t  preponderate  
a 

A s  a consequence of th i s  interpretat ion,  praseodymium should be 

m o r e  eas i ly  oxidized to  te t ravalency if a dioxide with s m a l l e r  la t t ice  

constant  i s  p resent .  Work i s  under way to  check this assumption.  
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ANALYTICAL 

A main  experimental  difficulty w a s  to  de te rmine  the oxidation 

s ta te  of praseodymium in the mixed oxides. 

p rocedure  was  to  reduce the samples  with hydrogen a t  700"C, taking 

f o r  granted that the final products  wereThOz and Pr01,5 when constant 

weight was achieved.  

The only sat isfactory 

The weight l o s s  gives the quantity of oxygen 

Q corresponding to  the p a r t  of praseodymium with a valency higher than 

t h r e e .  

t i t ra t ion method failed a s  no appropriate  solvent for  the high t e m p e r a -  

Attempts  to  evaluate the oxidation s ta te  by a m o r e  sensi t ive 

t u r e  ignited thor ia -mixtures  could be found. 

weight control led reduct ion procedure  i s  quite sufficient a t  high 

praseodymia  contents but d e c r e a s e s  appreciably with r a i s e d  thoria  

The accuracy  of the 

contents .  Thus, deviations of the oxygen coefficient x (in Pro,) 

f r o m  2. 00 toward slightly higher values, a s  seen  in some c a s e s  in 

Table  1, have no r e a l  significance. 
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TABLE 1. 
Oxidation s ta tes  and f . c . t . l a t t i c e  constants of mixed 
phases ThO2-PrOX (x = oxidation coeff ic ient  of praseo- 
dymium). 

Sample 
Mole % 
Pr:Th 
100: 0 
90:io 

70:30 
80:20 

60:40 
50r.50 
40:60 
30:70 
20:80 
10:90 
0:lOO 

Anneal 
temper 

O C  

- 
1300 

1300 
1450 

1310 
1300 
1300 
1300 
1300 
1300 
1000 

s x d  from 5OOOC 
mder 0.2 atm 02 I under 150 atm 02 

Cooled from 50OOC 

>x.coeff 
X 

1 A35 

I .86 
1'.87 
I .85 

I .85 

- 

Lattice 
const.1 

5.480 
5 04-91 
5 495 
5 505 

5.535 
5.547 
5.561 
5.581 
5.597 

( 5  - 469 ) 

s . m  

Ox.coeff. 

2.00 
q.99 
2.00 
1.99 
2.00 

1-99 
~ 2.05 

2.02 

X 

1 2.00 

I 2.1 
- 

L e t t i c  

5 392 
5.412 
5 439 
5.455 
5.481 
5.502 
5 525 
5 543 
5.561 
5.576 
5.597 

c0nst . i  
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FLUOROSULFIDES, SULFOBROMIDES AND SULFOIODIDES 
O F  THE RARE EARTH ELEMENTS 

by C .  DAGRON, J .  ETIENNE, J .  FLAHAUT, M. JULIEN- 
POUZOL, P. LARUELLE, N. RYSANEK, N. SAVIGNY, 

G. S F E Z  and F. THEVET. 

L a b o r a t o i r e  de Chimie Mine ra l e  - Equipe a s s o c i e e  au  C .  N. R .  S 
et Labora to i r e  de  Physique de  la FACULTE DE PHARMACIE 

4, Avenue de l ' o b s e r v a t o i r e  - PARIS 6 0  (75) - FRANCE. 

ABSTRACT 

P r e p a r a t i o n  and c rys t a l log raph ic  s tudy of the LSX compounds of 
t he  r a r e  e a r t h  e l emen t s ,  with X = F ,  B r  and I. Nine c r y s t a l  
s t r u c t u r e s  a r e  obse rved  among these  compounds.  
is a l r e a d y  known: 
Desc r ip t ion  of two new c r y s t a l  s t r u c t u r e s :  
and  the rhombohedral  SmSI-type. In all t hese  s t r u c t u r e s ,  the r a r e  
e a r t h  a t o m s  f o r m  [ L,X] t e t r a h e d r a  containing the s m a l l e s t  non-metal  
a t o m s .  

Only one of them 
the PbFC1-type of the LSF  compounds ( L  = La to Er ) .  

the o r tho rhombic  CeSI-type 

Except  t h r e e  f luorosulf ides  (La,  Ce ,  Eu) ,  obtained by HAHN and 

SGHMID (1) in 1965, all the compounds of this pape r  a r e  p r e p a r e d  fo r  

t he  f irst  t ime .  We sha l l  especial ly  s tudy h e r e  the c rys t a l log raph ic  

oint of view. Tha t  is the r e a s o n  why the  chlorosulf ides  wil l  not be  @ 
studied. t he  ch lo r ine  a t o m s  cannot  b e  dis t inguished f r o m  the sulphur  

a t o m s  by  the usua l  X - r a y  c rys t a l log raph ic  p r o c e s s .  Moreove r ,  many  

new c r y s t a l  types a r e  p r e s e n t  i n  these  compounds,  and we a r e  studying 

all these s t r u c t u r e s  with s ing le  c r y s t a l s .  

P r e p a r a t i o n s .  F luo rosu l f ides  a r e  obtained by  d i r e c t  union of LzS3 

sulf ides  and LF, f luorides .  We use  graphi te  c ruc ib l e s ,  located inside 
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sea led  and evacuated s i l ica  tubes.  At 1000-1200° C ,  the reac t ion  

quickly occurs .  

mois ture .  

These  compounds a r e  not a l t e r ed  by atomospheric 

Sulfobromides and sulfoiodides a r e  obtained by success ive  action 

of halogen and sulphur on the meta l ,  i n  definite proportions cor responl ing  

to the LSX composition. But, usually, we use  a deficit  of sulphur,  i n  

o r d e r  to have a n  excess  of r a r e  ea r th  halide, i n  which the LSX compound 

gives sma l l  single c rys t a l s .  

of the reaction, i n  th ree  different regions of a long sea led  pyrex  tube. 

The non-meta ls  a r e  i n  sma l l  s i l i ca  ampullas which a r e  broken  inside the 

s i l i ca  tube at the convenient t imes .  

mus t  be s t r ic t ly  fixed fo r  each  s tep  of the reaction. 

(at  room t empera tu re  fo r  B r ,  o r  a t  about 110" fo r  I) r eac t s  with the 

me ta l  heated a t  about 400" C.  

and its vapor r eac t s  with the mixture  of f r e e  me ta l  and halide previously 

p repa red .  

heating a t  5 0 0 - 8 0 0 "  C f o r  a week, the t empera tu re  depending on the 

compounds. 

alcohol. 

The th ree  e lements  a r e ,  at the beginning 

The t empera tu res  of the th ree  elements 

First the halogen 

Then the sulphur is heated at about 2 5 0 °  C,  

When excess  of halide i s  used, c rys ta l l iza t ion  occur s  during 

The excess  of halide i s  eliminated by f a s t  washing with 

Fluorosulfides.  Only two c r y s t a l  types a r e  observed  in  this family.  

F r o m  La to E r :  

to Lu: 

and ErSF a r e  dimorphous,  and the i r  hexagonal fo rm,  stable a t  high 

t empera tu re ,  is obtained by quenching f rom 1200" C .  

te t ragonal  PbFCI-type space  group P / 4 n m m .  F r o m  Ho 

YSF, HoSF hexagonal new c r y s t a l  s t ruc tu re ;  space  group P6,22. 
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The s t ruc tu re  of the te t ragonal  compounds was  establ ished using a 

with: 

Ce : x 0, 0293 y = 0.0341 z = 0.2426 

S : x = 0,2584 y = 0,4759 z = 0.4994 

I I : x = 0,4061 y = 0.1991 z = 0. 3159. 

l e a s t - s q u a r e s  ref inement  involving the intensi t ies  of the diffraction l ines  

I -129- 

de t e rmined  f r o m  a powder diffractogram. 

posit ions of the P 4 l n m m  space  group: 

F o r  Y S F ,  we have, i n  the 

( cen t rosymmet r i c )  

F ( 2 a ) :  3 1 4 ,  1 1 4 ,  0 ,  1 1 4 ,  3 / 4 ,  0 

Y ( 2 c ) :  1 1 4 ,  1 1 4 ,  5 ;  3 1 4 ,  3 1 4 ,  z z = 0,226 

S (2c) : 114 , 114 , E ' ;  314 , 314 , z '  z r =  0 ,643  Q 
The rel iabi l i ty  f ac to r  is 0. 07 (2 ) .  

Each  f luorine atom i s  a t  the cen te r  of a n  elongated t e t r ahedron  of 

yt t r ium a toms .  The s t ruc tu re  c a n  be s e e n  a s  fo rmed  by f la t  shee t s  of 

Y 4 F  t e t r ahedra ,  i n  which each Y atom belongs to four  neighbouring 

t e t r ahedra .  These  shee t s  a l t e rna te  with double l a y e r s  of sulphur  a toms .  

The c r y s t a l  s t r u c t u r e  of the hexagonal compounds i s  not yet 

completely achieved. 

Iodosulfides.  T h r e e  c r y s t a l  types a r e  observed.  

1 )  - An orthorhombic s t r u c t u r e  ex i s t s  with La  and  Ce.  I t  was  studied 

with a s ingle  c r y s t a l  of CeSI (3 ) .  The  c e l l  contains  8 fo rmulas  and the 

o m s  have the following posit ions of the P c a b  s p a c e  group: 



Anisotropic leas t - squares  refinement gives a final R of 0. 08. 

s t ructure ,  sheets  of (CeS), alternate with double layers  of iodine atoms.  

The sheets of (CeS), can be considered a s  formed by strongly distorted 

te t rahedra of Ce atoms,  each of them containing a sulphur atom. These 

te t rahedra have roughly tetragonal arrangement ,  each Ce atom belonging 

to four neighbouring te t rahedra.  F r o m  this point of view, this s t ructure  

has  some s imilar i ty  with the PbFC1-type of the fluorosulfides. But, 

because of the distrotion, a 2 c 2 a ’  f i a n d  b 5 2c’ (the pr ime referr ing t o  

the PbFC1-type cell). 

2)  - A rhombohedral s t ructure  i s  observed f rom Ce to Sm. 

It was studied with a single c rys ta l  of SmSI (4). 

The elongated cel l  contains 2 formulas. 

pseudo-cell, which has  the parameters  ah = 4. 54 

the atoms have the special positions 6c: 

In this 

The space group i s  R 3111. 

In the corresponding hexagonal 

and ch = 32. 69 2, 

- 2 1 1  1 2 2  0 0 z and 0 0 z with t ( 0  0 0 ,  --- --- 3 3 3 ’ 3 3 3 ) .  

The parameters  a r e :  Sm : z = 0. 388 

I : z = 0.116 

S : z = 0. 302 with R = 0. 08. 

Initially, a n  al ternate  cel l  was used, monoclinic BZ/m, containing 4 

formulas ,  and related to the pseudo-hexagonal cel l  by 

cm = ah 

‘h tg Y = 
ah 53 

This pseudo-cell has  the advantage of being more  compact. 
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The SmSI s t ructure  can be considered from two different points of 

view. 

which have the three fundamental relative positions A, B, and C .  

l ayers  of the hexagonal pseudo-cell have the following positions: 

F i r s t ,  it  can be regarded a s  an a r r a y  of hexagonal layers  of a toms 

The 18 

I S m S S S m  I I S m S S S m  I I S m S S S m  I 

C C A  (BCBC-[ A B  B 

he second way of considering this s t ructure  involves hexagonal sheets 

of general  composition [ S r n S ]  

which al ternate  with double layers  of iodine atoms.  These sheets a r e  

formed byregular  te t rahedra of Sm, which contain in  their  center  the 

sulphur a toms.  

(surrounded in the preceding description) 

Each Sm atom belongs to four neighbouring te t rahedra,  

i n  such a way that i t  has a trigonal symmetry.  

3 )  - A hexagonal s t ructure  i s  observed for  the l a s t  r a r e  ear th  elements 

(from Ho to Lu) and f o r  Y.  

new s t ruc ture ,  character is t ic  of this kind of compounds, a s  the two 

preceding ones. But i t  i s  not possible, a t  the present  t ime,  to  obtain 

The flat cel l  contains 4 formulas .  It i s  a 

good single c rys ta l s  convenient for  a s t ructural  study. 

. This family i s  the r ichest  i n  the c rys ta l  types: 

1 )  - The orthorhombic type of CeSI, observed only with the three f i r s t  

elements (La, Ce,and P r ) ,  a l so  exis ts  with the f i r s t  chlorosulfides; s o  

this c rys ta l  s t ructure  i s  character is t ic  of the halogenosulfides of the 

2 o r  3 f i r s t  r a r e  ear th  elements. F o r  PrSBr ,  which i s  trimorphous, this 

variety i s  obtained a t  the lowest temperatures ,  below 500"  C. 
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2 )  - A monoclinic s t ruc tu re  ex is t s  f rom Pr to Tb. 

single c r y s t a l  of NdSBr. 

contains 1 2  formulas  (5).  

y variety,  obtained by quenching f rom 800"  C. 

3) - A monoclinic s t ruc ture ,  only observed  with the th i rd  p var ie ty  of 

PrSBr,  i s  obtained a t  about 7 0 0 "  C in  presence  of an excess  of P r B r 3  

flux. 

4) - An orthorhombic s t ruc tu re  is obtained fo r  the l a s t  r a r e  ea r th  

e lements  (from Dy to Lu) and for  Y. 

ce l l  contains 2 formulas .  

with the chlorosulfides of the l a s t  r a r e  ea r th  e lements ,  and the s t ruc tu re  

i s  now studied with a single c r y s t a l  of ErSC1. 

FeOCl orthorhombic s t ruc tu re  seems  quite possible.  

5) - An unknown s t ruc tu re  ex is t s  fo r  second var ie t ies  of DySBr, HoSBr, 

and YSBr which a r e  stable at low t empera tu re  (the high t empera tu re  

var ie t ies  obtained a t  about 900O C have the preceding orthorhombic - 

It i s  studied with a 

I t s  space group i s  P Z l / b .  The l a rge  ce l l  

In the c a s e  of P r S B r ,  i t  is the high t empera tu re  

I t s  space  group i s  P21 /b ,  and the ce l l  contains 4 formulas  (6) .  

Its space  g r o u p  is R n m n  and the 

The same  c r y s t a l  type i s  equally observed  

Its identity with the 

type).  

The 2 )  and 3) monoclinic s t ruc tu res  a r e  not ye t  completely known 

But they a r e  c lose ly  re la ted  to the orthorhombic CeSI s t ruc ture ,  as i t  

r e su l t s  f rom the compar ison  of the pa rame te r s  of the 3 var ie t ies  

of PrSBr: 
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P r S B r  (r 
Orthorhombic 

CeSI - type 

0 
a = 7.08  A 

0 
c = 6. 90 A 

b = 1 3 . 7 3 A  
0 

P r S B r  p 
Monoclinic 

0 
c = 7.11  A 

a = 6. 91 A 

b = 6. 88 A 

0 

0 

P r S B r  y 
Monoclinic 

NdSBr -type 

c = 7 . 0 9  A 

b = 6. 93 A 

a = 2 0 .  94 A 

0 

0 

0 

th i rd  p a r a m e t e r s  a r e  exactly like .the number 2 ,  1 and 3. So, these  

s t ruc tu res  mus t  contain near ly  the s a m e  basic a r r angemen t  which is 

repeated 2 ,  1 or 3 t imes  with only some  very  slight disfortion. At the 

present  t ime,  this conception i s  supported by the first s t ruc tu re ,  which 

contains two superposed near ly  identical  basic a r r angemen t s .  

the p re sen t  s ta te  of the study of the NdSBr s t ruc tu re  shows that 

superposit ion of t h ree  near ly  identical  bas ic  a r r angemen t s ,  which s e e m  

c lose ly  re la ted  to the preceding one 

Moreover ,  

So, i t  appea r s  that  these 3 s t ruc tu res  mus t  contain shee ts  of (LS), 

mposit ion which a l te rna te  with double l aye r s  of bromine  a toms,  

these  shee ts  a r e  formed by d is tor ted  tetrahedra.L, which contain the 

sulphur a toms,  and eve ry  L a tom of the apex of the t e t r ahedra  i s  

sha red  between 4 neighbouring te t rahedra .  

Conclusions.  All the LSX compounds s e e m  to  have shee t - s t ruc tu res .  

In all the known s t ruc tu res ,  the shee ts  a r e  formed by te t rahedra  of 

r a r e  ea r th  a toms,  and have a tetragonal f la t  a r r angemen t  in the PbFC1- 

type, o r  d i s tor ted  tetragonal a r r angemen t s  in the CeSI, P r S B r  p and 
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NdSBr types,  o r  a n  exactly t e r n a r y  flat  a r r angemen t  in  the SmSI-type. 

Inside these  t e t r ahedra  a r e  the sma l l e s t  non-metal  a toms:  fluorine in  

the fluoro-sulfides,  sulphur i n  the bromo and iodosulfides. Between the 

shee ts  of (LF), o r  (LS), t e t r ahedra  a r e  double l aye r s  of the second non- 

me ta l  [ a single l aye r  would give the (LX),Y composition and the 

s t ruc tu res  observed  in the hexagonal oxysulfides (LO),S o r  i n  the 

te t ragonal  oxytellurides (LO),Te] . 

the second non-meta l  a toms have not a t e t r ahedra l  environment of me ta l  

With all the first r a r e  ea r th  e lements ,  

a toms:  

different s t ruc tu ra l  behaviours.  

although the c r y s t a l  s t ruc tu res  a r e  not yet completely known, i t  s e e m s  

that the two non-metals do not have such a different behaviour and-caii 

occupy near ly  s imi l a r  posit ions with t e t r ahedra l  environment of me ta l  

a toms  (like in  the FeOCl s t ruc tu re ) .  Moreover ,  a more  elaborate 

study shows that the hexagonal s t ruc tu re  of the SmSI-type occurs  in  an  

in te rmedia te  step,  between the PbFC1-like s t ruc tu res  in  which the two 

non-metals have highly different posit ions,  and the m o r e  symmet r i ca l  

s t ruc tu res  in which the two non-meta ls  have s imi l a r  positions. 

i n  these c a s e s  the two non-metal  a toms X and Y have ve ry  

At the end of the r a r e  ea r th  family,  

This evolution i s  especially cha rac t e r i s t i c  of the fluorosulfide,  

bromosulfide and iodosulfide s e r i e s .  In the chlorosulfides,  the two non- 

me ta l  a toms  have quite analogous s i z e s  and electronegativit ies and mus t  

have s i m i l a r  environments of meta l  a toms,  

s e r i e s  i n  the n e a r  future.  

We shall  study this l a s t  

-134- 



- R e f e r e n c e s  - 

1 - H. HAHN and R. SCHMID - Natu rwis s .  16, 1965, p. 475. 

2 - F. THEVET - T h e s i s  - Facul tk  d e s  Sc iences  - PARIS 1970. 

3 - J. ETIENNE - Bull. SOC. f r .  Minera l .  C r i s t a l l o g r .  92, 1969, p. 134. 

4 - N. SAVIGNY and P. LARUELLE - Comptes  Rendus  - 1970. 

- N. SAVIGNY and P. LARUELLE - to  be  published. 

- M. JULIEN-POUZOL and  P. LARUELLE - t o  b e  published. 

7 - C .  DAGRON - C o m p t e s  Rendus  260, 1965, p. 1422. 

8 - C. DAGRON - C o m p t e s  Rendus  262 C ,  1966, p. 1575. 

9 - C. DAGRON and F. THEVET - Comptes  Rendus  268, 1969, p. 1867. 

-135- 



- T a b l e  I - 
C r y s t a l  s t r u c t u r e s  o f  t h e  LSX compounds 

( 3 )  

TbSI  

* YSI  

D y S I  

E r S I  
YbSI 

LUSI 

NdSBr 

( 5 )  SmSBr 
GdSBr 
TbSBr 

w YSF ( a )  
DySF 

HoSF (a) 
ErSF ( a )  

C r y s t a l  t y p e  S p a t i a l  g roup  
( 1 )  ORTHORHOMBIC CeSI ('1 P cab  

R 3 m  ( 2 )  RHOMBOHEDRAL SmSI ('1 

( 4 )  M O N O C L I N I C  P rSBr  ( P 21/b 

( 5 )  MONOCLINIC NdSBr ( ' P Z1/b 
( 6 )  ORTHORHOMBIC 7 ('") P mnm ou  P mn21 

( 7 )  TETRAGONAL PbFC1( ") 
( 6 )  HEXAGONAL 7 ('") P 6322 

( 3 )  HEXAGONAL ? ( x x x )  ? 

('1 s t u d i e d  o n  s i n g l e  c r y s t a l  d a t a  
(") s t u d i e d  o n  powder d i f f r a c t o g r a m  

("') i n  course o f  work.  
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- T a b l e  I 1  - 
LSF compounds 

a ( i )  c ( i )  

S p a t i a l  g r o u p  
P 4/rnrnn 

TETRA GO N AL 
P b F C l  t y p e  

LaSF as: 
NdSF 
SmSF 
GdSF 
TbSF 
YSF (a) 

HoSF (a) 
DySF 

ErSF 

HEXAGONAL 

HoSF 

8) ErSF 
bSF 

uSF 
YSF 

4.04 6.97 

4.01 6.95 
3.96 6 . 9 2  
3.93 6.91 
3.87 6.88 
3.83 6.85 
3.81 6.84 
3.77 6.80 
3.78 6.82 
3.76 6.79 
3.74 6.70 

S p a t i a l  g r o u p  
P f i322 

4 . 0 4  16.50 
4.03 16.45 
3.99 16.39 
3.97 16.37 
4.05 1 6 . 5 1  

d c a l c .  

(g/crn 3 

z = 2  

5.54 

5.67 
5.90 
6.06 
6.49 
6.85 

7.04 
4.79 
7.31 
7.46 
7.63 

2 - 4  

6.16 
6.28 
6.58 
6.73 
3.91 
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- T a b l e  111 - 
LSBr compounds 

ORTHORHOMBIC 
CeSI- type 

La SBr 
CeSBr 
P r S B r  ( a )  

MONOCLINIC 

P r S B r  ( @ I  

MONOCLINIC 

PrSBr (y) 
NdSBr 
SmSBr 
GdSBr 
TbSBr 

ORTHORHOMBIC 

DySBr 
HoSBr 
E r  SBr 
YbSBr 
LuSBr 
Y SBr 

S p a t i a l  group P cab 

7.19 13.99 7.02 
7.12 13.82 6.94 
7.08 13.73 6.90 

S p a t i a l  g roup P 21/b 

6.92 6.88 7.11 

21/b S p a t i a l  g roup 

20.94 6.93 
20.82 6.91 
20.58 6.86 
20.39 6 . 8 1  
20.25 6.77 

S p a t i a l  g roup 

5.35 8.08 
5.34 8.09 
5.32 8.08 
5.27 8.07 
5.27 8.07 
5.35 8.09 

7.09 
7.05 
7.01 
6.96 
6.89 

Y 

98048' 

Y 

99018' 
99O16' 
99O19' 
99O14' 
99O20' 

mnm ( o u  P m r 1 2 ~ )  

4.02 
4.03 
4.01 
3.97 
3.95 
6.06 

d c a l c .  
3 

(g/cm 1 
2 = 8  

4.74 

5 e 0 1  

2 = 4  

5.10 

2 = 12 

4.96 
5.10 
5.35 
5.62 
5.79 

2 = 2  

5.24 
5.28 
5.39 
5.60 

5.67 
3.79 
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O R T H O R H O M B I C  
C e S I - t y p e  

8 . 5 1  
CsSI  (a) 

- T a b l e  IV - 
LSI compounds 

S p a t i a l  g r o u p  

7.38 14.57 

7 . 3 3  14.35 

RHOMBOHEDRAL S p a t i a l  g r o u p  
SmSI- t y p e  

CeSI ( P I  11.26 

P r S I  11.24 

NdSI 11.22 
SmSI 11.20 

H E X A G O N A L  S p a t i a l  g r o u p  

GdSI 10.73 
TbSI  10.66 
DySI 10.64 

10.61 
10.55 

10.53 LUSI  
Y 5 I  10.64 

@E:: 

c(A) 

P c a b  

7.10 
7.05 

R Sm 

7 

4.24 

4.20 

4.16 
4.13 

4.09 
4 .OS 

4.16 

2 x 8  

5.18 

5.36 

a 2 = 2  

23O53' 4.80 

23O46 4 . 8 8  

2 3 O 4 0 '  5.01 
23O23' 5 . 2 7  

2 = A  

4 . 9 8  
5.11 
5.23 

5.39 

5.60 
5.70 

4.03 
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C. Boulesteix, * P. E. Caro ,""  M. Gasgnier, * * 
C. Henry La Blanchetais, * ':' and B. Pardo'* 

9 Institut d'Optique, Orsay  - France  

*< '* L a r b o ~ - ~ ~ ~ ~ s . - ' f - e r r e s ; R a r p . i  dii r v e v u e  - ,- 

Samarium metal  thin films were oxidized to C-Sm203. 
C-Sm203 recrystal l izes  into la rge  cryst_als of B-SmzO,. 
a r e  a l l  a lmost  perpendicular to the [ 1011 dire-ction of the monoclinic 
B-type unit cell. 
twins with respect  to the planes and {31$. The (201) plane is 
the basal  plane for the (LnO);' packing of OLQ tetrahedra i n  B-type 
Ln20s which i s  a slight deformation of A-type LnZ03. 
easily explained on the basis  of the close connection to A-LnzO3. 

By heating, 
The c rys ta l s  

The crysials  exhibit The plane of the f i lm i s  (201) 

Twinning i s  

0 0 
Large thin single crystals  (between 500 A and 1, 500 A thick) of 
samar ium sesquioxide Smz03 were grown by oxidation of thin f i lms 
of vacuum-deposited samarium metal. 
and the formation of the large crystals  were detected when attempts 
were made to observe thin films of samar ium metal  i n  the electron 
microsco-pe ( l ) ,  ( 2 ) .  

The samar ium i s  oxidized by heating under dynamic vacuum 

Ln2O3 has been observed on thin films of erbium, holmium, and 
dysprosium metals  ( 3 ) ,  (4 ) .  
above 800 C, germs of the monoclinic well known B-type, stable 
a t  high temperature ,  a r e  created,  and large crystals  develop quickly 
f rom the smal l  C-type crystals .  Formation of la rge  crystals  on a 
phase transition in a thin f i lm i s  a general  phenomenon for  polymorphic 

Oxidation of samar ium metal  

m m  Hg).  C-type oxide i s  made f i rs t .  Formation of C-type 

In the case of samar ium,  by heating 



materials  ( i t  does occur  for  instance f o r  ytterbium metal  (5). 
B-type c rys ta l s  keep their  s t ructure  by returning to room temperature .  
Their s ize  i s  several  dozens of microns: i. e. , more  than one hundred 
t imes their thickness. This i s  attributed to the initial small  number 
of seeds. 

The 

I - STRUCTURE AND ORIENTATION O F  T H E  CRYSTALS 

It is ordinar i ly  difficult to know'the s t ructure  and the orientation of 
the crystals  because they have numerous plane defects. However, 
we observed a crystal  (plate I )  with an exceptionally smal l  amount 

9 

Plate 1. 
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of defects .  
e lectronic  b e a m  w a s  brought along a main  crystal lographic  direct ion 
as shown by the appearance of the extinction. The points of the dif- 
f rac t ion  d i a g r a m  (plate  2)  w e r e  indexed (fig. 1). The corresponding 

By tilting the plane of the thin f i lm a few d e g r e e s ,  the 

I 

Pla te  2. 

crystal lographic  planes all have the [ 1011 direct ion i n  common,  whicn 
is the direct ion of the e lec t ron  beam. 
(fig. 2 )  shows that  the angle between the n o r m a l  to the plane (201) and 
the direct ion [ l O i ]  is c lose to 3' ; th i s  being the tilting angle to bring 
the electronic  b e a m  along [ 1011. 
accordingly the plane (201) .  
plane m u s t  be a special  one i n  the B-SmZ03 s t ruc ture .  

A s imple  geometr ic  d r a w h g  

The plane of the thin f i lm i s  
That or ientat ion being sys temat ic ,  the 
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'YL. 5 

This  is i n  accordance  with a previous theore t ica l  work  by one of u s  
(6). The B-Ln20, s t r u c t u r e  i s  der ived f r o m  the A-Ln20, s t ruc ture .  
The A-type s t r u c t u r e  is charac te r ized  by a complex cat ion (LnO);', 
corresponding to a packing of OL- t e t r a h e d r a  shar ing  edges ,  which 
i s  a bi-dimensional  entity perpendicular  to the c-axis  in  the hexa- 
gonal A-type. 

A v e r y  s m a l l  displacement  of the (LnO):' units with r e s p e c t  to one 
another  des t roys  the hexagonal s y m m e t r y  and yields  the  monoclinic 
B - F o r m  as shown (fig. 3 ) .  
(201) plane of the B-monoclinic s t r u c t u r e .  
A - F o r m  is now the monoclinic [ l O i ]  d i rect ion.  
f i lms  c r y s t a l s  develop para l le l  to the (LnO),"' g roup  basa l  planes. 
We cons ider  this to b e  a proof of the importance of that entity in rare 
e a r t h  oxide c r y s t a l  s t r u c t u r e s .  

The plane of the (LnO),"' g roup  is then the 
The f o r m e r  c -ax is  in  the 

We s e e  that the thin 

I1 - TWINNING 

The c r y s t a l s  a r e  twinned along planes a l m o s t  perpendicular  to the 
sur face  of the f i lm.  
always contain the [ 1011 direct ion.  

By doing a microdiffract ion on both c r y s t a l s  on each  s ide of the twin 
plane, the s y m m e t r y  which d e s c r i b e s  the twin c a n  be  found. 
able  to de te rmine  two types of twins. 
diffrEction pa t te rn  by a s y m m e t r y  with r e s p e c t  to the direct ions [ 1111 
o r  [ l l l ]  in rec iproca l  s p a c e ,  which means  a s y m m e t r y  i n  real space  
with r e s p e c t  to the planes (111) o r  ( l i l ) ,  The d i a g r a m  on  plate no. 4 

By tilting the c r y s t a l  one finds that twin planes 

We w e r e  
One i s  charac te r ized  on the 

P la te  4. 
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is assoc ia ted  with the microdiffract ion of the zone on plate no. 3. 

P la te  3 .  

The m e a s u r e  of the rotat ion of the image  i n  the microscope  under  
the magnitude used  shows that  the contact plane i s  (111) i tself .  
f i r s t  type of twinning is ex t remely  frequent  i n  our  c rys ta l s .  

But a second type i s  a l so  common. 
the diffract ion pa t te rn  is chqrac te r ized  by a s y m m e t r y  with r e s p e c t  
to  the direct ions [313] o r  [31_3] i n  rec iproca l  space (symmetry with 
r e s p e c t  to planes (313) or (313) iq  r e a l  space) .  P la te  no. 5 is for  a 
c r y s t a l  having ( l i l ) ,  (313) and (313) as planes of twinning. 
f rac t ion  pa t te rn  on plate no. 6 repres-ents the m i c r o  diffraction on 
each  s ide of the plane of twinning, (313). 
twinning with respec t  to (3 13). 

We consequently observe  two sys tems of tyinning along planes (11 1) 
and (313 which a l l  have the direct ion [ 1011 i n  common. 

That 

In the s a m e  conditions as above, 

Dif- 

Plate  no. 7 r e p r e s e n t s  
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Plate 5.  

Plate 6. 
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Plate  7. 

The twinnings observed  can be eas i ly  explained i n  t e r m s  of the close 
relat ionship between the A-Ln203 type and the B-Ln203 type as 
exhibited on fig. 3. The B-s t ruc ture  derives- f r o m  the A-s t ruc ture  
by a glide of the (LnO):' g roups ,  along a [OlIO] direct ion of the hexa-  
gonal. Bgt there  a r e  three  equivalent such d i rec t ions ,  the o ther  ones 
being [ 10101 and [ l i O O ]  . 
position of hexagonal nets  slightly displaced with r e s p e c t  to one anothrmr 
along one of those direct ions a s  i n  fig. 4 ,  i t  is immediately obvious 
that the connection of crystal l ine blocks corresponding to different 
glide direct ions will generate  twin planes (3131 and {ill) 
Twinning is,consequently, in  accordance  with the (Ln0)ZO type of 
s t r u c t u r e  proposed f o r  B-type LnzO,. 

Sustained electronic  beam impact  can produce holes i n  the thin f i lms .  
These holes have regular  g e o m e t r i c  shapes with contours para l le l  
to the ( Z O Z ) ,  ( l l l ) ,  and (111) planes of the monoclinic s t ruc ture .  
The contours a r e  then para l le l  to the s ides  of the basa l  plane of the 
OLQ te t rahedron  i n  the (LnO);' group. The electron beam produces 
heating (because of the insulating c h a r a c t e r  of the mater ia l )  and i t  i s  
suggested that the holes e x p r e s s  the depar ture  of the gaseous molecule  
LnO f r o m  the (LnO):' groups.  

If we look a t  the B-s t ruc ture  as a s u p e r -  

0 
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A fea tu re  vis ible  o n  plate  7 was  not i n t e rp re t ed .  In the d i r ec t ion  
[ 2 0 2 ] ,  supp lemen ta ry  points a r e  obse rved  which co r re spond  to a n  
in t e rp l ana r  dis tance t r ip l e  of the n o r m a l  one.  Th i s  m a y  co r re spond  
to a s u p e r s t r u c t u r e  o r  s o m e  kind of r e g u l a r  d i s o r d e r  phenomenon. 

P la t e  8. 
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E l e c t r o n  d i f f r a c t i o n  d iagram o f  a t h i n  c r y s t a l  

o f  m o n o c l i n i c  B-Sm203 when t h e  e l e c t r o n i c  beam i s  a l o n g  
t h e  d i r e c t i o n  [lo’]. If t h e  c r y s t a l  i s  t w i n n e d  w i t h  t w i n  

p l a n e s  (111) or (313), t h e  p a t t e r n  i n  t h e  t w i n n e d  zone  i s  
deduced from t h e  one above by a symmetry w i t h  r e s p e c t  t o  
t h e  c o r r e s p o n d i n g  d i r e c t i o n s .  



a * 

E oil 

Figure 1 
/ 

P o s i t i o n  of  t h e  d i r e c t i o n s  [ loa  a n d  P O q  i n  t h e  

r e a l  u n i t  c e l l  o f  m o n o c l i n i c  S m 2 0 3 .  P l a n e  of p a p e r  c o n t a i n s  

a x i s  a a n d  C .  The  t r a c e  of t h e  p l a n e  ;2017 i s  shown a n d  a s  a 
d a s h e d  l i n e  t h e  t r a c e  p e r p e n d i c u l a r  to [lo']. 
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F i g .  4 - A : P r o j e c t i o n  o f  a n  i d e a l  m o n o c l i n i c  9-Ln 

u n i t  c e l l  i n  t h e  h e x a g o n a l  l a t t i c e  o f  

A - L n 2 0 3 .  P l a n e  o f  p a p e r  i s  p a r a l l e l  t o  

( 2 0 i ) ( m o n o c l i n i c ) .  T r a c e s  o f  p e r p e n d i c u l a r  

p l a n e s  o f  i n t e r e s t  a r e  i n d i c a t e d  ( m o n o -  
c l i n i c  i n d i c e s ) .  

B : D i s p l a c e d  h e x a g o n a l  l a t t i c e s  s h o w i n g  t w o  

t y p e s  o f  t w i n n i n g  i n  B-Ln203.  0 i s  a b o v e  

t h e  p l a n e  o f  p a p e r  0 i n  t h e  p l a n e  0 u n  

( d i s p l a c e m e n t  i s  g r e a t l y  e x a g g e r a t e d ) .  



dACTIOIIS OF THE SESQUIOXIUES OFJrn, Nd, AND .-- Sm WITH WATER 

Harold T.  Fullam and Frank P .  Hoberg  
\> < 

Battelldiorthwestl,f/Richland, Wash--. 

Abs t rac t  

The r eac t ions  o f  Pm,03, iid203, and Sm,03 with water were 
inves t iga t ed .  
a s  well a s  f o r  t he  hydroxides o f  Pm, Nd, and Srn prepared by pre- 
c i p i t a t i o n  techniques .  
Pm,03 i n  d i s t i l l e d  water and syn the t i c  sea water were determined. 

Thermograms werc? o t t a ined  f o r  t h e  r eac t ion  products ,  

The s o l u b i l i t y  and d i s s o l u t i o n  r a t e s  of 

In t roduct ion  

A prograin has been underway a t  t he  P a c i f i c  Northwest Laboratory 
(Pi.IL)* f o r  a number of years  t o  develop the technology o f  promethium. 
One major phase of tile program has involved the  prepara t ion  of high 
pu r i ty  promethium sesquioxide  (Pm,O,), determination of i t s  chemical 
and physical p rope r t i e s ,  and development of poss ib l e  app l i ca t ions  f o r  
t he  oxide .  

Gne po ten t i a l  use of Pm,G3 i s  a s  fue l  i n  r ad io i so tope  hea t  sources 
I f  Pm,O, i s  used in  t h i s  a p p l i c a t i o n ,  s a f e t y  cons idera t ions  d i c t a t e  
t he  assurance  of adequate containment of t he  oxide under a l l  fo re -  
seeable  cond i t ions .  One poss ib l e  environment which the  source may 
encounter i s  exposure t o  water .  Under such a circumstance,  adequate 
containment of the fue l  must be assured  by e i t h e r  t h e  i n t e g r i t y  of 
t h e  oxide c ladding  o r  by tne  low s o l u b i l i t y  o r  slow d i s s o l u t i o n  r a t e  
of the  oxide i n  the water environntent. This requirement l ed  t o  a 
study of t he  s o l u b i l i t y  and d i s s o l u t i o n  r a t e  of Pm2G3 i n  f r e sh  and 
s y n t h e t i c  sea water ,  and t o  an a t tempt  t o  de f ine  the mechanism by 
which the  oxide r e a c t s  with water.  The study was expanded t o  inc lude  
the  r eac t ions  of  Sm2G3 and Nd,G3 w i t h  water a s  we l l .  
noted a t  t h i s  po in t  t h a t  a l l  Pni20, sources conta in  varying amounts of 
Sm,O, due t o  r a d i o l y t i c  decay.)  This paper summarizes the  r e s u l t s  o f  
the s tudy .  

( I t  should be 

*Operated f o r  t he  LJSAEC by B a t t e l l e  i4einorial I n s t i t u t e  under 
Contract No. AT(  45-1 ) -1 830. 
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Dissolu t ion  Rates of Promethium Oxide 

Several  experiments were performed t o  observe the  d i s s o l u t i o n  of 
Pm2O3 i n  water.  The ob jec t ive  was t o  a s c e r t a i n  i f  any r e l i a n c e  could 
be placed on low d i s s o l u t i o n  r a t e s  t o  minimize the spread of rad io-  
a c t i v i t y  in  the event  t he  i n t e g r i t y  of t h e  cladding mater ia l  was l o s t  
when the source  was immersed in  water.  As wil l  be seen in the  follow- 
ing d i scuss ion ,  d i s s o l u t i o n  r a t e s  of compact Pm203 are reasonably low 
but  a f t e r  r e l a t i v e l y  s h o r t  times the  compacts d i s i n t e g r a t e  r e s u l t i n g  
in  rap id  d i s s o l u t i o n  l imi t ed  only by the  s o l u b i l i t y .  

Compact Sources o f  Pm2C13: 
so lu t ion  of compacted P m 2 G 3  p e l l e t s  i n  d i s t i l l e d  water and in  s y n t h e t i c  

Tes ts  were c a r r i e d  out  t o  measure the d i s -  

@sea  water.  Both low dens i ty  and high dens i ty  p e l l e t s  were t e s t e d .  

P e l l e t s  prepared by cold press ing  Pm203 and s i n t e r i n g  a t  1400°C 
re su l t ed  in  compacts of 84% of theo re t i ca l  dens i ty  while hot press ing  
a t  17OOOC gave compacts of > 95% of theo re t i ca l  dens i ty .  
used contained ?I 2.5% Sm203 as  the r e s u l t  of t he  decay o f  "+'Pm. 

a rea  in  a small g l a s s  vessel  f i t t e d  with a g l a s s  f r i t  a t he  e x i t  and 

vessel a t  a uniform r a t e .  
cy l inde r  and the  time requi red  t o  c o l l e c t  a measured volume was noted. 
The amount of 147Pm c o l l e c t e d  was determined by beta counting. 
r a t e  o f  d i s so lu t ion  per cm2 of p e l l e t  su r f ace  a rea  could then be c a l -  
cul a ted  . 

The Pm2O3 

The tes t  procedure was t o  p lace  the  Pm2O3 p e l l e t  of known su r face  

t o  flow e i t h e r  d i s t i l l e d  water o r  s y n t h e t i c  sea water (1  f through the  
The e f f l u e n t  was c o l l e c t e d  in  a graduated 

The 

T h e  dura t ion  of each t e s t  was a t  l e a s t  8 hours with measurements 
taken a t  1-hour i n t e r v a l s .  A t  t he  conclusion o f  t h e  t e s t s  the flow o f  
water was terminated and the  p e l l e t s  were l e f t  immersed in tile water ,  
and t h e i r  behavior was observed. 

The r e s u l t s  ob ta ined  a r e  presented in  Tables I and 11. 

8 I :  
Time, 

hrs 
1 
2 
3 
4 
5 
6 
7 
8 

Disso lu t ion  Rates of Pm,03 P e l l e t s  i n  D i s t i l l e d  Water 

Disso lu t ion  Rate,  pg/cm2/nr 
Low Density P e l l e t s  High Uensity P e l l e t s  

4 .0  12.1 
3.7 12.1 
3.5 12 .6  
4 .0  11.7 
3 .8  11.8 
3.5 11.9 
3.0 12.1 
4 . 3  11.8 
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Table 11: Dissolu t ion  Rates of Pin,O, P e l l e t s  i n  Sea Water 

Time, 
hrs 

1 
2 
3 
4 
5 
6 
7 
a 

Dissolu t ion  Rate ug/cm2/hr 
Low Density P e l l e t s  Higli Density P e l l e t s  

0.06 0.51 
0.05 0.57 
b.05 0.GU 
0.04 0.53 
0.04 0.58 
0.05 0.53 
0.05 0.57 
0.03 0.57  

The high dens i ty  p e l l e t s  developed cracks  a f t e r  approximately 
48 hours immersion and during the  following 3 days completely d i s -  
i n t eg ra t ed .  
t eg ra t ion  un t i l  t h e  f i f t h  day. A t  t h a t  time cracks  fornied and the  
p e l l e t s  began t o  f a l l  a p a r t .  I n  botri cases t h e  d i s i n t e g r a t i o n  r e -  
s u l t e d  in  the  formation of very f i n e  c r y s t a l l i n e  p a r t i c l e s .  

Powdered Pnr 0,: 
-0, were l imted t o  batch e q u i l i b r a t i o n s  in  which a small 
amount of Pm,O, was placed in  water ,  s t i r r e d ,  and sampled p e r i o d i c a l l y .  
Three samples o f  Pm,03 prepared by c a l c i n i n o  proriiethium oxa la t e  a t  
700", S50", and 1000°C were placed on g l a s s  f i l t e r s  and washed with 
C0, f r e e  water.  About 25 mg of ctach was placed in  150 ml o f  C O T -  f r e e  
water i n  a closed g l a s s  vessel  therrnostated a t  25 +_ 0.1"C. 
was a g i t a t e d  by means of a magnetic s t i r r e r  and sampled p e r i o d i c a l l y .  
The samples were cen t r i fuged  t o  remove the  s o l i d s ,  arid the  147Pn 
content  was determined by beta count ing .  

The low dens i ty  p e l l e t s  showed no ind ica t ion  of d i s i n -  

Experiments t o  measure t h e  d i s so lu t ion  r a t e  of 

The'mixturc 

The r e s u l t s  given in  Table 111 show the  prorriethium in  the  super- 
na te  quickly reacnes a l i m i t i n g  va lue .  The values ' a re  much higher 
than would be pred ic ted  from the  s o l u b i l i t y  o f  Pm203 (d iscussed  iri 
t he  next s e c t i o n )  and may be a t t r i b u t e d  t o  the  formation of a c o l l o i d  
which i s  not removed by cen t r i fug ing .  
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Table 111: S i s so lu t ion  o f  Pm203 Powder 

Pm Concentration in Solu t ion  mg/l 
Time, Pm,03 ca lc ined  Prn2a3 ca lc ined  Pm,03 ca lc ined  
hrs a t  700°C a t  850°C a t  1000°C 

0.5 19 28 28 
1 . o  18 28 29 
5 . 5  20 30 31 

30 
31 

30 
30 

104 21 32 31 

S o l u b i l i t y  of Pm,03 in h a t e r  

Hydrous Promethium Hydroxide: I t  has long been recognized t h a t  t he  
b a s i c ' t i e s  of t he  r a r e  e a r t h s  decrease  w i t h  increas ing  atomic num- 
bers.12) The s o l u b i l i t y  o f  Pm( 111)  would t h e r e f o r e  be expected t o  
l i e  between : J d ( l l l )  and Sm(1 l l ) .  To ver i fy  t h i s  assumption the  
s o l u b i l i t y  product of Pm(111) in  wa e r  was measured using the  t i t r i -  
met r ic  method described by Moel le r . t3 )  

111 t h i s  technique a s o l u t i o n  conta in in5  a known amount of t he  
r a r e  e a r t h  i s  t i t r a t e d  with a s tandard  base using a pH meter t o  
observe the  pti a f t e r  each increment of base added. I f  t he  r eac t ion  

Pmf3 + 30H- = P m ( O H ) 3  ( s o l i d )  

i s  assumed, the  Pm(ll1) i n  s o l u t i o n  can be es t imated  from the  t i t r a -  
t i o n  curve ,  and the hydroxyl ion concent ra t ion  i s  given by the  pH. 

An apparent s o l u b i l i t y  product i s  given by: 
K = [ P r i ~ ' ~ ]  [ U H I 3 .  

For our measurements a 0.100bJ s o l u t i o n  of Pm(l l1)  was prepared 
by d i s so lv ing  a weighed amount o f  Pm,O, i n  a s l i g h t . e x c e s s  o f  per- 
c h l o r i c  ac id  and d i l u t i n g  t o  a measured volume. 
were t i t r a t e d  with s tandard ized  0.1111 sodium hydroxide in  a thermo- 
s t a t e d  vessel held t o  wi th in  +_ 0.2OC of  t h e  des i r ed  temperature.  
Af t e r  each increment of base added the mixture was s t i r r e d  10 minutes 
with a magnetic s t i r r e r  and the  pH measured with a g l a s s  e l ec t rode .  
T i t r a t i o n s  were c a r r i e d  o u t  a t  10,  20, 30, and 40°C. I n  add i t ion  t o  
the measurements with Pm(l l1) ;  t i t r a t i o n s  were made with NdC111) and 
Sm( 111) under iden t i ca l  cond i t ions .  

Aliquots o f  t h i s  
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Figure 1 shows the da ta  obta ined .  As expec ted ,  t he  values f o r  
Pm(ll1) a r e  between those  f o r  Nd(117) and Sm(l l1) .  
temperature g ives  lower apparent s o l u b ' l  ' t y  products which agrees  
with the observa t ions  made by Meloche.14j 

l a t e d  from the  equation 

a r e  given in  Table IV. 

Increas ing  the  

S o l u b i l i t i e s  based on these  apparent  so lub i - l i t y  products ca lcu-  

s =  qJT-7 

Table IV: S o l u b i l i t i e s  of Rare Earth Hydroxides 

S o l u b i l i t y ,  M X lo6  Temperature 
"C S m  - Pm - Nd - 
10 
20 
30 
40 

5.7 
3.9 
2.8 
2.0 

3.5 
2.8 
1.8 
1 . 4  

2 . 7  
2.0 
1 .5  
1 .1  

The da ta  obta ined  by t h i s  t i t r i m e t r i c  method only g ive ,  a t  b e s t ,  
a measure of t h e  r e l a t i v e  s o l u b i l i t y  of t he  f r e s h l y  p r e c i p i t a t e d  s o l i d  
formed on r eac t ion  with hydroxyl ions .  Further experiments were ca r -  
r i e d  o u t  t o  g e t  s o l u b i l i t i e s  f o r  the r eac t ion  product of anhydrous 
promethium oxide and water .  
w i t h  water f o r  extended time per iods  and measuring the  1 4 7 P m  i n  
s o l u t i o n .  
t o  prevent absorp t ion  of carbon d ioxide  from the  atmosphere. 
Pm,03, prepared by i g n i t i o n  of promethium oxa la t e  a t  900°C, was washed 
exhaus t ive ly  with carbon d ioxide  - f r e e  water.  About 0 .5  g was placed 
in  the  vessel  with 400 ml water and mixed continuously with a magnetic 
s t i r r e r .  The temperature was held a t  20 +_ 0.2"C. Pe r iod ica l ly  
samples were removed and f i l t e r e d .  
by beta counting a l i q u o t s  of t h e  f i l t r a t e .  

d i spers ion  which passed through tlie f i l t e r  and gave high va lues .  
Af te r  7 days agglomeration had occurred and f a i r J y  reproducib le  
r e s u l t s  were obta ined .  A value f o r  t he  s o l u b i l i t y ,  based on ten  
measurements, of 5 .3  X l W 7 y  k 30% was obta ined .  

These were done by e q u i l i b r a t i n g  Pm,O, 

The e q u i l i b r a t i o n  was done i n  a c losed  tnermostated vessel 
The ~ 

The 1 4 7 P m  conten t  was detemiined 

Samples taken during t h e  f i r s t  48 hours contained a co l lo ida l  
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Hydrolysis c f  Rare Earth Oxides 

As s t a t e d  previous ly ,  when a compacted shape of Pm203 i s  con- 
t ac t ed  with water the shape c racks  and d i s i n t e g r a t e s  i n  a r e l a t i v e l y  
s h o r t  time even though the d i s s o l u t i o n  r a t e  i s  very slow. 
s u f f i c i e n t  time the  oxide ends u p  a s  f i n e l y  divided p a r t i c l e s  d i s -  
persed throughout the  system. Compacted shapes o f  Nd2O3 and Sm,03 
e x h i b i t  t he  same type of r eac t ion  with water.  
Sm203 shapes exposed t o  atmospheric moisture w i l l ,  given s u f f i c i e n t  
t ime, d i s i n t e g r a t e  in  the  same way. PmZO3 shapes ,  however, do not 
appear t o  r eac t  with atmospheric moisture a t  any apprec iab le  r a t e ,  
perhaps because of the  heat of r ad ioac t ive  decay. 

r e s u l t s  in a l a r g e  inc rease  in volume. I f  oxide enclosed in  a con- 
t a i n e r  i s  contac ted  with water ,  t he  r e s u l t a n t  swel l ing  of t h e  oxide 
can r e s u l t  i n  t he  des t ruc t ion  of t he  con ta ine r .  Figure 2-A shows a 
Haynes 25 capsule  which o r i g i n a l l y  contained Sin2O3 a t  90% of t h e o r e t i -  
ca l  dens i ty .  A small hole was d r i l l e d  in  one end of the  capsu le ,  and 
the  capsule  placed i n  water .  Af t e r  severa l  days ,  swel l ing  of the oxide 
was s u f f i c i e n t  t o  rupture  the capsule  a t  t he  end oppos i te  t o  where the  
hole had been d r i l l e d .  Figure 2-8 shows a s t a i n l e s s  s t e e l  capsule  
which o r i g i n a l l y  contained Pm2O3 a t  50% of theo re t i ca l  dens i ty .  
Pressure  generated when the oxide was contac ted  with water was s u f f i -  
c i e n t  t o  swell the capsule  b u t  not rupture i t .  I f  t he  i n i t i a l  oxide 
dens i ty  had been h igher ,  t he  capsule  would undoubtedly have ruptured .  

These da ta  show t h a t  containment of t h e  promethium oxide must be 
assured  through the  i n t e g r i t y  of t h e  hea t  source c ladding ,  even though 
the  d i s s o l u t i o n  r a t e  i n  water i s  very slow. 

Given 

In f a c t ,  Nd,O, and 

The d i s i n t e g r a t i o n  of t he  compacted shape by r eac t ion  with water 

In gene ra l ,  i t  can be s t a t e d  t h a t  ild,03 wi l l  r e a c t  with water a t  
t he  f a s t e s t  r a t e ,  Sm203 a t  t he  s lowes t  rate,  while Pm,O, r e a c t s  a t  an 
in te rmedia te  r a t e .  Qua l i t a t ive  data on the  r a t e s  a t  which compacted 
shapes of t he  th ree  oxides r e a c t  with water a r e  shown in  Table V .  
data  were obtained by p lac ing  oxide p e l l e t s  i n  water and watching f o r  
t he  f i r s t  v i s i b l e  evidence of c racking .  
was q u i t e  poor,  and the  da ta  a r e  presented only t o  show the  t rend  of 
lowered r a t e  of r e a c t i v i t y  with water from Nd20, t o  Sm203. 

with water o r  water vapor. 

The 

Reproducib i l i ty  of r e s u l t s  

A number of  f a c t o r s  a f f e c t  t he  r a t e  a t  which the oxides  r e a c t  
They inc lude :  

* t he  oxide spec ies  under cons ide ra t ion ,  
the  oxide c r y s t a l  s t r u c t u r e ,  
t he  temperature a t  which the  oxide i s  ca lc ined  p r i o r  
t o  exposure t o  water ,  and 
the  water temperature.  
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Nd203 
Ild203 
Pm203 
Pm203 

Sm203 
Sm203 

Space 1 
f a c t o r s  
expec t .  
r e a c t  k 

Table V :  Dis in t eg ra t ion  of Oxide P e l l e t s  i n  Water 

I n i t i a l  P e l l e t  Time t o  I n i t i a l  
Method o f  Preparing Density,% o f  Evidence of 

S in te red  a t  1500°C 94-95% 4-12 hours 
Hot Pressed a t  1700°C 95-961 4-12 hours 

Oxide P e l l e t s  t heo re t i ca l  Dis in tegra t ion  

S in t e red  a t  7400°C 84% 5 days 
Hot Pressed a t  1700°C 95% 48 hours 
S i n t e r e d ' a t  1500°C 95-96% 10-20 days 
Hot Pressed a t  1700°C 96-97% 8-20 days 

h 

mita t ions  do not  permit a d e t a i l e d  d iscuss ion  o f  a l l  of t hese  
but Figures 3 ,  4 ,  and 5 demonstrate typ ica l  e f f e c t s  one can 
Figure 3 shows t h e  r a t e  a t  which sasiples of Nd203 and Sni203 

Figure 4 shows da ta  f o r  t h e  r a t e s  of r eac t ion  of Pm203, ca lc ined  
T h e  da ta  were obtained by expos- 

t h  atmospheric mois ture .  Under s i m i l a r  condi t ions  Pm2i?3 does 
not r e a c t  apprec iab ly ,  perhaps because of t he  heat of r ad ioac t ive  de- 
cay. 
a t  var ious  temperatures,  with water.  
ing t h e  oxide t o  water f o r  varying periods of  t ime, drying a t  100°C, 
and then determining t h e  water con ten t  by thermogravimetric a n a l y s i s .  
As one would expec t ,  oxide ca lc ined  a t  t he  h ighes t  temperature exh ib i t s  
the s lowes t  r a t e  of r eac t ion .  When Nd,O, ca lc ined  a t  var ious  tempera- 
t u r e s  was exposed t o  atmospheric mois ture ,  t he  r a t e s  of r eac t ion  shown 
i n  Figure 5 were obta ined .  I n  t h i s  case  i t  i s  i n t e r e s t i n g  t o  note 
t h a t  the r eac t ion  r a t e  increased  w i t h  increased  ca l c in ing  tempera tures .  
The d i f f e rence  in  temperature e f f e c t  between Pm203 and Nd203 probably 
r e s u l t s  from the  d i f f e r e n t  s t r u c t u r e s  of t h e  two oxides ,  t he  Pm203 
being monoclinic and the Nd203 hexagonal. 

Several  experiments were c a r r i e d  ou t  t o  t r y  t o  determine t h e  pro- 
duc ts  formed when t h e  t h r e e  oxides r e a c t  with water .  Thermogravimetri(. 
ana lyses  was c a r r i e d  o u t  on the  var ious  r eac t ion  products using a Cahn 
e l ec t roba lance  and a Moseley X - Y  r eco rde r .  
thermograms f o r  Nd203 and Sm203 which had been e q u i l i b r a t e d  with a t -  
mospheric moisture.  In each case  the reac t ion  product appears t o  be 
a compound with the  empirical  formula R203*3H20. 
of three moles-per mole of oxide i s  apparent ly  adsorbed water and i s  
not p a r t  of the compound s t r u c t u r e .  
ca t e s  t he  two products a r e  not hydroxides--R(OH) ,?5,6r--but r a t h e r  
hydrated oxides o f  some type .  
g r e a t e r  temperature s t a b i l i t y  than the  Sm2O3 product,  a s  well a s  a 
more complex dehydration curve.  

Figure 6 shows typ ica l  

The water i n  excess 

X-ray d i f f r a  t i o  a n a l y s i s  i nd i -  

The hydrated N d 2 0 3  e x h i b i t s  a s l i g h t l y  

Figure 7 shows typ ica l  thermograms f o r  t he  oxides of Nd, Pm, and 
Sm a f t e r  e q u i l i b r a t i o n  w i t h  water.  For Nd, the thermogram ind ica t e s  
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a more complex s t r u c t u r e  ( e m p i r i c a l  f o r m u l a  Nd203.5H20) t h a n  was ob- 
t a i n e d  w i t h  Nd203 exposed t o  a tmospher i c  m o i s t u r e .  
Pin i s  l e s s  w e l l  d e f i n e d  than  t h o s e  o b t a i n e d  w i t h  Sm and Nd. However, 
t h e  e q u i l i b r i u m  p r o d u c t  appears t o  have t h e  e m p i r i c a l  f o r m u l a  
Pmz03*3Hz0. Again,  X - ray  d i f f r a c t i o n  a n a l y s i s  shows t h e  p r o d u c t s  do 
n o t  have t h e  t y p i c a l  h y d r o x i d e  s t r u c t u r e ,  b u t  r a t h e r  a r e  p r o b a b l y  hy-  
d r a t e d  o x i d e s .  

When Nd, Pm, and Sm were p r e c i p i t a t e d  f r o m  n i t r i c  a c i d  s o l u t i o n s  

The thermogram f o r  

w i t h  sodium h y d r o x i d e ,  t h e  p r o d u c t s  o b t a i n e d ,  a f t e r  washing and d r y i n g ,  
gave much more complex thermograms than  those  o b t a i n e d  by r e a c t i n g  t h e  
c o r r e s p o n d i n g  o x i d e s  w i t h  w a t e r  (see F i g u r e  8 ) .  The e m p i r i c a l  f o r m u l a s  

r t h e  t h r e e  p r o d u c t s  a r e  idd203.9H20, Sm2O3*7H20, and PmZO3.5H20. 
a i n ,  Pm g i v e s  a l e s s  w e l l  d e f i n e d  thermogram than  e i t h e r  Srn o r  Nd. 
r a y  d i f f r a c t i o n  a n a l y s i s  o f  each p r o d u c t  i n d i c a t e s  t h e  b a s i c  s t r u c -  

w i th  a number o f  ex t raneous  t u r e s  co r responds  t o  t h e  h y d r o x i  de R( OH) 
l i n e s  wh ich  c o u l d  be i d e n t i f i e d .  U n f o r t u n a t e l y ,  t i m e  and budge t  l i m i t -  
a t i o n s  d i d  n o t  p e r m i t  a more d e t a i l e d  s t u d y  t o  d e t e r m i n e  t h e  e x a c t  
s t r u c t u r e s  o f  t h e  v a r i o u s  r e a c t i o n  p r o d u c t s  o r  t h e  i n t e r m e d i a t e  com- 
pounds fo rmed  d u r i n g  d e h y d r a t i o n .  

p r o d u c t s  under  c o n s i d e r a t i o n  ( see  F i g u r e  9)  i t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  t h e  p r o d u c t s  appear  d i s t i n c t l y  d i f f e r e n t .  I n  a d d i t i o n ,  i n t e r -  
med ia te  compounds formed d u r i n g  d e h y d r a t i o n  o f  t h e  v a r i o u s  p r o d u c t s  
show l i t t l e ,  i f  any, s i m i l a r i t y .  S i m i l a r  d i f f e r e n c e s  were n o t e d  f o r  
t h e  t h r e e  samarium p r o d u c t s  and t h e  two prometh ium p r o d u c t s .  

One genera l  s i m i l a r i t y  was n o t e d  f o r  t h e  v a r i o u s  p r o d u c t s  formed 
between Nd, Sm, and Pd and w a t e r .  I n  each case a tempera tu re  o f  
a p p r o x i m a t e l y  800°C was r e q u i r e d  t o  c o n v e r t  t h e  m a t e r i a l  t o  t h e  anhy- 
d rous  o x i d e .  

s h o u l d  be ment ioned.  L i m i t e d  d a t a  o b t a i n e d  w i t h  Nd2O3 i n d i c a t e  t h a t  
when t h e  o x i d e  r e a c t s  w i t h  a tmospher i c  m o i s t u r e ,  i n t e r m e d i a t e  compounds 
a r e  n o t  formed. I n s t e a d ,  each m o l e c u l e  o f  o x i d e  r e a c t s  t o  f o r m  t h e  

T h i s  can be seen f r o m  t h e  d a t a  p r r -  @ e n t e d  i n  F i g u r e  10, i n  wh ich  i t  i s  r e a d i l y  a p p a r e n t  t h a t  t h e  thermo- 
grams f o r  ox ide ,  n o t  a t  e q u i l i b r i u m  w i t h  a tmospher i c  m o i s t u r e ,  show 
t h e  same s t r u c t u r a l  d e t a i l  as o x i d e  a t  e q u i l i b r i u m .  

I n  compar ing t n e  thermograms f o r  t h e  t h r e e  neodymium r e a c t i o n  

One o t h e r  f a c t o r  c o n c e r n i n g  t h e  r e a c t i o n  o f  t h e  o x i d e s  w i t h  w a t e r  

u i l i b r i u m  p r o d u c t  Nd203.3H20. 
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COMPLEXES O F  THE RARE EARTH SESQUIOXIDES WITH 

DIVALENT EUROPIUM OXIDE 

William 0. J.  Boo 

De.- 'vers i ty  of Mississippi 

Eu304, EuGd204, and EuDy204 a.re known orthqrhpmbic complexes 
having interesting cooperative magnetic transitions. 
surveyed the lanthanon sesquioxide -divalent europium oxide complexes 
to see if a homologous s e r i e s  of orthorhombic stable complexes form.  
Such a homologous ser ies  of complexes would provide valuable 
magnetic data and also data relating to the stability of the divalent 
s ta tes  of lanthanon ions. 
of the various complexes a r e  presented. 

We have 

Results on the preparations and s t ructures  

Introduction 

Eu304,  EuGd204, and EuDy204 a r e  complexes which have 
1-3 cooperative magnetic transitions a t  low temperatures .  

transitions a r e  presumably due to the presence of divalent europium 

ions in the complex. 

extensively studied than have those of EuGd 0 

Eu 0 appears  to be a metamagnetic mater ia l .  EuGd 2 4  0 and EuDy204 

have not a s  yet been investigated carefully enough to unequivocally 

determine the details regarding the kind of magnetic cooperative 

These 

The magnetic properties of Eu304 have been more  

and EuDy 2 0 4' The 2 4  

3 4  
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t ransi t ions that  occur ,  

able  for  any  of these  complexes. 

shown that  these three  complexes a r e  i sos t ruc tura l .  

E u 3 0 4  has  been extensively studied and shown to be or thorhombic.  

Another s t r u c t u r a l  analog to Eu 0 is  Eu S r O  whose lottice p a r a -  
tt m e t e r s  a r e  vir tual ly  identical to E u 3 0 4 .  

apparent ly  subst i tutes  for  the EutS in the f o r m e r  complex. E u 2 S r 0  

Detailed magnet ic  s t r u c t u r a l  data i s  not avai l -  

X - r a y  s t r u c t u r a l  information' has 

The s t r u c t u r e  of 
4, 5 

3 4  2 4' 
In the la t te r  complex S r  

4 
a n  interest ing diamagnetic analog as a n  a id  in the in te rpre ta -  

on of the magnetic information obtained in the complexes containing 
tt E u  . 

We have surveyed the lanthanon sesquioxide -divalent europium 

complexes to  s e e  if a complete homologous s e r i e s  of or thorhombic 

EuO 'Ln 0 

f r o m  which to  obtain valuable magnet ic  data .  

information, it i s  possible that one might  be able  to  observe  charge 

t r a n s f e r  p r o c e s s e s  in  such complexes and der ives  s o m e  information 

relat ing to the stability of the LntS s ta tes .  

complexes form.  Such a s e r i e s  would provide candidates 

In addition t o  magnet ic  
2 3  

Expe r imenta  1 

Two different prepara t ive  approaches were  used in this study. 

(1) The reduction of E u  0 by the Ln meta ls .  These  reductions were  
2 3  

out using Ln meta ls  of nominal 99 .  0% purity with Eu 

99. 97'0 puri ty  which had previously been dehydrated and heated 

0 2 3  of 

in a i r  to - 1000°C. 

by e lec t ron  beam welding techniques (EBW). 

were  made  both a t  - 17OO0C by heating the capsules  in a n  R F  vacuum 

induction furnace.  

The weighed reac tan ts  were  sea led  in Mo capsules  

Two s e r i e s  of reduct ions 

The samples  were  cooled relat ively slowly. 

Weight checks made a t  var ious s tages  of these preparat ions were  used  

to monitor  possibi l i t ies  of leaky capsules .  

examined by optical microscopic  and X - r a y  powder pat tern techniques. 

The products were  

-165-  



(2)  Metalhetical  Synthesls using equimolar amounts of EuO and Ln 0 

were  at tampted at  150OoC and a t  2 1 O O O C .  

reduction of E u  0 2 3  
containers  was one of the reactants .  

Ln203.  In gene ra l  these were  dehydrated and heated in a i r  at - 1000°C. 

F o r  Ce, Pr, and Th, the reactant  sesquioxides were  p repa red  by heat-  

ing the commercial ly  available oxides in HZ. All  oxides were  nominal 

2 3  
EuO p repa red  by the 

by Eu followed by melting the resul ted EuO in  Mo 

The other  reactants  were  the 

9 9 . 9 %  purity.  The Eu m e t a l  was of nominal 9 9 . 0 %  purity.  

reactants  were  weighed and  sealed into Mo capsules  by EBW techniques.  

The 

The capsules  w e r e  heated in a n  R F  induction furnace a s  in (1) above. 

Again, the products were  examined by opt ical  microscopic  and X - r a y  

powder pat tern techniques.  

Resul ts  and Discussion 

If the one. to-one complexes EuO-Ln203 f o r m  and a r e  stable under 

the conditions of the reduction preparat ions,  the expected react ions is 

2Ln t 3 E u  0 = EuO * Ln 0 t 5 E u 0  2 3  2 3  

The p resence  of EuO i s  easi ly  detected in the react ion products by 

EuO i s  opaque even in  extremely thin sections the opt ical  microscopy.  

Ln  0 

one-to-one complexes a r e  probably deep r e d  and t r anspa ren t  in analogy 

a r e  general ly  co lo r l e s s  and t r anspa ren t  in t h i n  section. The 2 3  

to Eu30q ,  

pat tern analysis  can help t o  identify the products of these react ions.  

Thus opt ical  evidence in conjunction with X - r a y  powder 

No EuO was found by ei ther  optical  o r  X - r a y  analysis  for La, Ce, 

P r ,  Nd, Gd, Tb, Dy, o r  Yb. EuO was found for  Sm, Ho, T m ,  and Lu. 

(The reduction was not a t tempted with E r ) .  

m e t a l  (for the react ion a s  wri t ten above) was used, EuO was found fo r  

Gd and Dy at  21OO0C. Also, fo r  S m  and Ho used in excess  for  the 

react ion a s  wri t ten above, a t  21OOoC, new F. C. C. ma te r i a l s  with a 

When a n  excess  of Ln 
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l a t t i ce  p a r a m e t e r s  of 5. 121 A a n d  5. 131 r e spec t ive ly  w e r e  found. 

no c a s e  was  un reac ted  Ln m e t a l  de tec ted  in the  products .  

was  EuO found in such  a quantity a s  to  c o r r e s p o n d  to  the r eac t ion  a s  

wr i t ten .  

r e s u l t s  on  the  complex  oxides obta ined  by the  reduct ion .  

In 

In no c a s e  

The  following is a s u m m a r y  of the X - r a y  powder p a t t e r n  

Monoclinic S t r u c t u r e  s : La, Ce ,  P r ,  Nd, Gd 

Or tho rhombic  S t r u c t u r e s  : S m ,  Tb ,  Dy, T m ,  Y b ,  Lu  

Body Cen te red  Cubic S t r u c t u r e s :  La, Ce, Pr, Ho 

F a c e  Cen te red  Cubic S t r i c t u r e s :  S m ,  Ho 

It is c l e a r  f r o m  the  r e s u l t s  ob ta ined  f r o m  the  reduct ions  of 

E u  0 

r eac t ions  tha t  gene ra l ly  occur .  It i s  a l s o  c l e a r  tha t  fo r  a n y  L n  t h e r e  

i s  m o r e  than  one complex  oxide f o r m e d  with pe rhaps  the except ion  of 

T m .  

b y  L n  me ta l s  tha t  the  r eac t ions  as  wr i t t en  above  are  not the  2 3  

The  obse rva t ions  on the products  f r o m  the me ta the t i ca l  p r e p a r a -  

t ions  conf i rm tha t  t h e r e  a r e  a l a r g e  v a r i e t y  of complexes  tha t  c a n  f o r m .  

In gene ra l ,  op t i ca l  obse rva t ions  on  the  products  ind ica ted  mul t iphase  

p roduc t s  a n d / o r  so l id  solution fo rma t ion .  

phases  which could be e a s i l y  s e e n  opt ica l ly  could not  be de tec ted  by 

X - r a y  a n a l y s i s .  

In many  c a s e s  mul t ip le  

The  X - r a y  r e s u l t s  a r e :  
(21OOOC) 
Monoclinic S t r u c t u r e s :  

Or thorhombic  S t r u c t u r e  s : 

Hexagonal S t r u c t u r e s :  

Body Cen te red  Cubic S t r u c t u r e s :  

(1 50OoC) 

Monoclinic S t r u c t u r e  s : 

Orthorhombic  S t r u c t u r e  s : 

Hexagonal S t r u c t u r e s :  
Body Cen te red  Cubic S t r u c t u r e s :  
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S m ,  Gd 

Tb,  Dy, T m ,  Yb 

La ,  Nd 

P r ,  Ho, Er,  Lu 

T b  

S m ,  Gd, Tb ,  Dy, Ho, T m , Y b  

La ,  Ce ,  Nd 
Pr,  Ho, E r ,  Lu  



ttt 
W h i l e  a number  of or thorhombic complexes of EuSt with Ln  

oxides have fo rmed ,  i n  the above p repa ra t ive  methods,  i n  g e n e r a l  

t hese  oxide s y s t e m s  a r e  complicated as  this  s u r v e y  has  shown. 

possible  exception is f o r  T m .  

Ln reduct ion of ELI 0 

co lo r .  

s y s t e m s  m a y  t u r n  out to be a s  o r  even m o r e  complex than the analogous 

S r O  - L n  0 
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THEMlAL ANALYSIS OF LANTMNIDE HYDROXIDE PREP.4R?ZTIONS* 

R .  G .  Haire 

Oak Ridge National Laboratory,  Oak Ridge, Tennessee 

Abs t rac t  

Hydroxide p repa ra t ions  o f  t h e  lan thanides  and y t t r ium were 
obtained by p r e c i p i t a t i n g  t h e  metal ions  from n i t r a t e  s o l u t i o n s  
with ammonium hydroxide.  The i n i t i a l  p r e c i p i t a t e s  gave amorphous- 

i ke  d i f f r a c t i o n  p a t t e r n s .  Col lo ida l  s o l u t i o n s  o f  t h e  amorphous 

Af te r  a s u f f i c i e n t  uer iod  of ac ing ,  
63 a t e r i a l  were obtained by ex tens ive ly  washing t h e  p r e c i p i t a t e s  

u n t i l  p e p t i z a t i o n  occurred. 
t he  c o l l o i d a l  ma te r i a l  became c r y s t a l l i n e .  
showed t h a t  t h e  lan thanides  could be d iv ided  i n t o  two erouDs hased 
on c r y s t a l l i z a t i o n  time and t h e  c r v s t a l l i n e  mic ros t ruc tu res  obta ined  
f o r  each element. 
b i l i t y  of t h e  amorphous and c r y s t a l l i n e  forms of t h e  hydroxide 
p repa ra t ions ,  as  s tud ied  hy thermogravimetry, d i f f e r e n t i a l  thermal 
a n a l y s i s  and x-ray d i f f r a c t i o n .  The i n v e s t i g a t i o n  showed t h a t  
t h e  amorphous and c r y s t a l l i n e  forms exh ib i t ed  d i f f e r e n t  Dat te rns  
of s o l i d - s t a t e  decomposition. With t h e  amorphous m a t e r i a l s ,  t h e  
decompositions were cha rac t e r i zed  by a continuous weight l o s s  and 
broad DTA peaks. \\'hen t h e  c r y s t a l l i n e  forms were s t u d i e d ,  sha rpe r  
DTA peaks and more d i s t i n c t  weipht changes were obta ined .  The TG 
and DTA curves f o r  each form were s i m i l a r  f o r  a l l  t h e  l an than ides ,  
although t h e r e  was a gradual s h i f t  i n  t h e  decomposition temperatures 
i n  moving ac ross  t h e  s e r i e s .  
t h e  decomposition o f  bo th  amorphous and c r y s t a l l i n e  ma te r i a l  was 
complete by 6OO0C, and y ie lded  t h e  s t a b l e  oxide.  
t h e  s tudy  a r e  compared t o  the  t r ends  prev ious ly  ohtained from t h e  
e l e c t r o n  microscopy and d i f f r a c t i o n  s t u d i e s .  

Previous s t u d i e s 1  

This paper is concerned with t h e  thermal s t a -  

In t h e  absence o f  carhonate  i m p u r i t i e s ,  

The r e s u l t s  from 

In t roduc t ion  

The hydroxides and hydrous oxides of t h e  lan thanides  have 
been d iscussed  i n  t h e  l i t e r a t u r e  f o r  s eve ra l  decades .  Weiser2 
has r epor t ed  on t h e  c o l l o i d a l  na tu re  of t hese  m a t e r i a l s  and discussed 
p r e p a r a t i v e  methods presented  by workers p r i o r  t o  1935. Many 
r e sea rche r s  have s tud ied  t h e  hydroxides by x-ray d i f f r a c t i o n .  Duval 

*Research sponsored by t h e  U.S. Atomic Energy Commission under 
con t r ac t  with t h e  Union Carbide Corpora t ion .  
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reported thermogravimetric analysis of some of the lanthanide 
hydroxides up to terbi~m.~ 
studies on some of the lighter lanthanide~.~’~ 
used electron microscopy and diffraction to study the crystalliza- 
tion of neodymium hydroxide and found the amorphous precipitate 
crystallized into rod-like structures after aging in water. Hardy 
-- et al., 7 j  

europium hydroxides and found a similar crystallization behavior 
for these elements. The hydroxides of the entire lanthanide series 
and yttrium were studied by Haire and Willmarth.’ 

Other workers have done isobaric 
Milligan and Dwight6 

subsequently investigated praseodymium, neodymium and 

The work described here is concerned with the thermal stability 
of lanthanide and yttrium hydroxide preparations. The materials 
were studied by thermogravimetry, differential thermal analysis, 
x-ray and electron diffraction and electron microscopy. 
study was mainly concerned with two aspects of the lanthanide hydrox- 
ides: (1) a comparison of the thermal decomposition of the amorphous 
and the crystalline forms; and (2) to determine if any differences 
in the thermal decomposition pattern could be observed for the dif- 
ferent elements. A comparison of the elements before and after the 
dysprosium-holmium region was of special interest, since a notice- 
able change in the crystallization behavior was observed at this 
point in the series.’ 

The present 

Experimental 

Preparation - The hydroxide preparations were obtained by adding 
metal nitrate solutions to an excess of 8 E NH40H; the procedure has 
been previously described. ’ J 7 ’ 8  
in this manner were extensively washed (10 to 15 times with triple- 
distilled water) and then divided into two fractions: one fraction 
being retained for the amorphous material while the second was used 
for preparing the crystalline form. 
were obtained by aging the amorphous material in water.’ 
of the preparations were obtained by several methods (air evaporation, 
extraction of water by alcohols, etc.) but the preferred procedure 
employed vacuum-freeze drying of the colloidal solutions. 

Methods of Analysis - Thermogravimetry studies were made with an 
Ainsworth semi-micro recording balance and a Cahn RG Electrobalance, 
at linear heating rates of 1 to 5 degrees/minute. 
analysis was done in a special unit equipped with stone-ring type 
thermocouples and sample cups. 
were used. 
The decompositions were carried out in flowing air, argon and helium 
atmospheres. 

All of the precipitates obtained 

The crystalline preparations 
Solid forms 

Differential thermal 

Heating rates of 10 to 15 degrees/minute 
Samples for both types of analysis ranged from 3 to 100 mg. 

A 
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The preparation and analysis of samples by electron microscopy 
and electron and x-ray diffraction have been described. 

Results and Discussion 

The hydroxide preparations were found to be amorphous-like 
immediately after precipitation but after a sufficient period of 
aging in an aqueous media, the material became crystalline. Pre- 
vious studies have shown that during conversion to the crystalline 
state, the microstructure changes from amorphous, 20-50 A symmetri- 
cal particles to larger crystalline rods o r  platelets.’ The size, 
shape and conversion time varied for the different elements, and could 
be used to divide the series into two groups, with the second group 
beginning with holmium. 
erns for the two stages of gadolinium are shown in figure 1, and 
erve to illustrate the conversion. 

Electron micrographs and diffraction pat- 

Although the thermal decomposition patterns for several of the 
lighter lanthanides have been reported, there has been no distinction 
made between amorphous and crystalline products and often the level 
of contaminants have been neglected. Duva13 reported ammonia and 
carbonate impurities were present in several of his preparations. 
The amount of the original anion retained by the precipitates is 
important in understanding the decomposition curves. The products 
prepared for this work contained up to 0 . 3  NO?- /b l  mole ratio (the 
ratio was generally 0.05 to 0 . 2 0 ) ,  even though an excess of base 
was used and the precipitates washed extensively. In the case of 
nitrate anion, a N03-/M ratio of 0.15 is equivalent to a ratio of 
0.5 H20/M, with regard to the weight loss  observed during heating. 

@ 

The dynamic methods of TG and DTA were used for the present 
study of the lanthanides and yttrium. These methods are relatively 
rapid and provide a continuous record from small, undisturbed samples. 
However, they do not allow a state of equilibrium to be reached, as 
obtained by an isobaric measurement, and the results must be inter- 
preted with this in mind. 

A comparison of the TG and DTA curves for amorphous and crystal- 
line hydroxide preparations showed that there was a distinct difference 
between the thermal decomposition of the two forms. In figures 2 
nd 3 are shown the TG and DTA curves,for the amorphous and crystal- 

latter material was included for comparison with the hydroxides. The 
results in figures 2 and 3 were for decompositions carried out in a 
flowing-air atmosphere but identical results were obtained i n  helium o r  argon 
atmospheres. 

@ line hydroxide preparations of gadolinium and for Gd(N03),.4H20. The 

The TG curve for the amorphous preparation is characterized by an 
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e s s e n t i a l l y  continuous weight loss ,  with only small  i n f l e c t i o n s  t o  
i n d i c a t e  success ive  r e a c t i o n s .  
t i o n  shows more d i s t i n c t i v e  weight changes, with a sharp  t r a n s i t i o n  
a t  250'C. 
by d i s t i n c t  p l a t e a u s ,  t h e  d a t a  can be ex t r apo la t ed  t o  g ive  reason- 
a b l e  e s t ima tes  f o r  t h e  magnitude o< t h e  changes. The TG curve f o r  
Gd(N03)3*4H20 shown i n  f i g u r e  2 is e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  
r epor t ed  by Wendlandt and Bear.' 
t o  t h e  loss  of water. The curve shows small i n f l e c t i o n s  t h a t  i n d i -  
c a t e  overlapping t r a n s i t i o n s .  
has been r epor t ed  t o  be  due t o  Gd(NO3)3 going t o  Gd0NO3, with t h e  
l a t t e r  conver t ing  t o  t h e  sesquioxide  a t  a s l i g h t l y  h igher  tempera- 
t u r e .  The decomposition of t h e  n i t r a t e  p re sen t  i n  t h e  gadolinium 
hydroxide p repa ra t ions  was a l s o  found t o  occur i n  t h i s  400 t o  6OO0C 
reg ion ,  although t h e  apparent chanEe is more g radua l ,  due i n  p a r t  
t o  t h e  smal le r  quan t i ty  of n i t r a t e  p re sen t .  
observed i n  t h e  DTA curves ( f i g u r e  3) f o r  t h e  amorphous and c r y s t a l -  
l i n e  products .  The curve f o r  t h e  amorphous form conta ins  more peaks 
and t h e  curve remains endothermic up t o  7OO0C, which i s  expected 
from t h e  continuous weight loss  observed i n  t h e  TG curve.  The curve 
f o r  t h e  c r y s t a l l i n e  form has t h r e e  peaks,  with a l a r g e  endothermic 
peak t h a t  corresponds t o  t h e  weight loss  a t  250°C. The curves f o r  
t h e  c r y s t a l l i n e  form i n d i c a t e  more d i s t i n c t i v e  t r a n s i t i o n s  than 
found f o r  t h e  amorphous m a t e r i a l .  The DTA curve shown i n  f i g u r e  3 
f o r  Gd(N03)3.4H20 agrees  with t h a t  repor ted  by o the r  workers.q 
two endothermic peaks a t  400 and 500°C a r e  a t t r i h u t e d  t o  t h e  two- 
s t e p  decomposition of n i t r a t e .  
p repa ra t ions  decomposed over a temperature reg ion  very  similar t o  
t h a t  r epor t ed  f o r  t h e  decomposition of GdON03, which is formed from 
hea t ing  t h e  hydrated n i t r a t e  s a l t .  Although t h e  hydroxide prepara-  
t i o n s  have N03-/M mole r a t i o s  much lower than 1, it appears t h e  
n i t r a t e  t h a t  was p resen t  j u s t  p r i o r  t o  t h e  decomposition temperature 
ex i s t ed  as an o x y n i t r a t e .  
gadolinium p repa ra t ions  a r e  in ,gene ra l ,  t y p i c a l  f o r  t h e  r e s p e c t i v e  
p repa ra t ions  of t h e  o t h e r  lan thanides .  However, some of t h e  p re -  
p a r a t i o n s  contained small amounts of carbonate,and i n  t h e s e  cases  
t h e  TG and DTA curves r e f l e c t  t h e  l o s s  of t h e  carbonate impurity 
a t  h ighe r  tempera tures .  

The curve f o r  t h e  c r y s t a l l i n e  prepara-  

Although t h e  d i f f e r e n t  weight l o s ses  were not  i s o l a t e d  

The l o s s  up t o  40OoC was a t t r i b u t e d  

The r ap id  weight loss  a t  400 t o  450°C 

Dif fe rences  were a l s o  

The 

The n i t r a t e  p re sen t  i n  t h e  hydroxide 

The TG and DTA curves shown f o r  t h e  

In  prepar ing  t h e  hydroxides of t h e  l i g h t e r  lan thanides  (La-Nd), 
t h e  r ap id  conversion of t h e  amorphous p r e c i p i t a t e  t o  t h e  c r y s t a l l i n e  
s t a t e l  d i d  no t  permit t h e  p repa ra t ion  o f  a well-washed, amorphous 
hydroxide.  Amorphous p repa ra t ions  of y t t r i um and t h e  lan thanides  
beyond neodymium were r e a d i l y  ohta ined ,  as t h e  conversion times were 
much longer .  Most o f  t h e  a t tempts  t o  prepare  t h e  amorphous form 
of t h e  l i g h t e r  lan thanides  r e s u l t e d  i n  a p a r t i a l l y  c r y s t a l l i n e  mater- 
i a l ,  which produced TG and DTA curves t h a t  had c h a r a c t e r i s t i c s  of 
both forms. By us ing  methanol or propanol t o  complete t h e  washing 
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and remove excess water from the  p r e c i p i t a t e s ,  amorphous products  
could he obta ined .  However, as  a r e s u l t  of t h e  h igh-sur face  a rea  
of t h e  m a t e r i a l s ,  some a lcohol  was sorhed which could not be r e a d i l y  
removed. Although t h e  con t r ibu t ion  of t h e  r e s i d u a l  a lcohol  t o  t h e  
weight l o s s  was almost n e g l i g i b l e ,  small  exothermic peaks due t o  t h e  
decomposition of t h e  a lcohol  were observed when t h e  ma te r i a l  was 
hea ted  i n  a i r .  
TG and DTA curves f o r  t h e  amorphous forms of lanthanum throuph 
neodymium hydroxides were very s i m i l a r  t o  t h a t  shown for gadolinium. 
The TG and DTA curves f o r  c r y s t a l l i n e  forms of lanthanum through 
neodymium were a l s o  nea r ly  i d e n t i c a l  t o  those  f o r  c r y s t a l l i n e  
gadolinium p repa ra t ion .  In f i g u r e s  4 and 5 a r e  shown t h e  curves 

a i r .  The decomposition i n  argon, helium and a i r  was t h e  same 

Prepara t ions  made i n  t h i s  manner d i d  show t h a t  t h e  

r lanthanum,praseodymium and neodymium c r y s t a l l i n e  hydroxides run 

r lanthanum and neodymium. The f i n a l  products were t h e  se squ i -  
ox ides ,  except f o r  cerium and praseodymium. N i t h  praseodymium, 
t h e  so -ca l l ed  Pr6011 oxide was ohtained i n  a i r  hu t  ox ida t ion  was 
incomplete i n  argon o r  helium; p a r t i a l  ox ida t ion  probably r e s u l t e d  
from t h e  decomposition products  of n i t r a t e  which were genera ted .  
With cerium, t h e  d ioxide  was always obta ined .  With both cerium 
and praseodymium, t h e  l o s s  of n i t r a t e  was complete a t  s l i E h t l y  lower 
temperatures than observed f o r  t h e  o the r  l an than ides .  With lan tha-  
num, t h e  n i t r a t e  decomposed a t  a h igher  temperature,  r e f l e c t i n g  t h e  
g r e a t e r  b a s i c i t y  of t h i s  ion .  

I n  f i g u r e s  6 ,  7 ,  8 and 9 a r e  shown t h e  TG and DTA curves f o r  
t h e  amorphous p repa ra t ions  o f  samarium, dysprosium, erbium, y t te rb ium,  
lu t e t ium and y t t r ium i n  a i r .  The decomposition was i d e n t i c a l  i n  a i r ,  
argon o r  helium atmospheres. The curves for europium, terbium, 
holmium and thulium were e s s e n t i a l l y  i d e n t i c a l  t o  t h e  above elements.  
The sesquioxide  were t h e  f i n a l  products ohtained except f o r  t h e  
terbium p repa ra t ion ;  i n  a i r  Tb,07 was ohtained whi le  ox ida t ion  was 
no t  complete when an i n e r t  atmosphere was used. 
made f o r  t h e  gadolinium amorphous p repa ra t ions  can a l s o  be appl ied  
t o  t h e  decomposition of t hese  m a t e r i a l s .  
l an than ides ,  it was apparent t h a t  t h e  DTA curves f o r  t h e  amorphous 
r e p a r a t i o n s  contained more peaks and appeared t o  be  more complex. 

The i n t e r p r e t a t i o n s  

In progress ing  t o  t h e  heav ie r  

i s  t r end  was a l s o  observed i n  t h e  DTA curves obtained f o r  t h e  

The 
@ ydra ted  n i t r a t e  s a l t s ,  probably r e f l e c t i n g  t h e  smal le r  i on ic  r ad ius  

and g r e a t e r  complexing a b i l i t y  of t h e  heav ie r  l an than ides .  
decomposition of t h e  c r y s t a l l i n e  p repa ra t ions  i n  a i r  f o r  t h e  co r re s -  
ponding lan thanides  a r e  shown i n  f i g u r e s  10, 11, 1 2  and 13. The 
decomposition of t h e  europium, terbium, holmium and thulium prepara-  
t i o n s  were e s s e n t i a l l y  t h e  same. The f i n a l  products  obtained f o r  t h e  
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amorphous prepara t ions ,  were a l so  obtained f o r  t he  c r y s t a l l i n e  forms, 
and, except f o r  terbium, decomposition i n  helium o r  argon was t h e  
same a s  i n  a i r .  The number of DTA peaks observed f o r  t he  c rys t a l -  
l i n e  forms d id  not increase  i n  going t o  the  heavier  lanthanides.  
This i nd ica t e s  a g rea t e r  s i m i l a r i t y  i n  the  c r y s t a l l i n e  products 
than f o r  t he  amorphous products.  
used t o  obta in  the  r e s u l t s  i n  f igu res  1 2  and 13 contained a s u f f i -  
c i en t  quant i ty  o f  carbonate t o  show a d i s t i n c t i v e  weight change and 
a broad endothermic peak i n  the  region o f  700°C. 

The c r y s t a l l i n e  y t t r ium product 

Examination of the  TG and DTA curves showed t h a t  the  decompo- 
s i t i o n  f o r  each c l a s s  of preparation i s  comparable f o r  a l l  t he  
lanthanides and y t t r ium.  The f a c t  t h a t  the  curves a r e  d i f f e ren t  
f o r  the  amorphous and c r y s t a l l i n e  forms can a id  i n  the  i n t e r  r e  
t a t i o n  o f  some hydroxide decompositions reported previously.P A-  
knowledge of the  amount of o r ig ina l  anion remaining i n  the  prepara- 
t i ons  i s  e s sen t i a l  i n  understanding the  TG and DTA curves. The 
presence of some carbonate- i s  l e s s  ob jec t ionable  s ince  the  decompo- 
s i t i o n  occurs a t  higher temperatures and i s  more r ead i ly  recognized 
as  due t o  carbonate. The removal of excess water from the  hydroxide 
prepara t ions  presents  a spec ia l  problem, e spec ia l ly  i n  view of t h e  
high sur face  a rea  of t h e  products and t h e i r  a b i l i t y  t o  t i g h t l y  sorb 
ma te r i a l s .  I t  was assumed here t h a t  vacuum-freeze drying d id  not 
a l t e r  the  prepara t ions ;  t he  s i m i l a r i t y  of t he  decomposition curves 
t o  those of hydroxides d r i ed  i n  o ther  manners supports t h i s  assump- 
t i on .  
p rec ip i t a t e s  containing ammonium impur i t ies  would be d i f f i c u l t  t o  
reso lve .  A l l  of t h e  mater ia l s  prepared here  had an ammonium content 
below de tec t ib l e  limits when analyzed by a micro-Kjeldkhl method. 

By ex t rapola t ion  of t he  more prominent i n f l ec t ions  of t he  TG 

One can conclude t h a t  the  ana lys i s  of "wet" hydroxides o r  

curves, t h e  weight changes could be used t o  ca l cu la t e  t he  HzO/M, 
N03- /M and C03'/M mole r a t i o s  f o r  t he  products.  
l a t ed  in  t h i s  manner agreed q u i t e  well with ana ly t i ca l  da ta .  
Analytical  values a re  l i s t e d  i n  Table I f o r  t he  elements shown i n  
the  f igu res .  
A weight l o s s  t h a t  corresponds t o  1.5 H20/M i s  expected f o r  decom- 
pos i t i on  of the  t r ihydroxide .  However, t he  presence of n i t r a t e  and/or 
carbonate complicates t he  estimation f o r  t he  water l o s s .  
n i t r a t e  ion replaced t h e  hydroxide ion, t h e  weight loss  due t o  water 
would y i e ld  a lower HzO/M r a t i o .  
capac i ty  (as believed t o  e x i s t  f o r  t he  co l lo ida l  p a r t i c l e s  i n  so lu t ion)  
a decrease in  the  H20/M r a t i o  may not be observed. 
of some sorbed water i s  believed t o  account f o r  HzO/M r a t i o s  g rea t e r  

The r a t i o s  calcu- 

The values f o r  t he  o ther  lanthanides were very s imi l a r .  

If the  

I f  t he  n i t r a t e  was present i n  some other 

The presence 
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than 1 . 5 .  For the majority of the amorphous preparations, the 
inflections in the TG curves were too gradual to permit extrapola- 
tion of the successive dehydration steps. 
of the changes indicated three successive steps, each corresponding 
to 0.5 H20/M. 
losses indicated changes of 0.5 and 1.0 H20/1.!. For both the amor- 
phous and crystalline forms, the loss of water was of the magnitude 
expected for the trihydroxides, and it appears that all of the pro- 
ducts were hydroxides. Further work is necessary to fully characterize 
the lanthanide hydroxide system. The intent of this work was to su r -  
vey the entire lanthanide series, to ascertain if significant differences 
existed between the different products. 
thermal decomposition of the amorphous and crystalline hydroxide pre- 
arations was different but that the decomposition of each form was 
imilar for all the lanthanides. 

In a few cases, estimates 

In the dehydration of the crystalline forms, the 

It was concluded that the 

Table I .  Analyses of the Lanthanide Hydroxide Preparations 

Amorphous Crystalline 

Element H20/M* NO3-/M C03'/M H ~ O / M *  N O ~ - / M  CO~=/M 

La 
Pr 
Nd 
Sm 
Gd 
DY 
Er 
Yb 
Lu 
Y 

8 

_ _  
_ -  
- _  
1.75 
1.87 
1.76 
1.71 
1.69 
1.73 
1.66 

- _  
_ _  
_ _  

. 2 2  

.20 

.15 

.15 

.1P 

.20 

.16 

- -  
_ -  
- _  

.os5 

.042  

.036 

. OS6 
,080 
0.38 
. 0 2 4  

*Based on water evolved. 
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1.73 .30 
1.62 .17 
1.67 . 2 5  
1.65 . 2 J  
1.59 . 25  
1.80 .15 
1.85 .15 
1.85 .25 
1.75 .23 
1.62 .16 

.14 

.10 

.15 

.099 

.OS1 

.054 

.22 

.12 

.16 

.16 
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ABSTRACT 

Besides line and nonstoichiometric phases complex oxide 
s tems e x h b i t  reproducible bivariant behavior, termed pseudophases, @ in the two-phase regions which leads to hysteresis .  

pseudophases in the praseodymium oxide-oxygen system a r e  examined 
in detail by tensimetr ic  and high temperature  X-ray  studies. 

Two of these 

The tensimetr ic  measurements  show marked and progressive 
shifting of the curves away from stoichiometry with increasing 
pressure .  
oxidation and reduction. 
a r e  seen to  show systematic changes in line positions and line widths. 
These a r e  analyzed and their  implications discussed in t e r m s  of sug- 
gested s t ructural  changes. 
t e m s  are discussed. 

In addition unusual reversa ls  a r e  seen to occur  both in 
X-Ray diffraction patterns a t  temperature  

Similar i t ies  and relevance to  other sys- 

INTRODUCTION 

A phenomonological description of a system in the solid 
s ta te  which pretends to  be exhaustive must distinguish a wide variety 
of behavior. 
composition with only very slight variation in composition with tem-  

For example there  a r e  line phases a t  stoichiometric 

r a t u r e  such a s  Tho2 -6 ( 1 , 2 )  o r  line phases with more  complicated 
ichiometry such as the homologous s e r i e s  Ti,O, -, ( 3 ) -  In 

addition there  a r e  line phases which have an appreciable range of 
composition and/or  exhibit polymorphism as in the system Pr,0zn-2( 4). 

One must  add t o  these ,  nonstoichiometric phases having 
revers ib le  bivariant charac te r  over a wide range of composition. 
The most  studied of these include UO, ( 2 . 0  i x i 2.25) , FeO, ( 1.05  s 
x 
x 2 - 0 0 ) .  Various observers  have described these as microhetero- 
geneous, having microdomains, microphasic, coherently intergrown, 

1.191, TiO, ( 0 . 7  i x  i 1.25) and Pro, ( 1 . 5 0  i x 5 1 . 6 9  and 1 . 7 2  i 



hybrid c rys t a l s ,  etc. ,  which implies that thermodynamically and/or 
structurally they possess texture above the atomic or  unit cell level. 
In recent months subtle discontinuities in thermodynamic and struc- 
tural  behavior have suggested that these wide regions must be divided 
into a reas  having more  coherent properties. For example, the FeO, 
( 1 . 0 5  5 x i 1.25)  phase has been seen to have at least  three distinct 
regions ( 5 , 7 )  and Pro, ( 1 . 7 1  i x S 2 .00)  a t  least four ( 6 )  ~ 

Of course in any system having many phases there must be 
two-phase regions separating them. 
themselves being seen to be extremely complex showing marked 
premonitory behavior ( 8 )  , hysteresis ( 4 ,9 )  , and pseudophase 
formation ( 4) . 

These transitional regions a r e  

Pseudophases in the present usage a r e  reproducible and 
bivariant in p,  T ,  x studies a s  a system transforms from one phase 
to another in one direction. 
varies a s  between the directions one is going in composition and is 
more  pronounced in going from l e s s  to more ordered regions among 
phases which may intergrow coherently. 
observed on both compositional sides of a stoichiometric phase. 
Hysteresis resu l t s  from this asymmetric behavior. 

The degree of pseudophase formation 

They may, however, be 

In this paper we shall focus on a particular type of pseudo- 
phase behavior on the oxygen-rich side of the L and E phases of the 
praseodymium oxide-oxygen system. The phase diagram including 
the regions of our interest  is shown in Figure 1 ( 4 ) .  The tensimetric 
studies illustrated by the isobaric curves of Figure 2 ( 10)  include the 
behavior we wish to examine more closely. The isobaric development 
for each phase in the homologous se r i e s  is seen to result  in increasing 
displacement of vertical curves to significantly higher compositions 
than expected i f  the intermediate phases a r e  highly ordered. A s  the 
curves shift they a r e  observed to become l e s s  steep and show a 
mysterious crossing in the hysteresis loop in that region. 

EXPERIMENTAL PART 

All experiments were carried out using 99.9996 Pro, supplied 

The tensimetric studies were made using an Ainsworth 
by the Lindsay Division of the American Potash and Chemical Cor- 
poration. 
balance possessing automatic temperature and pressure control with 
an eight gram sample suspended in an alumina bucket by a platinum 
wire ( 6 ) .  X-Ray studies were accomplished by means of a Philips 
high temperature diffractometer ( 11)  and a high temperature Nonius 

-132-  



Guinier-Lennk c a m e r a  ( 1 2 ) .  T e m p e r a t u r e s  w e r e  measured  in  a l l  
c a s e s  with P t - P t / l O a R h  thermocouples  cal ibrated a s  requi red .  
Thor ia  w a s  used as  an in te rna l  s tandard in the X - r a y  pa t te rns  and 
all data  w e r e  reduced by computer  methods ( A (  K,, ) = 1 . 5 4 0 5 1 ) .  

RESULTS AND DISCUSSION 

Thermogravimet r ic  Analysis  

I sobar ic  thermogravimet r ic  exper iments  a s  displayed in  

er minute ,  por t ray  graphical ly  the t ransformation of Pro, 3 3  

p phase)  to  Pro, . ,, The 6 phase 
(Pro,. a , a ) will  be seen  to be complicating the react ion t o  s o m e  
degree .  It i s  important  to  r e a l i z e  that the observed behavior i s  
reproducible  in  a l l  the  reg ions  d iscussed .  
position with increas ing  p r e s s u r e  is marked  a s  is the nar rowing  
of the  t e m p e r a t u r e  range  of the react ion.  

Figure 3 ,  performed a t  a r a t e  of t e m p e r a t u r e  i n c r e a s e  of 0 . 5 "  

( E )  t o  Pro, ( m )  and re turn .  

A shift to  higher  com-  

Simi la r  i sobar ic  runs in the Pro, . , ( t) region have been 
done with g r e a t  c a r e  and behavior s i m i l a r  t o  that shown in t h e  two 
highest  p r e s s u r e  c u r v e s  i n  F igure  2 are  confirmed.  
holding conditions for  one month t h e r e  w a s  actual ly  no tendency for  
conversion to s toichiometr ic  t. 
not  a t ta ined until the p r e s s u r e  is reduced t o  about 10 T o r r .  

Even upon 

In fact  the unique L l ine  phase i s  

In o r d e r  to observe  the  transit f r o m  the oxygen e x c e s s  z 
pseudophase t o  s toichiometr ic  composition i s o t h e r m s  of the  following 
type w e r e  performed.  At 843" and 676 T o r r  the  specimen is in  the 
low tempera ture  region of the pseudophase (at) with a composition 
of Pro, . 7 5 3 .  When the p r e s s u r e  w a s  reduced to  6.80 T o r r  a t  
constant  t e m p e r a t u r e  the oxide reduced t o  Pro, . , 4 .  When the e o Pro, . 7  2 1  indicating at th i s  p r e s s u r e  a n a r r o w  composi t ional  

essure was  r e s t o r e d  t o  676 T o r r  the composition increased  only 

var ia t ion of t phase a t  843",  the i r r e v e r s i b l e  n a t u r e  of the change,  
and  the metastabi l i ty  of the  pseudophase. 

In re la ted  exper iments  a t  32.79 T o r r  and 569",  the 5 phase 
h a s  a composition of Pro, .7 

p r e s s u r e  of 6.46 Torr  the composition w a s  Pro, . 7 7 8 .  When the 
p r e s s u r e  w a s  r e s t o r e d  the composition i n c r e a s e d  only to Pro, 
giving a phase var ia t ion for  5 of 0.002 in oxygen to  praseodymium 
r a t i o  compared to  0 .007  for t phase and s i m i l a r  exper iments  in  the 
E region gave a composition i n c r e a s e  of 0 .004  a t  138 T o r r .  

based on the  assumption that a t  a 
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X-Ray Analysis 

The Epsilon Pseudophase Region. --Diffraction pat terns  
obtained a t  temperature  for  the p, 6 ,  E ,  5 and L phases shown in 
Figure 4 confirmed those observed e a r l i e r  on samples  quenched 
af te r  long anneals (13)  except for the 5 phase which appears  to  be 
polymorphic. 

The diffraction pat terns  of samples  t ravers ing  the i sobars  
shown i n  Figure 3 at 5 " / h r  a r e  shown in Figures  5, 6, and 7. 
symbol cy is used when general  reference t o  the nonstoichiometric 
phase is intended. 
range order  character ized by regular ly  increasing line widths a s  
the Bragg angle increases  and cy** indicates the nonstoichiometric 
phase which gives a slight distortion f r o m  cubic symmetry  as evi- 
denced by a diffraction pattern having p1 l l > B z o  
l ine  width of the ( 1 1  1) reflection, e tc .  ) . 
cy*, and cy** a r e  continuous in  passing from high to low temperature .  

The 

The symbol cy* is used to  indicate probable short  

< B z z o  ( 1 1  = 
Transi t ions befween CY, 

In Figure 5 the oxidation reduction cycle is shown for a 
41 Torr isobar .  

are observed while in  heating the sequence is 

in substantial agreement  with the tensimetr ic  i s o b a r s  with increasing 
temperature .  
behavior during isobaric  t rans i t  comparable t o  those in Figure 3. 
It i s  c lear  that X-ray diffraction does g v e  information concerning the 
s t ruc tura l  changes occurr ing in this  pseudophase region. 
discussion of these resu l t s  will be given in the presentation although 
res t r ic ted  space will not permit  i t  here .  

In cooling, the t ransformations 
cy 475"+ E 4 1 0 " ,  p 

440", 6 4 7 5 " ,  E 520",  cy 

Figures  6 and 7 give fur ther  indication of the diffraction 

The detailed 

Figure 8 shows the diffraction behavior for cer ta in  prepara-  
tions as explicitly given. It may be seen,  for  example, that a t  41 T o r r  
in cooling the pseudophase diffraction appears  to be a superposition 
of cy and E .  

Figure 9 shows the variation of lattice parameter  with tem-  
The variation is  due both to  compositional and elast ic  perature .  

factors .  
lattice a s  the temperature  is decreased from 540 '. At 500 
Fig. 3) the sample is reduced from Pro, . I ' I  to  about Pro, . 
470 as a resu l t  of the curve reversa l .  
reflected h e r e  a s  a decrease  in the r a t e  of lattice parameter  increase  

At 102 m m  O2 one may observe the contraction of the 
( s e e  

a t  
The composition r e v e r s a l  is 
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with tempera ture .  
value of Aa/At than observed a t  t > 510" a s  would be  expected because 
of the nar row composition r a n g e  of B .  Analogous behavior i s  seen  a t  
lower p r e s s u r e s  a s  shown. 

The t ransi t ion to B a t  460" gives  a n  even g r e a t e r  

The  Iota Pseudophase Region. - - T h e  tens imet r ic  i sobar ic  
s tud ies  ( 4 , l O )  demonst ra te  a wel l  developed pseudophase behavior 
i n  the CYL region a t  p r e s s u r e s  in  e x c e s s  of 150 T o r r .  High t e m p e r a -  
t u r e  diffractometer  m e a s u r e m e n t s  w e r e  made a t  s e v e r a l  p r e s s u r e s  
in th i s  region.  
shown a s  representa t ive  of t h e s e  in  F igure  10. The  220 peak which 

s ingle  for  cy but i s  spl i t  equally for  L w a s  analyzed on a curve  
so lver .  A s ingle  phase wpeak is shown at 779".  At  881 conver-  

The profile for t h e  220 ref lect ion at 635 T o r r  a r e  

sion t o  L is about 50% complete .  
the  CY peak is seen  to  move t o  lower 2 8  values  i n  the constellation 
of L as  i t  weakens and d isappears .  
rapid d e c r e a s e  in  composition and i n c r e a s e  in la t t ice  p a r a m e t e r  as 
the  t e m p e r a t u r e  i n c r e a s e s  while the  L phase r e m a i n s  vir tual ly  
unchanged. Sigma phase ex is t s  alone a t  1133°C. 

A s  the  t e m p e r a t u r e  is increased  

T h i s  movement r e s u l t s  f r o m  the 

At 1087",  i n  cooling, the peak w a s  spl i t  evenly with a sepa-  
ra t ion  of 0 . 1 0 "  i n  2 8 .  
while the  o ther  is t h e  ( 2 2 0 )  ref lect ion of L .  
presumed to have o c c u r r e d  bet ween 11 3 5  and 1087 
probably because the  peak separat ion for  the n a r r o w  miscibi l i ty  gap 
is so s m a l l  (0 .00lA expected) .  
reduced  the r e v e r s e  movement of the cy peak in the L constellation 
w a s  observed.  At  920" t h e r e  appeared  t o  be  only L phase with un- 
equal  peak height suggesting a dis tor t ion resu l t ing  f r o m  a compo- 
s i t ion i n  e x c e s s  of Pro, . , 

It is believed that  the low angle  peak is cy 
The u - CY conversion 

w a s  not  s e e n ,  

A s  the  t e m p e r a t u r e  w a s  fur ther  

. 
Superficially the X - r a y  r e s u l t s  a g r e e  with the in te rpre ta t ions  

the t e n s i m e t r i c  work  but t h e r e  are  s o m e  anomal ies  i n  apparent  
la t ive phase in tens i t ies  as  between the  X-ray  and gravimet r ic  work 

and in  o ther  detai ls  when the r e s u l t s  are examined in  detai l .  

CONCLUSIONS 

It is apparent  f r o m  t h e s e  observat ions that t h e r e  ex is t  many 
superf ic ia l  similarities i n  behavior  in  the cy L and CY e pseudophase 
reg ions  when seen  in  both t e n s i m e t r i c  and X - r a y  work ,  however ,  
t h e r e  are marked  differences in detai l  and these  differences depend 
to s o m e  extent on t e m p e r a t u r e  and p r e s s u r e .  
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A point which has not been discussed so far is the appearance 
of the very weak superstructure lines characteristic of the e phase 
in the cy** phase. 
of this phase plus the weak superstructure indicate a very slight 
deviation from cubic symmetry ( a  rhombohedral distortion of a s  
little a s  0.03 '  in a )  . Previous work ( 6 )  has indicated at  least  four 
regions of the cuphase. It is suggested that short range ordering 
in CY yields CY* having lines which increase in breadth in a regular waj' 
with increasing Bragg angle indicating lattice strain rather than 
oarticle size broadening. 

The slight broadening of certain of the main lines 

At lower temperature longer range ordering - 
produces CY** with i t s  uneven broadening of lines plus very weak 
superstructure lines. 

The following model of pseudophase formation in the e region 
Order - order transformations become progressively is suggested. 

less complete with increasing temperature. 
starting and product material  intergrow to give a metastable phase 
capable of developing long range order.  In the cooling cycle there 
is an increasing order as CY* - cy** - e pseudophase. 
Having long range order in a broadly nonstoichiometric CY phase 
is mirrored in the o phase ( 1 . 5  5 x 5 1.69) which has good super- 
structure lines characteristic of C-type Pro, . 
position is Pro, . b , .  

Microdomains of the 

even when the com- 

Wi l l i s  (14) has shown by neutron diffraction that there a r e  
defect clusters in UO,,, a t  high temperatures which produce the 
U, 0, phase when they a r e  fully ordered. 
have shown that U40 ,  exists in varying degrees of order.  

Belbeoch et. , ( 15) 

Structural studies of Roth ( 1 6 ) ,  Manenc ( 1 7 )  and Koch and 
Cohen (18)  on the WEstite phase have led to a description of the 
Fe, -,O a s  composed of defect clusters of more or  l e s s  order a t  
high temperatures. 
ically spaced at room temperature. 

The domains grow with cooling and a r e  period- 

These a r e  but the early chapters in understanding materials 
having extended defects. 
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OXIDE MICROSPHERE PREPARATION 

AND C HARAC T E RIZ A T  ION 

C .  J .  A m b r o s e  

Donald W. Douglas  L a b o r a t o r i e s  
McDonnel l  Douglas  A s t r o n a u t i c s  C o m p a n y  - W e s t e r n  Divis ion 

2955 G e o r g e  Washington Way 
Richland,  Washington 993 52 

A b s t r a c t  

Thu l ium-  170 is a potent ia l  candidate  f o r  a s h o r t  du ra t ion  r ad io i so tope  
f u e l  f o r  a hea t  s o u r c e .  
p r e p a r e  m i c r o s p h e r e s  of thul ia ,  coa t  t he  m i c r o s p h e r e s  with tungsten,  
and i r r a d i a t e  t h e  non- rad ioac t ive  thu l i a -  169 t o  f o r m  rad ioac t ive  
thu l ium-  170. 

Modif icat ions i n  the  s o l - g e l  p r o c e s s  w e r e  n e c e s s a r y  to  p roduce  thu l i a  
m i c r o s p h e r e s .  
s i t a t e d  a c a r e f u l  handl ing technique.  
1 6 9 T m  0 
1500°C in air .  
m o v a l  f rom the  a l coho l  showed a n  o v e r a l l  r educ t ion  of 437'0 a t  t he  
e l e v a t e d  t e m p e r a t u r e s .  T h e  load  r e q u i r e d  t o  c r u s h  the m i c r o s p h e r e s  
w a s  about  1500 g r a m s  f o r  m i c r o s p h e r e s  f i r e d  at 1000"  o r  1100°C.  
X - r a y  a n a l y s i s  of m i c r o s p h e r e s  f i r e d  a t  v a r i o u s  t e m p e r a t u r e s  yielded 
the  following r e s u l t s :  500°C in v a c u u m - a m o r p h o u s ,  1000°C i n  air-  
cubic ,  a n d  1500°C i n  a i r - c u b i c  p h a s e s .  H i g h - t e m p e r a t u r e - f i r e d  
m i c r o s p h e r e s  w e r e  u s e d  f o r  t he  t e s t i n g  p r o g r a m .  

Coa t ing  e x p e r i m e n t s  w e r e  conducted us ing  a c h e m i c a l  v a p o r  depos i -  
t i on  t echn ique  to  app ly  a u n i f o r m  d e n s e  tungsten depos i t .  Hydrogen  

ed  of t hu l i a  m i c r o s p h e r e s  to f o r m  the tungs t en  coat ing.  Approxi-  

An e x p e r i m e n t a l  p r o g r a m  was  in i t i a t ed  t o  

T h e  thul ia  m i c r o s p h e r e s  w e r e  f r a g i l e  and n e c e s -  
D e n s e  m i c r o s p h e r e s  of 

w e r e  ach ieved  by calcining the  m i c r o s p h e r e s  a t  1400" t o  2 .  3 Sh r inkage  m e a s u r e m e n t s  on the s p h e r e s  a f t e r  r e -  

hexa f luo r ide  w e r e  t h e r m a l l y  d e c o m p o s e d  in the f luidized 

v o l u m e - p e r c e n t  coat ing was  app l i ed  on the  s p h e r e s .  

Introduct ion 

7 0 T m 2 0 3  is being c o n s i d e r e d  a s  a potent ia l  r ad io i so tope  f u e l  f o r  hea t  

s o u r c e s .  

non- rad ioac t ive  l a b o r a t o r y  b e c a u s e  thu l ium-  169 is not r ad ioac t ive .  

Af t e r  t he  thu l ium h a s  been f o r m e d  into the d e s i r e d  fue l  f o r m ,  i t  is  
170 i r r a d i a t e d  in a r e a c t o r ,  and neu t rons  c o n v e r t  t he  T m 1 6 9  to  T m  

It h a s  t h e  advan tage  that  t he  fue l  f o r m  c a n  be  prepar .ed in  a 

. 



Upon removal  f r o m  the reac tor ,  the fuel  is encapsulated and used  a s  

a radioisotope heat  source .  

durat ion miss ions  because it has  a 0 .  35 y r  half-life. 

by 170Tm203 i s  1 .  2 wat tsygram. 

Thulia- 170 i s  advantageous f o r  shor t -  

The heat  emit ted 

The sol-gel  p r o c e s s  was used  to  form microspheres  of thulium oxide. 
These  m i c r o s p h e r e s  were  coated with tungsten using a chemica l  vapor  

deposition technique. 

the radiation decay of the tungsten on the  microspheres ,  and this  was 

compared  t o  uncoated microspheres .  A radioisotope heat  source  was 

fabr ica ted  using 170TmZ03 m i c r o s p h e r e s .  

I r rad ia t ion  t e s t s  were  per formed to m e a s u r e  

Exper imenta l  

Format ion  of microspheres  is  bes t  accomplished by the sol-gel  proc-  

e s s .  F i g u r e  1 shows the bas ic  s teps  used in the production of sol-gel  

m i c r o s p h e r e s  f o r  thulium. Thulium so l  i s  p repared  by dissolving the 

Tm(N03)3  solution, then precipi ta t ing with NH40H (5070 excess  of 8 M) 
solution with rapid s t i r r ing .  The precipi ta te  i s  then washed with distil1e.d 

water  until the pH of the f i l t ra te  i s  9 .  5 o r  lower.  

c r y s t a l  growth in  the splution was achieved by heating a t  80°C f o r  one 

hour (Reference  1 ) .  

tion of the sol .  

and this  was used  in microsphere  formation.  

microsphere  format ion  was descr ibed  in a previous paper .  

Accelerat ion of 

E x c e s s  water  was removed by vacuum evapora-  

A 0. 5-molar  so l  was produced af te r  concentration, 

The technique for  
(2) 

Calcining the m i c r o s p h e r e s  caused major  problems in thls  p r o c e s s  

development. After  the microspheres  were  removed f r o m  the drying 

alcohol and subjected to a routine") methanol wash to  remove excess  

alcohol, they consis tent ly  spl i t  into two halves. This  problem was 

solved by a i r -dry ing  the microspheres .  

vacuum outgassed up to  5OO0C, the most  c r i t i ca l  region of the heating 

cycle was up to  400°C. Too fas t  a heating r a m p  resu l ted  in broken 

m i c r o s p h e r e s .  Above 4OO0C, microspheres  showed no de t r imenta l  

effects f r o m  t h e r m a l  shock o r  t rans ien ts .  

oxide microspheres  formed by the sol-gel  process .  

While the microspheres  were 

F igure  2 shows thulium 
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T h e s e  ca l c ined  m i c r o s p h e r e s  w e r e  coa ted  with tungs t en  us ing  a 

c h e m i c a l  vapor  deposi t ion technique.  

C V D  s y s t e m .  

and  the f u r n a c e  is hea ted  to 500°C.  
s u s p e n d s  the  m i c r o s p h e r e s  in a f lu id i zed  bed f o r  coat ing.  

s i t i on  o c c u r s  acco rd ing  t o  the  c h e m i c a l  equat ion:  

F i g u r e  3 i s  a s c h e m a t i c  of t he  

M i c r o s p h e r e s  a r e  loaded in  the top  of the c h a m b e r ,  

An upward  flow of r e a c t a n t  g a s e s  

Decompo-  

500°C W F  t H Z ( e x c e s s )  - W t H F  t H 6 ( 5 )  (9 )  2(g)  

The  H F  g a s  is t r a p p e d  in N a F  pe l l e t s  and e x c e s s  hydrogen  i s  bu rned .  

l c r o s p h e r e s  a r e  r e m o v e d  f r o m  the  r e a c t l o n  c h a m b e r  by s topping 

flow of g a s ,  t he  c o a t e d  m i c r o s p h e r e s  then  fall into the  r e c e i v e r  at 

the  bo t tom of the  c h a m b e r .  

D i s c u s s i o n  

Ana lys i s  of the amoun t  of s h r i n k a g e  t h e  m i c r o s p h e r e s  e x p e r i e n c e d  as 

func t ions  of h e a t  t r e a t m e n t  w e r e  conducted.  

r e s u l t s  of t h e s e  e x p e r i m e n t s .  

i s  qu i t e  a change i n  m i c r o s p h e r e  s i z e .  

f o r  t h e s e  tests throughout  t he  e n t i r e  e x p e r i m e n t ,  and u p  to  I O O O " C ,  

the s p h e r e s  w e r e  i so l a t ed  in  a fixed posi t ion in  t h e  boat.  

v a l u e s  a r e  r e p o r t e d  f o r  the m i c r o s p h e r e s  b e c a u s e  the a v e r a g e  devia-  

t i on  is l e s s  t han  one p e r c e n t .  Above IOOO"C, the m i c r o s p h e r e s  w e r e  

f i r e d  in  a p l a t inum c r u c i b l e .  D i a m e t r a l  changes  w e r e  m e a s u r e d  

with a c a l i b r a t e d  m i c r o m e t e r  eyep iece  on a m i c r o s c o p e .  

F i g u r e  4 shows the  

It is obvious f r o m  th i s  t e s t  that  t h e r e  

T e n  m i c r o s p h e r e s  w e r e  used 

A v e r a g e  

Af te r  t h e s e  

s t s  w e r e  comple t ed ,  t h e  m i c r o s p h e r e s  w e r e  u s e d  f o r  c r u s h  s t r e n g t h  

e a s u r e m e n t s .  

Mechan ica l  i n t eg r i ty  of m i c r o s p h e r e s  is d e t e r m i n e d  by c r u s h  

s t r e n g t h .  ( 3 )  Brief ly ,  t h i s  m e a s u r e m e n t  is p e r f o r m e d  by placing a 

m i c r o s p h e r e  between two flat s u r f a c e s  and m e a s u r i n g  the  load  re -  

q u i r e d  to  b r e a k  o r  c r u s h  the  s p h e r e .  

s t r e n g t h  va lues  of the m i c r o s p h e r e s  f i r e d  at  v a r i o u s  t e m p e r a t u r e s .  

E s s e n t i a l l y ,  the shape  of the c u r v e  i s  i den t i ca l  t o  p r e v i o u s  e x p e r i m e n t s  

F i g u r e  5 shows the c r u s h  
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with o ther  mater ia l s .  ( 3 )  

the  high-fired s p h e r e s  a r e  c rys ta l l ine .  

values a r e  around 1500 g r a m s  at  1 0 0 0 "  to 1100°C. 

pera ture  the c r u s h  s t rength d e c r e a s e s  to  about 500 g r a m s .  

h igh- tempera ture  firing (1400°C and higher) ,  the  microspheres  

approach theore t ica l  density. 

The low-fired m a t e r i a l  i s  amorphous,  while 

Maximum c r u s h  s t rength 

Above this  tem-  

With 

Some high-density microspheres  were  coated with tungsten pr ior  to 
i r radiat ion.  Using the chemical  vapor  deposition process ,  a 20 

volume-percent  uniform tungsten deposi t  was achieved. 

enc i rc les  the 170Tm 0 microspheres  with a n  impermeable  meta l  

coating, which can be considered a s  the p r i m a r y  container  f o r  the 

radioact ive fuel. 

The tungsten 

2 3  

The c r y s t a l  s t r u c t u r e  of the microspheres  was determined by x - r a y  

ana lys i s .  Microspheres  which had been vacuum outgassed a t  500°C 

showed an amorphous s t ruc ture .  

1000"  and 1500°C were  analyzed; these  showed a cubic phase a t  both 

t e m p e r a t u r e s .  

oxide showed a continuous cubic phase f o r  thulium oxide. 

Microspheres  a i r -ca lc ined  a t  

Warshaw and Ray(5)  analysis  of the r a r e - e a r t h  sesqui-  

Conclusions 

The sol-gel  p r o c e s s  was successful ly  adapted to  the production of 

T r n 2 0 3  microspheres .  Thulia m i c r o s p h e r e s  were  significantly m o r e  

f rag i le  than s a m a r i a ,  promethia ,  neodymia, e rb ia ,  o r  plutonia-239 , 

m i c r o s p h e r e s  produced by the sol-gel  process .  

countered in  the vacuum outgassing of the microspheres  up to  500°C. 

A v e r y  slow controlled heat  r a t e  up to 400°C eliminated the cracking 

problem of the microspheres ,  and t h e r m a l  shocks a f te r  this  t r e a t -  

ment did not affect the microspheres .  

P r o b l e m s  were  en- 

Charac te r iza t ion  of the thulja m i c r o s p h e r e s  was performed.  

m u m  c r u s h  s t rength of about I500 g r a m s  was observed for  s p h e r e s  

calcined a t  1000" and 1100°C. X - r a y  analysis  of the microspheres  

shows an amorphous phase up to 500°C and a cubic phase existing at 

A maxi-  

- 1 9 6 -  



1000°C and  h igher .  

s e r v e d  between 2 0 0 "  and 400"C, and a n  o v e r a l l  sh r inkage  of about 

4 3 yo w a s d e  t e r m in e d f o r high - t e m p e r a t  u r e - c a 1 c ine d m i  c r o s p he  r e s . 

A v e r y  r ap id  sh r inkage  of about  2 0 %  was  ob- 

1 .  
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2. 

3 .  

4. 

5. 

Re fe rences  

C .  J .  Hardy ,  S. R. Buxton, and T .  E. Wi l lmar th .  Chemica l  

E l e c t r o n  Opt ica l  S tudies  on Sols,  Ge l s ,  and Oxide M i c r o s p h e r e s  

P r e p a r e d  f r o m  R a r e - E a r t h  Oxides .  

R a r e - E a r t h  R e s e a r c h  Conference ,  Gat l inburg ,  Tenn.,  175, 1967. 

C .  J. A m b r o s e  and R. L. Andelin.  P r e p a r a t i o n  of R a r e - E a r t h  

Oxide M i c r o s p h e r e s  by the  Sol -Gel  P r o c e s s .  T r a n s  Am.  Nucl. 

SOC. ,  lo, 429, 1967, MDAC P a p e r  No. 5002. 

C .  J. Ambrose .  C h a r a c t e r i z a t i o n  of S a m a r i a  and Neodymia 

M i c r o s p h e r e s  P r e p a r e d  by the  Sol -Gel  P r o c e s s .  P roceed ings  of 

t he  Seventh  R a r e  E a r t h  Conference ,  Coronado,  Ca l i f . ,  687, 1968, 

MDAC P a p e r  No. 5134. 

R. D. Al len  and  W.  M. L y s h e r .  Nuc lea r  Insulating P o w d e r s  

Evalua ted  with Radio iso tope  Sources .  P r e s e n t e d  t o  Am.  C e r a m i c  

S O C . ,  Sea t t le ,  Washington, 1969, MDAC P a p e r  No. 10, 201. 

I. Warshaw and  R.  Ray.  P o l y m o r p h i s m  of the  R a r e - E a r t h  Ses -  

quioxides.  J .  Phy .  Chem.  65 ( 1  1), 2048,  1961. 

P roceed ings  of the  Sixth 

- 1 9 7 -  



DISSOLVE TrnlN0313 c 
I N  WATER 

WASH PRECIPITATE AND AGE PRECIPITATE WITH 

E M O L A R  NHqOH 150% 
EXCESS1 

SOL AT 8o0c FOR 1 HR 

Figure 1. Sol-Gel Preparation of TmZOQ Microspheres 

HEAT I N  VACUUM A T  RATE 

OF 100OCIHR TO 5 d C  
c FORM MICROSPHERES A N 0  

D R Y  I N  ALCOHOL FOR 0 5 HR 

68-812 

CALClNE IN A IR  A 1  
130OoC OR HIGHER 

Figure 2. Sol-Gel Trn2O3 Microspheres (-180 Microns) 
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Figure 3. Chemical Vapor Deposition Apparatus 
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Figure 4. Shrinkage of Microspheres as a Function of Temperature 
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Figure 5. Crush Strength of TmZOB Sol-Gel Microspheres 
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PROPERTIES OF THULIUMAXIDE MICROSPHERES 
PREPARED BY SOL-GEL METHODS* 

S. R. Buxton, M. H. Lloyd, and T. E .  Willmarth 

Oak Ridge National La- 

/ 
Tenn--?7830 

ABSTRACT 

The sintering behavior of thulium oxide microspheres prepared by sol-gel Q echniques has been investigated. In these studies, the micelles of the hydrosols 
used to prepare the microspheres varied from highly distinctive crystalline forms to 
very small amorphous particles. 

A procedure for preparing lanthanide oxide microspheres of controlled 
particle size by sol-gel techniques has been previously described. This procedure 
utilizes highly crystalline sols; however, with suitable modifications, i t  can also be 
used to prepare microspheres from sols composed of small amorphous particles. 

Several properties relative to sintering behavior were found to be functions 
of the sol crystalline habit. The results suggest ttmt the characteristics of lanthanide 
oxide microspheres con be tailored to provide the desired variations in crushing 
strength, density, porosity, and densification temperature. 

INTRODUCTION 

Calcined microspheres of lanthanide oxides, prepared by sol-gel techniques 

have characteristics that are desirable in  certain types of scientific investigations. 

The potential usefulness of these materials has stimulated interest in their production. 

A process for preparing lanthanide hydroxide sols composed of crystalline Q 
micelles and for converting these sals into lanthanide oxide microspheres of con- 

trolled size has been described previously.' An essential part of the original 

procedures consisted of 'digesting freshly precipitated lanthanide hydroxide to convert 

the amorphous solids into small crystullites which spontaneously changed the 

*Research sponsored by the U. 5. Atomic Energy Commission under contract with the 
Union Carbide Corporation. 



gelatinous 

formed from the amorphous solids and that microspheres formed from these "amorphous 

sols" have noted differences in  sintering behavior as compared with microspheres 

formed from "crystalline sols". The capability of producing "amorphous sols" not only 

makes i t  possible to prepare microspheres with a variety of properties, but i t  also 

extends the versatility of these techniques to the heavy lanthanide elements which 

have long crystallization conversion times.2 The investigations reported in this 

paper were made with thulium hydroxide, which remains amorphous for greater than 

five months a t  room temperature but most of which converts to rectangular crystal- 

line platelets when digested at  80°C for 24 hr. 

solids into a very f lu id sol. It h a s  been found that f lu id sols can be 

Microspheres formed from "amorphous sols" and calcined at  1000°C were 

relatively dense (- 85% of the theoretical crystal density) and exhibited unusually 

high crushing strengths. Microspheres formed from "crystalline sols" and calcined 

a t  1000°C were very weak and porous with essentially a l l  the voids connected to 

the sphere surface through pores of uniform diameter; calcination a t  1450°C was 

required to sinter these microspheres to high density and good strength. Micro- 

spheres prepared from mixed "amorphous and crystalline sols" had somewhat inter- 

mediate properties but were more nearly l ike those produced from "crystalline sols". 

EXPERIMENTAL 

The rare earth sol process used in these experiments has been described 

previously.' Briefly, this procedure involves precipitation of the metal hydroxide 

by adding a dilute solution of the metal nitrate to a large excess of 8 M  N H  OH, 

washing the precipitate unti l the final wash water pH i s  9.0 - 9.5, and digesting 

the gelatinous precipitate to convert i t  to a f lu id  sol which can be concentrated 

and formed into microspheres. All  of the lanthanide hydroxides originally form as 

small, amorphous particles 20 to 50 1 in diameter which are converted to small 

crystallites during the digestion step. It i s  this conversion to crystalline micelles 

that produces the sol. The time required for the conversion process increases with 

4 
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increasing atomic number and varies fr0m.a few minutes for the lightest lanthanides 

to days,and even months for the heaviest lanthanides. 
2 

It was found that crystallization was not necessary but that f lu id sols can also 

be made by vigorous agitation of the washed, gelatinous precipitates. These sols 

composed of amorphous materials ore referred to as "amorphous sals". With the 

exception of lanthanum, cerium, praseodymium, and neodymium hydroxides which 

convert to crystalline material in 1 to 4 hr, most of the lanthanide hydroxide sols 

in this manner retain their amorphous characteristics for long periods of 

ime. 

Amorphous thulium hydroxide sols prepared for these studies did not 

crystallize within 5 months at  25OC. Since most sols were formed into microspheres 

within 24 hr, thulium hydroxide was completely amorphous. The 20 to 50 J. par- 

ticles comprising a typical thulium hydroxide sol of this type are shown in Fig. 1. 

Electron diffraction patterns of this material show only brwd, diffuse lines, which 

are characteristic of amorphous moterial. 

Thulium hydroxide sols composed primarily of crystalline particles and 

referred to in this paper as "crystalline sols" were prepared by  digesting the washed 

hydroxide precipitate for 24 hr a t  8OOC. An electron micrograph (Fig. 1) illustrates 

the extremely thin rectangular platelet farms, varying from about 2000 to 4000 9 
an a side, that are present. Same small, unconverted amorphous-appearing particles 

can also be seen; however, i t  has been found that further aging does not completely 

iminate amorphous material and frequently results in the formation of unstable 

Since the "crystalline sals" were very f lu id they were concentrated to -0.8 M - 
by evaporation a t  8OOC. The "amorphous sals" were not quite so fluid and -0.4 M 

sols were used to form microspheres. Microsphere farming techniques have been 

described p r e v i o u ~ l y ' ' ~  and w i l l  not be discussed here. The drying solvent used to 

convert the sols to gel spheres was composed of 80-20 vol % mixture of 2-ethyl-l- 

hexanol and 2-octonol containing 0.1 vol Yo Span 80 (Atlas Powder Co.) and 0.2 vol Yo 

- 
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Amine-0  (Geigy Chemical Co.). The gel microspheres were a i r  dried a t  100°C to 

remove residual solvent prior to calcination. Typical products calcined a t  145OOC 

are shown in Fig. 2. 

The major objective in this study was to evaluate microspheres that were 

prepared from "amorphous," "crystalline," and mixed "amorphous-crystalline" sols 

and that were calcined a t  1000, 1200, and 145OOC. The calcined products were 

evaluated by optical microscopy, X-ray diffraction, and transmission and scanning 

ectron microscopy. Density, pore volume, and pore size distribution were deter- 

ined by mercury porosimetry. Crushing strengths were determined for spheres 

260 p in  diameter. 

RESULTS A N D  DISCUSSION 

Products w i th  relatively high densities, low porosities, and excellent 

crushing strengths are obtained when spheres prepared from "amorphous sols" are 

fired a t  temperatures as low as 1000°C. On the other hand, spheres prepared from 

"crystalline sols" exhibit very low density; low crushing strength, and high porosity 

on being fired a t  1000°C. This difference appears to result, primarily, from dif- 

ferences in  the geometric arrangement of the crystallites i n  the gel sphere since 

after f i r ing there i s  no significant difference in crystall i te size, as determined b y  

X-ray l ine broadening and since the oxide form was determined to be greater than 

90% cubic Tm203 (Ao = 10.488) in  a l l  cases. 

Several other variations in microsphere properties are indicated by  the data 

given in Table 1 .  The density of spheres prepared from "amorphous sols" increases 

only slightly (i.e., from 86% of theoretical* to 90% of  theoretical) when the f i r ing 

temperature i s  increased from 1000°C to 145OOC. O n  the other hand, products ob- 

tained from "crystalline sols" have a very low density on f i r ing a t  1000°C (i.e., 

33.5% of  theoretical) but exhibi t  almost theoretical density (99.5%) on f i r ing a t  

1 45OOC. 

*Theoret ica I crysta I density. 
-205-  



Table 1. Properties of Tm203 Microspheres Prepred from Thulium Hydroxide Sols 

Calcination Temperature ("C) 
1000 1200 1450 

Microsoheres Preoared from "Amorohous Sols" 

Density 7.63 8.12 7.96 
% theoretical crystal density" 85.9 91.4 89.6 
Surface-connected porosity, % 9.5 3 .O 2.7 
Crushing strength! g 1860 1800 624 
Crystallite size, A 300-360 730-850 1350-1440 

Microspheres Prepared from "Crystalline Sols" 

Density 2.98 3.82 8.84 
% theoretical crystal density 33.5 43.0 99.5 
Surface-connected porosity, % 64.6 58.5 0.64 
Crushing strength! g < 170 < 180 745 
Crystallite size, b 350-575 725- 1035 1 100- 1580 

Microspheres Prepared from Mixed "Amorphous-Crystalline Sols" 

Density 4.14 4.08 8.53 
% theoretical crystol density 46.6 45.8 96.1 
Surface-connected porosity, % 55.7 56.1 0.5 
Crushing strength! g < 180 1 85 584 
Crysta I I i te size, 4 530-850 830-1330 1370-1625 

3 4 
at  25OC. *Density of Tm 0 i s  considered to be 8.884 g/cm 2 3  
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Microspheres prepared from "amorphous sols" exhibit a high loss in crushing 

strength from 1860 g for 260-p-diam spheres calcined a t  1000°C to only -600 g 

for spheres calcined at  145OOC; however, this agrees favorably with the strength 

of 1450OC microspheres prepared from "crystalline sols" and calcined a t  145OOC. 

Microspheres formed from "amorphous sols" exhibit a decrease in  surface 

connected porosity from 9.5% a t  a calcination temperature of 1000°C to 2.7% 

a t  145OOC with very l i t t le increase in particle density. This suggests a tendency 

for surface connected pores to seal at  120OOC or less. This behavior would inter- 

fere with normal pore shrinkage and prevent migration of internal voids to the 

surface which occurs in "crystalline sol" material. 

Scanning electron micrographs and electron micrographs of replicas of ex- 

ternal sphere surfaces demonstrate a substantial difference in the suiface appear- 

ances of the two types of products (Fig. 3). Spheres prepared from "amorphous 

sols" exhibit an extremely rough platelet type of surface, whereas spheres pre- 

pared from "crystalline sols" are characterized by a relatively smooth surface. 

Electron micrographs of replicas of fractured surfaces of microspheres calcined 

a t  1000°C and at  145OOC are shown in Fig. 4. Fractographs of both types of 

spheres calcined a t  1000°C present the same general appearance and indicate 

approximately the same crystallite size. The fractograph of 1450OC-fired spheres 

prepared from ''amorphous sols" shows several spherical voids. The largest void 

has an apparent diameter of about 6000 i. In these and other fractographs, voids 

of this size are prevalent in  products prepared from amorphous material, but are nearly 

absent in products made from crystalline material. Fractured surfaces of microspheres 

prepared from "amorphous sols" indicate a highly stressed internal structure and 

possibly numerous stacking faults and dislocations. These surfaces look very much 

like those seen in broken fragments of untempered glass. There i s  also an indica- 

tion of greater grain growth for these spheres than for those prepared from "crystal- 

line sols". 

- 2 0 8 -  
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Pore size analysis indicates another difference in the two products. Spheres 

prepared from amorphous material exhibit pore diameters that vary from 0.01 to 

nearly 20 microns; size distribution appears to be random within this range. In con- 

trast, pore diameters of spheres prepared from "crystolline sols ' are quite uniform 

and usually are within * 0.1 p although the pore size does vary from sol to sol 

within the range of 0.1 to 0.5 p. 

Spheres formed from "amorphous sols" tend to crack during calcination. This 

q ndesirable property i s  dependent an particle size. For example, crack-free spheres a i th diameters of about 300 p con be produced; however, most of the spheres with 

larger diameters w i l l  be cracked. Spheres prepared from crystalline muterial do 

not exhibit this phenomenon. 

Spheres prepared from mixed "amorphous-crystalline sols were very much 

l ike those prepared from "crystalline sols" in most respects. However, the densities 

of products calcined ot 1000°C and a t  12OOOC were higher (see Table l ) ,  and most 

of the spheres with diameters as large as 450 p did not crack during calcination. 

Crushing strength was not improved to a practical extent, and a fir ing temperature 

of 1450'C was required for high density. Pore size distribution was similar to that 

observed for spheres prepared from "crystalline sols". 

- 2 1 1 -  
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STUDIES O F  THE EUROPIUI\4-OXYGEN-FLUORINE 
AND SAMARIUM-OXYGEN-FLUORINE SYSTEMS": 

l i .  G. Bedford and E. Catalan0 
L awr en c e Rad i a t ion Labor a t  ory, Un ive r s i ty of Calif o r  n ia 

Livermore, California 94550 

ABSTRACT 

A portion of the ternary system Eu-Eu203-EuF3 has  been in- 
vestigated by equilibrating EuO-EuF3 and EuO-EuFg mixtures at 
1500°C and examining the products with a polarizing microscope and by 
.-ray diffraction. The composition of the liquid-solid boundary was @ ot measured directly, but has  been estimated. A phase diagram i s  
presented for  that par t  of the system studied. 
a r e  formed with Eu in an oxidation s ta te  lower than +3 in samples  
cooled f rom 1500°C. 

No ternary compounds 

Several compositions of the Eu203-EuF3 and Sm203-SmF3 binary 
sys tems were examined using differential thermal  analysis and x- ray  
powder diffraction. In these systems,  at l eas t  one intermediate phase 
(and probably two o r  more)  in addition to LnOF i s  stable. These addi- 
tional phases a l l  l ie  on the fluoride side of LnOF. 
above 600"C, solid solutions extend approximately from LnOOa8 t o  
Ln00.6 F1.8' 

At temperatures  

INTRODUCTION 

A few years  ago we observed anomalous magnetic behavior in 
1 EuF2 which was associated with t race  impurities in the single crystals .  

The magnetic and optical propert ies  of the inclusions in the EuF2 
crystals  did not appear  to correspond to any known Eu compound. 
prompted u s  to investigate the Eu-EuF3-Eu203 system to attempt to 

This 

identify the impurity since oxygen seemed to be the most probable con- 
inant. The EuF2-EuF3 and the EuO-Eu203 binary sys tems have 

2 -5  en described in detail elsewhere. 
Bevan et  aL6 have discussed the lanthanon oxyfluorides and r e -  _-  

viewed the l i t e ra ture  on these systems.  
ported for  a l l  of the Ln elements and Y b  and the s t ruc tures  for  the stoi- 

chiometric MOF compounds a t  room temperature  for  a l l  but Ce, Tm, 

Yb, and Lu seem to be established a s  the rhombohedral LaOF- type 

Oxyfluorides have been r e -  

XVork performed under the auspices of the U. S. Atomic Energy 
Commission. 
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THE E u F 2 - E u 0  SYSTEM 

E u F 2  w a s  prepared  by hydrogen reduction of EuF3 in a Mo con- 
EuO was  made  by reduct ion of h 2 0 3  by Eu in a sea led  Mo ta iner .  

capsule. 
and 5. 

t ron bombardment  welding (EB&). 
1500°C in a vacuum induction furnace,  held a t  that t empera ture  f o r  a t  
l e a s t  2 h r  and cooled quickly by turning off the power and introducing 
argon or helium. 

These  m a t e r i a l s  a r e  descr ibed  in m o r e  detai l  in Refs, 2 

Mixtures  of EuO and E u F  .'. w e r e  encapsulated in Mo by e lec-  
The samples  w e r e  heated to 

About 2 .min  w e r e  requi red  f o r  the tempera ture  to 
@all below 750°C. The resul t ing products  w e r e  examined by x - r a y  

The EuF2 -EuO mixtures  had a l l  completely melted. Micro-  

owder diffraction and opt ical  microscopy.  

scopic  examination of the products  showed the composition 0.4 EuF2- 
0.6 EuO to be very  near  the eutect ic .  Samples  with l a r g e r  proport ions 
of E u F  showed the eutect ic  s t r u c t u r e  in a m a t r i x  of EuF2.  X - r a y  

ana lys i s  showed the products  of all of these  r u n s  to be EuO (cubic), 
a = 5.14 

2 

3' and E u F 2  (fcc), a = 5.84 4 

THE E u F 3 - E u 2 0 3  AND SmF3-Sm203 SYSTEMS 

Mixtures  of EuF3 and Eu203 o r  S m F  and Sm2O3 w e r e  sea led  in  
Pt-lOO/oRh capsules  by EBW and heated to 7500'C in  a n  induction f u r -  
nace.  The products  w e r e  c rushed  and r e s e a l e d  in Pt- IoRh caps-ules, 
again heated to 1500°C for 2 h r  and rapidly cooled by turning off the 
furnace  power. 
f luorides  which had been heated i 
ination and s t o r e d  in des icca tors? j5  

Star t ing m a t e r i a l s  w e r e  nominal 99.9% oxides and t r i -  
air o r  under  H F  to r e d u c e  contam- 

Samples  f r o m  the above prepara t ions  w e r e  examined by x - r a y  
wder  diffraction, opt ical  microscopy,  and DTA. A descr ipt ion of the 

apparatus  and procedures  is given in Ref. 3. Samples  f o r  DTA 
e encapsulated in Pt-lORh conta iners  by EBW in a vacuum of 

torr .  Measurements  w e r e  m a d e  a t  heating r a t e s  of 10°C min- '  
f r o m  200" to 1500°C. 

Our observat ions on E u F  - E u 2 0 3  and SmF3-Sm203 a r e  insuffi- 3 
c ient  to provide a complete  understanding of these  sys tems.  
composi t ions in each s y s t e m  w e r e  studied. 

provide useful  information because  of the s imi la r i ty  of the appearance  
of all phases  under  e i ther  unpolarized o r  polar ized light. 

Seven 
Optical examination did not 

Refract ive 

" The composi t ions a r e  plotted in Fig. 2. 
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index measurements  would be required to distinguish between the var i -  
ous phases. 
below 15OO0C, melting was observed only for  compositions r ich in t r i -  
fluorides. 
help to provide a bet ter  understanding of these systems.  
of our observations and interpretations is given in Table I, and a tena- 
tive phase diagram for  the Eu203-EuF3 sys tem is  presented in Fig. 1. 
Other possible phase diagrams a r e  consistent with the observations. 
The drawing i s  presented pr imari ly  to descr ibe the general  behavior of 
the binary system and to define assumptions used in interpreting the 
Eu-EuF3- Eu203 te rnary  system. 

SmOF and at  503°C for  EuOF (Table I). The temperatures  f o r  tbese 
effects a r e  in good agreement with those reported by Brauer  f o r  the 
rhombohedral- cubic transitions in oxyfluorides of La, Nd, Sm, and 
Gd.14 
with the value for  Sm close to 500°C. 
481°C in the sample with composition 
same transition, lowered in temperature  by solution of fluoride. 

Since DTA measurements  were  limited to temperatures  

However, we did observe a number of effects which may 
A summary  

Reversible  thermal  effects were  observed beginning a t  501°C f o r  

Brauer  found these transitions in the range f rom 450 to 550°C 
The thermal  effect beginning a t  

is probably due to the 

X-ray analyses indicated that except for  the sample of stoichio- 
met r ic  SmOF, the Sm oxyfluoride mixtures  did not reach equilibrium. 
Mixtures of composition Sm00.9F1.2, Sm00.8F1.4 and Sni00.7F1.6 ap- 
peared to be mixtures  of SmOF (rhombohedral) + Sm203 (bcc) af ter  
heating a t  1500°C as described above. We observed thermal  effects in 
these samples  which were  s imi la r  to those seen in the Eu samples, but 
with lower intensities. 

The Eu203-EuF3 system was apparently bet ter  behaved than the - -  
corresponding Sm system, although it is possible that the effects ob- 
served in both sys tems correspond to metastable equilibria. 
tion of the thermal  effect a t  720°C for  Eu00.9F1.2 and Eu00.8F1.4 and 
the absence of the rhombohedral- cubic transition in Eu00.8F1.4  implies 
the existence of an intermediate compound such as  that reported by 
Brauer14 for  the Sm system. 
E u O ~ . ~ F ~ . ~  was due to melting, confirmed by visual inspection of the 

Observa- 

The thermal  effect a t  1293°C for  
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s a m p l e s  which had been heated to 1500°C in sea l ed  Pt-lORh con ta ine r s  
before  being loaded into the DTA capsu le s .  
a l so  w a s  completely melted a t  1500°C and none of the o the r  s a m p l e s  
showed any evidence even of pa r t i a l  mel t ing a f t e r  being heated to 
1500°C. 

that the eutect ic  composition lies v e r y  c l o s e  to 

The Sm00 .3F2 .4  sample .  

The s m a l l  t e m p e r a t u r e  r ange  of the the rma l  effect  indicates  

The  d i sappea rance  of the t h e r m a l  effect  co r re spond ing  to the 
rhombohedral-  to-cubic t r ans i t i ons  of the s to i ch iomet r i c  oxyfluorides in 
s a m p l e s  of higher  f luoride concentrat ion i s  a t  v a r i a n c e  with the  x - r a y  

su l t s  which indicates  the p r e s e n c e  of LnOF ( rhombohedra l )  a t  r o o m  
n i p e r a t u r e  f o r  a l l  composi t ions down to Ln00.6F1.8 in both the S m  

and Eu s y s t e m s .  A possible  explanation f o r  this d i sc repancy  i s  that  
phases  identified as SmOF ( rhombohedra l )  and EuOF (rhombohedral)  in 
the f luo r ide - r i ch  s a m p l e s  w e r e  actual ly  compounds with c lose ly  r e l a t ed  
s t r u c t u r e s  in the composi t ion r ange  Ln00 .9F1 .2  to Ln00.6F1.8.  
s t r u c t u r e s  of all of t hese  phases  r e p o r t e d  by B r a u e r  a r e  c losely r e l a t e d  
to the f luo r i t e  s t r u c t u r e .  l 4  Our  spec imens  could a l s o  be composed of 
phases  quenched in f r o m  sol id  solution r eg ions  a t  higher  t e m p e r a t u r e s .  

Attempts  to p r e p a r e  an oxyfluoride Eu 0 F (Eu01.33F0.33)  anal-  
ogous to the phase  E u 3 0 4 R r  r e p o r t e d  by Barnighausenf  w e r e  unsuc-  
cessful .  Mixtures  on the oxide s i d e  of EuOF yielded EuOF (rhombohe-  
d r a l )  plus  E u 2 0 3  (monocl inic)  in all c a s e s  when annealed a t  15OOOC and 
quickly cooled. 

The 

3 4  

The s i m i l a r i t y  between the oxyfluoride s y s t e m s  and the r educed  
In the oxyfluoride s y s -  

have r e -  
f luoride s y s t e m s  i s  worthy of s o m e  attention. 

7 s, Bevan, B r a u e r  and co-workers6’  l 4  and Zacha r i a sen  
r t e d  solid solut ions and o t h e r  phases  a t  high t e m p e r a t u r e s  with s t r u c -  

t u r e s  based  on an f c c  f luori te  la t t ice .  

the O-’ and F- mus t  be  dis t r ibuted randomly on the anion s i t e s .  The 
predominant  l a t t i ce  defects  i n  a number  of non-stoichiometr ic  oxides,  
f luorides ,  and oxyfluorides based  on  the f luo r i t e  s t r u c t u r e s  are in t e r -  
s t i t i a l  anions o r  anion vacancies .  l7 In t e r s t i t i a l  anions have been shown 
to be the p r i m a r y  l a t t i ce  defect  in s e v e r a l  such solid solut ions involving 

In the cubic oxyfluoride phases ,  

~ 
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2,17-20 The a lanthanon trifluoride in a difluoride or an oxyfluoride. 
cation sublattice in these sys tems i s  essentially ideal. 

Because of the energy involved in anion-cation separation, it i s  
unlikely that configurations which do not sat isfy local charge compen- 
sation will be significant in these systems.  
and fluoride ions a r e  randomly distributed on the anion lattice sites, 
satisfying the condition that unit cells with excess  oxide ions contain 
corresponding anion vacancies and cel ls  with excess  fluoride ions con- 
tain corresponding inters t i t ia l  ions. F o r  solid solutions containing ex- 
cess  LnF3 which have ei ther  the fluorite o r  a closely related s t ructure ,  
the extra  fluoride ions a r e  introduced a s  pairs ,  one substituting for  an 
oxide ion and the other  a s  an associated inters t i t ia l  ion. 
s t ruc ture  involving order ing of these "defects" requi re  interdiffusion of 
the anions. 
m o r e  difficult in these sys tems a s  the interstitial s i tes  a r e  filled. 

In LnOF (fluorite) the oxide 

Changes in 

A s  pointed out by Brauer,14 dimorphic transitions become 

In the reduced fluoride sys tems with compositions LnF2+,, the 
excess  F- ions a r e  introduced a s  associated pa i rs  of inters t i t ia l  F- 
ions and trivalent cations. Phase changes in these sys tems should 
occur  more  readily because they requi re  only local  rearrangements  of 
anions and electron t ransfers .  In fact, the manifestation of this be- 
havior is  observed in the difference between DTA thermograms for  the 
difluoride-trifluoride, and the oxide-fluoride systems.  The hys te res i s  
f o r  non-stoichiometric samples  is much more  pronounced for  the oxy- 
fluoride mater ia l .  

THE TERNARY SYSTEM IN THE REGION BOUNDED 
B Y  THE COMPOSITION EuF2- EuF3 -Eu303- EuO 

Compositions within the te rnary  field were  prepared by equili- 
brating mixtures  of EuF3 and EuO. 
either Mo o r  Pt-1ORh crucibles, 
EuO already described. 
for  which the EuO/EuF 
bles  f o r  mixtures  with %uO/EuF3 < 0.82. 
stions were  heated in both kinds oTcontainers. 
a t  1500°C in an induction furnace for  a t  l eas t  2 h r  before being cooled 
rapidly. 

The mixtures  w e r e  encapsulated in 
and 

Molybdenum crucibles were used for  mixgures 

Several intermediate compo- 
The samples  were held 

Starting mater ia l s  were  the E u F  

mole ratio-exceeded 0.43 and Pt- 10% cruci-  
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The products  of the equi l ibrated mix tu res  of E u F 3  and EuO w e r e  
examined by x - ray  powder diffract ion and opt ical  mic roscop ic  
techniques.  

Optical  identification of EuO and E u 3 0 4  is unambiguous because  
no o the r  phases  in this s y s t e m  appea r  s i m i l a r  to e i t h e r  of t hese  m a t e -  
rials. F luo r ides  on the divalent s ide  of a r e  t r anspa ren t ,  nea r ly  
co lo r l e s s ,  and non-birefr ingent .  F luo r ides  f r o m  E u F  to E u F  are  

t r anspa ren t ,  l ight  brownish-yellow and weakly birefr ingent .  Composi- 
t ions f r o m  E u F  to E u F  a r e  t r anspa ren t ,  nea r ly  c o l o r l e s s  and 
br ight ly  birefr ingent .2  It is difficult to detect  s m a l l  concentrat ions of 

EuO in  Eu304 o r  of E U F ~ + ~  in one of t he  o the r  t r a n s p a r e n t  c o l o r l e s s  

phases .  
E u  0 without using m o r e  sophis t icated techniques than those applied 

in  th i s  study. 
phases  o t h e r  than Eu304.  

of one of the t r ivalent  s p e c i e s  o r  of E u  0, in any of the o the r  phases .  3 4  

2 . 1  2.3 

2.3 3 

It is not possible  to distinguish between EuF3, EuOF, and 

8 
2 3  

However,  ve ry  sinall amounts  of EuO can be  detected in 
It is a l so  e a s y  to detect  v e r y  s m a l l  amounts  

The  composi t ions of the f luorides  found in the products  w e r e  ob- 

ta ined f r o m  x - r a y  l a t t i ce  p a r a m e t e r s  using data  r epor t ed  in Ref. 2.  
a number  of runs ,  mic roscop ic  examinat ion indicated the p r e s e n c e  of 

In 

m o r e  than one f luoride composition. For  these  cases, x - r a y  powder 
diffract ion pa t t e rns  w e r e  taken for  s e v e r a l  s amples .  The x - r a y  da ta  
conf i rmed  that two different  f luoride composi t ions w e r e  p re sen t  in 
s o m e  of the products,  and t h r e e  f luo r ide  composi t ions w e r e  found in  
one sample .  
s a m p l e s  depends upon the phase boundary s u r f a c e s  in the s y s t e m  and 
the c rys t a l l i za t ion  paths.  
equi l ibr ium was  not n e c e s s a r i l y  maintained and more than t h r e e  phases  
w e r e  found in  s o m e  of the products .  

The  composi t ion of c rys t a l l i ne  p roduc t s  in rapidly cooled 

Since o u r  s a m p l e s  w e r e  cooled rapidly,  a 
T h e  in t e rp re t a t ion  which is m o s t  consis tent  with the t e r n a r y  

equi l ibrat ion da ta  and the avai lable  information about the t h r e e  binary 

s y s t e m s  is i l l u s t r a t ed  in Fig.  2.  
C0NCLUSIONS 

The t e r n a r y  equi l ibr ia  i n  the  E u - 0 - F  systems a r e  well  es tabl ished 
a t  15OO"C, with the following except ions:  The s t r u c t u r e s  and exact  
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composition of the oxyfluoride phases  in the r ange  “Eu00.6F1.8 to 
Eu00.8F1.2 a r e  unknown. 
r ange  is uncertain.  
sumption that the E u F  -Eu203  sys t em is binary and is co r rec t ly  r e p -  
r e sen ted  in Fig. 1. 
E u F  - E u O  joins can be est imated with f a i r  reliabil i ty,  but the liquid- 
solid phase  boundaries in the intermediate  region is pure  speculation. 
The products of the EuF -EuO react ions a l l  appeared to have been com- 
pletely melted, but s ince the samples  w e r e  not c rushed  and reheated 
nor  analyzed by DTA, the possibil i ty that s o m e  of these compositions 
could have been only par t ia l ly  liquid at  1500°C cannot be  excluded. The 
d i ag ram is drawn a s  if t he re  is only one liquid phase, but t h e r e  is no 

d i r ec t  evidence fo r  this.  
anion-rich and me ta l - r i ch  l iquids such as the miscibi l i ty  gaps found in  
o the r  lanthanon-lanthanon-halide sys t ems .  21-27 The  region of the 

sys t em on the me ta l - r i ch  s ide of EuO-EuF2 has  not been investigated.  

In fact, even the number of phases  in this 
The phase d i ag ram (Fig.  2 )  is drawn on the a s -  

3 
The liquidus points on the EuF3-Eu203  and 

2 

3 

6 
There  may  be  a miscibi1ity;gap between 

There  is c l ea r ly  no evidence f o r  a t e rna ry  compound in this  sys -  
It is possible that one tem other  than those between EuF3 and Eu203. 

or m o r e  o the r  t e r n a r y  compounds may  exist, but w e  think that this  is 
unlikely as the i r  was no sign of such a phase in any of the preparat ions,  
nei ther  those that w e r e  cooled rapidly no r  those cooled slowly. 

The optical  and x - ray  propert ies  of the th ree  oxide phases  p re -  
pared in the p re sence  of f luorides  a r e  identical  to those observed for 
samples  in which no f luoride was present .  
f luorides  fo rmed  in the p re sence  of oxides or oxyfluorides a r e  identical  
to  those of f luorides  f o r  which analysis  indicated negligible oxygen con- 
tent,  Therefore ,  we believe that the solubili ty of f luorides  in any of the 
oxide phases  o r  of oxide in the f luorides  is ve ry  s m a l l  in the c rys t a l l i ne  
s ta te .  
equilibrated with reduced f luorides  s i m i l a r  to  the color  changes ob- 
s e rved  when lanthanon sesquioxides a r e  par t ia l ly  r e d ~ c e d , ~ ’ ~ ~  par t ia l ly  
reduced or anion- deficient lanthanon oxyfluoricles may not be  stable.  
One would have expected to obse rve  solid solutions based on the f luori te  
s t ruc tu re  with anion vacancies,  par t icular ly  in the Eu system. 

Also; the p rope r t i e s  of the 

Since t h e r e  w e r e  no color  changes in the oxyfluoride samples  
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Table I. X-ray and DTA resu l t s  f o r  the E u 2 0 3 - E u F 3  system. 

X-ray powder DTA resul ts  
diffraction analysis Temperature  Peak 

Composition of products rang e height"' 

E u O F  E u O F  (rhomb) 503- 505°C 5.3 
E u O F  (rhomb) + wk lines 481- 498 1.8 

718- 734 1.5 

E u O F  (rhomb) + wk lines 721- 734 4. I 

EuOo. 9 F1. 2 

Eu00.8F1.4 
EuoO. 7 1.6 
EuoO. g F  1.8 

E u O F  (rhomb) + E u F 3  (orth) 505- 522 1.0 

E u F  (or th)  + wk lines 568- 588 0 . 5 :*: ::. Eu00.3 F2.4 3 

E u O F  (rhomb) i E u F 3  (orth) 553- 578 0.7 
+ wk l ines  

1293-1315 8.8 
776- 806 "3 

1180- 1258 21.9 

SmOF SmOF (rhomb) 501- 508 7.7 

' Peak heights normalized to average sample s ize  of 0.4 g, assum-  
ing peak height direct ly  proportional to m a s s  of sample. 

.I_ _I. ,,. ,,. 
Peak detectable only on cooling. 
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Eu203(mono 1 1 EuOF(cuh) 

+ I +  
EuOF ( c u b )  I(EUoOeFI 4 )  

I (P) 
I 
C r -  
I EuOF (cub 1 

Fig. 1. The b ina ry  system Eu203-EuF3 .  

E'203 EuOF ksS.?-+/ E u F ~  

Fig. 2.  A sec t ion  of the t e r n a r y  s y s t e m  Eu-Eu203-EuF3  at 1500°C. 
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The Relative S t a b i l i t i e s  of the  B and C Forms 
of sm203 ,  EU203,  and Gd203* 

by 

George C. Fitzgibbon, Daniel Pavone, and Charles E. Holley, Jr. 

Abstract 

The enthalpies  of solut ion of the B (monoclinic) and C 
(cubic) types of  Sm203, Eu2O3, and Gd2O3 have been measured i n  
hydrochloric acid,  and of Eu2O3 i n  n i t r i c  acid. It appears 
that for Eu2O3 and G d 2 O 3  the C form i s  the s t ab le  form at 38 K 
and f o r  SmzO3 there  remains considerable uncertainty.  

Introduction 

The sesquioxides of t h e  r a re -ea r th  elements are  known t o  e x i s t  at  
room temperature i n  one or more c rys t a l l i ne  modifications of hexagonal, 

monoclinic, or cubic s t ruc tu re  generally designated as type A, B, and C 

respect ively (1). 
high temperature modifications of these oxides. The r e l a t i v e  s t a b i l i -  
t ies  of the low temperature forms of the  oxides have been rather well 
es tabl ished except for Sm2O3, Eu203, and Gd.203. These th ree  oxides may 
be obtained i n  both the B and C forms depending upon the  temperature of  
preparation. Thermal decomposition of the hydroxide, oxalate,  e t c . ,  at 
r e l a t i v e l y  low temperatures, depending upon the  pa r t i cu la r  r a r e  e a r t h  
element, r e s u l t s  i n  the formation of t he  cubic or C-form oxide. A t  

higher decomposition temperatures the monoclinic or B-form is  obtained. 
Subsequent heating of t he  C-form t o  higher temperatures results in 
transformation t o  the B-form which i s  re tained a t  room temperatwe. 
The question then is  whether or not t he  C + B transformation i s  revers-  
i b l e  and which c rys t a l l i ne  modification is  thermodynamically s t ab le  at 

Foex and coworkers (2 )  have shown that there are a l s o  

’‘ Work supported by the U. S. Atomic Energy Commission. 
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r o o m  temperature. 
Experimental observations reported i n  the l i t e ra ture  lead t o  con- 

f l i c t i n g  answers t o  these questions. Thus, the C-form is  obtained by 
thermal decomposition of salts a t  re la t ively low temperatures, and the 

B -t C t rans i t ion  f o r  E u 2 O 3  and G&O3 at 950°C has been observed ( 3 ) ,  
indicating the C-form t o  be the stable modification. Contrariwise, 
Bre.uer has obtained the B-form of these oxides a t  &"C by precipitation 
from molten anhydrous a l k a l i  n i t ra te  s a l t  baths (4). 
investigators have not been able t o  observe the B --* C t ransi t ion on 

Also, most 

01% from high temperatures. In addition, the tempemture of the C - 8 B t ransi t ion appews t o  vary with the ra te  of heating, the salt from 
which the oxide was prepared, i t s  pr ior  t rea tmnt ,  and the enclosing 
atmosphere. Such variation of the t ransi t ion temperature implies that 
it is  not a t rue  equilibrium temperature, but rather represents a tran- 

s i t ion  from a meta-stable C-form t o  a s table  B-form. Further, applying 
the relationship between the volun~ change and heat of formation (5), 
we note the density of the B-form is greater than that of the C-form of 
these oxides and therefore expect a more negative heat of formation f o r  
the B-form compared t o  t h a t  of the C-form. 

A precise thermodynamic answer is not yet possible because the 
necessary data axe not available, 
enthalpy of t rans i t ion  f o r  s m 2 0 3  ( 6 ) ,  neither the entropies nor the 
enthalpies of t ransi t ion have been masured. 
report an enthalpy of t rans i t ion  of S-03 (6) which difYers considerably 
from t h a t  reported here. Our previously reported value for the enthalpy 

erence of the two forms of EU& ( 7 )  is  not correct, as  evident from 

Except for one masuremnt  of the 

Gvelesiani and Yashvili 

ai- he results below, presumably because the oxide samples had not been 

prepared free of H20 and CO2. The absolute entropies of S-4-B and 
Gd2&-C (8) have been measured, and the entropy change f o r  the C -+ B 
reaction has been estimated by Hcekstra from high pressure work t o  be 
1.5 entropy uni ts  (3). Heat capacity a a s u r e m n t s  from room temperature 
t o  ra ther  high temperatures have a l so  been completed ( 9 ) .  

In t h i s  paper measurements of th? enthalpies of solution of the B 

and C forms of SmzO3, Eu203 and Gd2O3 i n  aqueous hydrochloric acid and 
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of Eu2O3 in aqueous n i t r i c  acid are reported. These data and the high 
temperature heat capacity masurements referred t o  above are then com- 
bined t o  estimate the enthalpies and entropies of t ransi t ion as a 
function of temperature. 

Experimental 

Equipment and Procedure 

The equipment and procedure have been described (10). 

Materials 

Commercially available , 529. $u pure, axides obtained from Research 
Chemical Co. were used t o  prel~are samples of both forms of the three 
oxides. 
contahed varying amounts of vater and carbon dioxide. 

As received, the oxides were in the cubic modification and 

Samples of the B-form of the oxides were prepared by igniting the 
"as received" oxide, contained i n  an alundum crucible, in vacuum at  a 
temperature suff ic ient ly  high t o  insure conversion t o  the monoclinic 
structure and removal of watw and carbon dioxide. The temperatures 
were Sm203, 1175°C; Eu203, 150O0C, and Gd203, 1500°C. 

The C-form samples of Eu203 and Gd203 were prepared free of H20 and 

COa by ignition, in a platinum boat, in an oxygen atmosphere at 1030°C. 
The C-form of Sm203 could not be obtained free of H20 and C02 by simple 

ignition. 
version t o  the B-form, and at t h i s  temperature some H20 and C02 is  

The temperature of ignition must be below g00"C t o  avoid con- 

retained by the S%03. 

made from a solution of the "as received'' material decomposed a t  appro- 
pr ia te  temperatures t o  yield a ser ies  of samples of variable composition 
with respect t o  H20 and C02. The course of the decomposition was 
followed with a thermobalance and the product arlalyzed by ignition i n  
oxygen with absorption of H2C1 on Mg(C104)2 and C02 on ascar i te  i n  a 
standard combustion apparatus. The resu l t s  from the solution experiwnts  
on the ser ies  of samples were then extrapolated t o  yield a value f o r  the 
pure material. 

Therefore, four preparations of s a l t s  of samarium 

Table I l i s t s ,  the preparations and t h e i r  a n a l y s e s .  
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Table I 

Preparation of Sm& -C 

Sal t :  Sm(OH)3  Sm(OH)3  S m , ( C z o 4 ) 3  Sm(CzH&)3* 

Decomp. Temp. 5 9 0 ° C  700°C 790 OC 870 O c  

$ cog 0.45 +_ 0.01 0.36 f 0.16 0.23 t 0.01 0.11 f 0.04 
Total  1.45 +. 0.05 0.g6i- 0.23 0.46 k 0.07 0.35 f 0.10 

% G O  1.02 C0.05 0.60 i-0.14 0.23 i O . 0 7  0.24 fO .09  

* This preparat ion contained an estimated 2-5$ of the B-type. 

8 The C - t y p e  s t ruc tu re  of each oxide sample prepared was conf i rmd  by 

x-ray d i f f r a c t i o n  ana lys i s  with t h e  exception noted. 

The H C 1  and HNO3 solut ions were prepared from ana ly t i ca l  grade 

acids  and standardized against  mercuric oxide using phenolphthalein as 

the indicator .  

Results 

I n  order  t o  observe the va r i a t ion  of the enthalpies  of solut ion 
with change of ac id  concentration, measureolents were made i n  2 M, 4 M, 

and 6 M HC1. 
procedure helps t o  reveal  any systematic errors .  Enthalpies of solut ion 

of the two c r y s t a l  m d i f i c a t i o n s  of EuzO3 i n  6 M "03 were a l s o  obtained 

for comparison with previous work (7). 

In addi t ion t o  yielding improved s t a t i s t i c a l  data,  t h i s  

Tables 11, 111, and IV summarize the  r e s u l t s ,  converted t o  a molar 
b a s i s  using t he  1961 atomic weights. 

Table 11. Enthalpies of Solution of Sm203 

Oxide Solvent %oh AHtr ( C + B )  
kca l /mle  kcal/mole 

S Q O ~  -C 2 M HC1 -98.3 f 1.4(extrap. vdue)  

Sm203-B 2 M H C 1  -99.24 f 0.31 0.3 f 1.4 
Li te ra tu re  - Gvelesiani and Yashvili  (7): 
Sn1~03-C 1 M H C 1  -94.8 f 0.3 
s 1 ~ 0 3 - B  1 M H C 1  -93.4 2 0.5 -1.4 +_ 0.6 
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Table 111. Entbdp ies  of Solution of  Eu203 

Solvent 

2 M HC1 
2 M HC1 

4 M HCi 
4 M HC1 

6 M HC1 
6 M HC1 

6 M “03 

6 M ”03  

A”S0l.n mtr (C-B) 
kcal/mole kcal/rnole 

-95.19 * 0.11 
-97.62 * 0 .55  

2.43 i: 0.40 
-75.69 f 0.32 
-98.78 k 0.51 

3.09 i: 0. 60 
-g6.39 -I 0.32 
-99.00 c 0.77 

-98.40 c 0.77 
-100.80 ? 0.35 

2.61 c 0.81 

2.40 k 0. 51  

Weighted Mean 2.61 i: 0.28 

Li terature  - Stuve (8): 
Eu2O3 -C 4 M HC1 -96.92 2 0.22 

Table IV. Enthalpies of Solution of GdzO3 

Oxide Solvent fisoln 4 r  ( C + B )  

Gd2O3-C 2 M HC1 -94.69 ? 0.25 

kcal/rnole kcal/mole 

Gd203-B 2 M HC1 -98.60 ? 0.15 

G d 2 O 3  -C 4 M H C 1  -96.17 f 0.58 
3.93 * 0.29 

@&O3 -B 4 M HC1 

GdzO3-C 6 M HCi -96.64 c 0.44 
Gd2O3-B 6 M HC1 -99.87 5 0.54 

3.23 f 0.70 
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The generally srmller uncertainties l i s t e d  for  tk enthalpies of 
solution of the C-oxides a s  compared t o  those of the corresponding B- 

oxides i s  a consequence of the relat ive ra tes  of solution. The C-oxides 
haveing been prepared at lower temperatures, are mre  readily dissolved, 
thus permitting a more accurate determination of  the corrected tempera- 
tu re  r i se .  In the case of Sm2Oa-C, however, there is  a rather large 
uncertainty because of the extrapolation required. 

Discussion 

The enthalpy of solution of Sm203 resul ts  may be compared t o  those 
of Gvelesiani and Yashvili ( 6 ) ,  see Table 11. 
resu l t s  of the two masurements is  greater than that which can be 

accounted f o r  by the difference i n  the concentration of the acid solvent 
These authors report, Fn the same paper, values for  the enthalpy of 

solution of Is and La203 which agree,  within the range of the uncertain- 
t i e s  involved, with values we have obtained (11) with the sao& apparatus 

used for t h i s  investigation. This seems t o  indicate, then, that the 
difference i n  the results i s  due t o  differences in the samples of Sm20s. 

They prepared the sample of Sm203-C by decomposing the oxalate a t  750- 
800°C. 

conrpletely remove a l l  of the H 2 0  and C02 .  However, the Sm&-B was 
prepared a t  l X x ) ' C ,  which should yield a sat isfactory product. 
value f o r  AH+r almost agrees with the one reported here within the 
relat ively large uncertainties involved. 

The difference i n  the 

In our experience, t h i s  temperature i s  not suff ic ient ly  high t o  

Their 

Stuve (12), see Table 111, has reported a value f o r  the enthalpy of 
lut ion of Eu203-C i n  4 M HC1 t h a t  i s  1.24 f 0.46 kcal/mole more nega- 

t i v e  than that reported here. The difference is  s ignif icant ly  greater , 

than the combined estimated uncertainties. H i s  sample was prepared fYom 
the n i t ra te  a t  7 5 0 ° C  and he reported less than O.O$ weight loss on 
ignition i n  vacuum for  one hour at 9 0 ° C .  
apparent explanation for  the difference i n  the results. 

Thus, there i s  no readily 

Although the absolute entropies are  not known f o r  these oxides, 
except as  noted ear l ie r ,  heat capacity measurerents from room tempera- 
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ture  t o  ra ther  high temperatures are available. These resu l t s  have been 

c r i t i c a l l y  reviewed (13) and the tables given i n  that reference are used 
for the calculations reported here. For the cubic t o  monoclinic t rans i -  
t ion  (C + B )  an expression f o i  the enthalpy of t rans i t ion  at any temper- 
ture  my be derived as follows:. 

The quantity inside the s q m ?  brackets i s  obtained from tables  in ref -  
erence 13 and A H o ( t r ,  @OK) from t h e  experimental data given in Tables 

11, 111, and N. 
temperature is given by 

In a similar manner tk entropy of t ransi t ion at any 

Thus, for gadolinium oxide, which has a reported t rans i t ion  of 1550'K 
(9 ) ,  assuming t h i s  i s  indeed an equilibrium temperature, AHo(tr, 1550'K) 
= 3 3 0  C b0 calories/mole and &'(tr, 1550'K) = ( 3 3 0  +- m)/1550 = 2.1 

f 0.3 e. u. These values may be compared with the corresponding values OP 

2000 calories/mole and 1.5 e.u. estimated by Hoekstra ( 3 )  for the C -t B 
t ransi t ion i n  the higher atontic number members of the rare ear th  

elements. 
t ion  (2)  along with data from reference (u), tlx2 entropy of t ransi t ion 
at  B 8 ' K  i s  determined as &"(tr, 29OK) = 3.0 f 0.4 e.& If the lower 

l i m i t  of the enthalpy of t ransi t ion at 1550'K i s  used The corresponding 
values of the entropy of t ransi t ion are 1.9 e.u. a t  1550'K and 2.7 e.u. 
at B 8 O K .  Figure 1 shows a plot of M o ( t r ,  T'K) VB. temperature along 
with curves of TA S based upon values of ASo(tr, 1550'K) of 2 .1  and 1.9 
e. u. 

Substituting t h i s  value of the entropy of t ransi t ion i n  equa- 

For the europium oxides an e s t i m t e d  t ransi t ion temperature is 

1350°K ( 9 ) .  
for  gadolinium oxides, gives, for the C -t B t ransi t ion in Eu203, 

Treatment of the data i n  l ike  manner t o  that given a3ove 
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A""(tr, 
e. u. 

5 OK) = 2100 -L 400 c d / m l e  and s o ( t r ,  1750°K) = 1.6 f 0.3 

In  the case of samarium oxide, the e s t h t e d  t r a n s i t i o n  temperature 
i s  low and t h e  da ta  are not %very precise. 
en t  manner. 
the equilibrium temperature then,  u s i n g  AHo(tr, 298°K) = 700 cal/mole, 
we f i n d  T t r  = - 450°K. The e x t r e e s  of AHo(tr, @OK) lead on the one 
hand t o  T t r  > 1200°K,  which :is higher than tk observed transformation 
temperature, and on the othei. hand, t o  the  conclusion t h a t  the B-form i 
stable  even at low temperatw-es. More precise  masurements are needed 
t o  narrow the  l imits .  

We must proceed in  a d i f f e r -  
Lf we assume that t h e  entropy of t r a n s i t i o n  is  1.5 e.u. at 

Heat capacity masuremiits from low temperatures t o  3 0 0 ° K  f o r  
a O a - C ,  EuzOa-B, Eu2O3-C and Gd2O3-B would allow detel.Blination of the 
absolute entropies  of these !?bases and e i t h e r  con fir^ o r  contradict  the 
above e s t h t e s .  

Finally, l e t  us  conside:r Brauer's e x p e r b n t s  i n  which the  B-form 
of the  three oxides was prepisred at 400°C E 673OK Table V gives our 
estimate f o r  the free energy change f o r  t h e  C '+ B t r a n s i t i o n  a t  700°K. 
For S-03 the  r e s u l t s  are consistent with Brauer's experiments, and f o r  
the  others  the f r e e  energy change i s  so s m a l l  that it seems e n t i r e l y  
possible  'that impurities could change i ts  sign. 

Table V 
The Differences i n  t h e  Gibbs Energies of Formation 

of the B and C f o r m  of S-03, Eu203 and Gd203 at 700°K 

AH (C -. B) AS (C -c B) AG (C -. B) 
C d / n r O l e  e. u. /mole c d / m l e  

?oo f 1400 1.5  (assumed) -350 f 14GQ 

2300 -I 300 1.8 f 0.5 1040 f 500 

3 r n f  400 2.6 f 0.5 1geQf 560 
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The  S y s t e m s  B i  0 - R  0 (R=Y,Gd) 
2 3  2 3  

R .  K .  DATTA a n d  J .  P .  MEEHAN 
L i g h t i n g  R e s e a r c h  L a b o r a t o r y ,  G e n e r a l  E l e c t r i c  Company 

N e l a  P a r k ,  C l e v e l a n d ,  O h i o  44112  

S u b s o l i d u s  r e g i o n s  o f  t h e  s y s t e m s  B i  0 - R  0 (R=Y,Gd) 
2 3  2 3  

w e r e  i n v e s t i g a t e d .  O x i d e  m i x t u r e s  o r  c o p r e c i p i t a t e d  

o x a l a t e s  c o n t a i n e d  i n  p l a t i n u m  o r  s i l i c a  c r u c i b l e s  were  

e a u i l i b r a t e d  i n  a i r  a t m o s p h e r e  i n  t h e  t e m p e r a t u r e  r a n g e  

6 0 0 - 1 1 5 0 " ~ .  The  p h a s e  t r a n s i t i o n s  and r e a c t i o n  p r o d u c t s  

d i f f e r e n t i a l  t h e r m a l  a n d  X - r a y  w e r e  c h a r a c t e r i z e d  b y  

d i f f r a c t i o n  a n a l y s e s ,  

I n  t h e  s y s t e m s  s 

o f  B i  0 i n  t h e  c u b i c  
2 3  

r e  s p e c  t i v e l y  . 
u d i e d ,  e x t e n s i v e  s o l i d  s o l u t i o n  

Y203 l a t t i c e  h a s  b e e n  o b s e r v e d .  

I n  a d d i t i o n ,  3 new compound w i t h  t h e  a p p r o x i m a t e  c o m p o s i -  

t i o n ,  2Bi,03'R 0 (R=Y,Gd) is i s o l a t e d .  T h i s  h a s  a f a c e -  

c e n t e r e d  c u b i c  s t r u c t u r e  a n d  e x i s t s  o v e r  a w i d e  r a n g e  of  
2 3  

t e m p e r a t u r e  a n d  c o m p o s i t i o n .  A t  h i g h  B i  0 c o n t e n t s  

a n d  low t e m p e r a t u r e s ,  t h e  c u b i c  p h a s e  u n d e r g o e s  o 

r e v e r s i b l e  t e t r a g o n a l  d i s t o r t i o n .  

2 3  

The  c r y s t a l  c h e m i c a l  a s p e c t s  o f  t h e  s y s t e m s  w i l l  

be  d i s c u s s e d .  
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PHASE TRANSITIONS I N  COMPLEX PEROVSKITES OF THE 
TYPE Ba2LnMo0 * 6 

C .  D .  Brandle  and H .  S t e i n f i n k  
M a t e r i a l s  S c i e n c e  L a b o r a t o r i e s  

Department  o f  Chemical E n g i n e e r i n g  
The U n i v e r s i t y  of Texas A t  A u s t i n  

A u s t i n ,  Texas 78712 

A b s t r a c t  

y M a t e r i a l s  w i t h  t h e  c o m p o s i t i o n  Ba2LnMoOr (Ln = r a r e  
e a r t h )  have been Rrepared .  A t r a n s i t i o n  be t%een t h e  c u b i c  
and t e t r a g o n a l  phases  has  been d i r e c t l y  observed  i n  s i x  of 
t h e  m a t e r i a l s  (Ba2PrMo0, t h r u  Ba2TbMo0,) and a t r a n s i t i o n  
between t h e  or thorhombi8  and t e t r a g o n a y  phase has  been 
i n d i r e c t l y  observed  i n  one m a t e r i a l  (Ba2CeMo0,). A l i n e a r  
r e l a t i o n s h i p  between t h e  phase t r a n s i t i o n  temBera ture  and 
t h e  r a r e  e a r t h  r a d i u s  has  been found t o  e x i s t  f o r  t h e  
t e t r a g o n a l  t o  c u b i c  t r a n s i t i o n .  DTA r e s u l t s  on Ba2PrMo0, 
and Ba2NdMo0, i n d i c a t e d  t h a t  no h e a t  o f  t r a n s i t i o n  i s  
a s s o c i a t e d  w?th t h e  change from t e t r a g o n a l  t o  c u b i c  
symmetry w h i l e  x - r a y  d a t a  i n d i c a t e d  no d i s c o n t i n u i t y  i n  t h e  
u n i t  cell volume. These r e s u l t s  i n d i c a t e  t h a t  t h e  t r a n s i t i o n  
i s  p r o b a b l y  second o r d e r  or h i g h e r  and o f  t h e  d i s p l a c i v e  
t y p e .  

I n t r o d u c t i o n  

Over t h e  p a s t  s e v e r a l  y e a r s ,  a b o u t  500 compounds having  
e p e r o v s k i t e  s t r u c t u r e  have been r e p o r t e d  i n  t h e  l i t e r a -  
re(1’2’3). Approximately one-ha l f  of  t h e s e  m a t e r i a l s  have 

t h e  g e n e r a l  formula  A2BB106. 
d i s t o r t i o n s  o f  t h e  i d e a l  f a c e - c e n t e r e d  c u b i c  s t r u c t u r e  have 
been r e p o r t e d  f o r  t h i s  t y p e  o f  compound(4) .  
s e l e c t e d  f o r  a d e t a i l e d  s t u d y  have t h e  g e n e r a l  formula  
Ba2LnMo0 (Ln = r a r e  e a r t h ) .  T h i s  g r o u p  of m a t e r i a l s  
provided  a n  e x c e l l e n t  means t o  d e t e r m i n e  t h e  e f f e c t  of i o n i c  

Both t e t r a g o n a l  and or thorhombic  

The compounds 

6 

*Research  sponsored  by t h e  N a t i o n a l  S c i e n c e  Foundat ion .  
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s i z e  on t h e  t y p e  of d i s t , o r t i o n  produced  i n  t h e  p e r o v s k i t e  
s t r u c t u r e  and  t h e  r e l a t i o n s h i p  be tween i o n i c  s i z e  and t h e  
t r a n s i t i o n  t e m p e r a t u r e  c o u l d  be  d e t e r m i n e d .  

M a r i a l  P r e p a r a t i o n  

The' e q u i p m e n t  used  t o  r e a c t  t h e  components  was a rf 
h e a t e d  f u r n a c e  c a p a b l e  of t e m p e r a t u r e s  i n  e x c e s s  of 2000°C. 
The f u r n d c e  l i n e r  was c a l c i a  s t a b i l i z e d  Z r 0 2  t u b i n g .  
A d d i t i o n a l  i n s u l a t i o n  was o b t a i n e d  by u s i n g  c r u s h e d  Z r 0 2  a s  
a f i l l e r  be tween t h e  Z r 0 2  and  Vycor  t u b i n g .  
was a n  i r i d i u r h  c r u c i b l e  f i t t e d  w i t h  a l i d .  All r e a c t i o n s  
were c a r r i e d  o u t  w i t h i n  t h e  i r i d i u m  c r u c i b l e .  The e n t i r e  
f u r n a c e  was t h e n  p l a c e d  w i t h i n  a bell , jar  w h i c h  c o u l d  be 
e v a c u a t e d  to 15 mi:rons and f i l l e d  w i t h  e i t h e r  n i t r o g e n ,  
a r g o n  o r  h y d r o g e n .  

S t o i c h i o m e t r i c  amounts  of  Ln 0 ( 1 - a r e - e a r t h  o x i d e ) ,  

The s u s c e p t o r  

2 3  
Moo and BaCO- were  weicghed and t h o r o u g h l y  mixed.  The 
c o n d i t i o n s  w h i c h  gave  t h e  b e s t  r e s u l t s  were a n  i n i t i a l  gas 
p r e s s a p e  o f  600 m m  w i t h  hydrogen  c o n t e n t  of a b o u t  1 2  p e r  
c e n t  by volume w i t h  t h e  r e m a i n i n g  g a s  b e i n g  n i t r o g e n .  The 
h e a t i n g  s c h e d u l e  was as follows: 

3 3 

T e m p e r a t u r e  

700°C 
goo" c 
110ooc 

1300°C 
l r i O 0 O C  

1150°C 
Cool  down to R.T. 

D u r a t i o n  

15 min 
15 min 
15 rnin 
15 rnin 
l 5  rnin 
10 min 
20 rnin 

T h i s  h e a t i n g  s c h e d u l e  and r e a c t i o n  c o n d i t i o n s  gave  
s i n g l e  p h a s e  p e r o v s k i t e  m a t e r i a l  i n  a l l  c a s e s  e x c e p t  two. 
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When t h e  compounds 3a2CeMo0 and Ba2PrMo0 were formed a 
more s t r o n g l y  r e d u c i n g  atmosphere was n e c e s s a r y ,  i . e .  t h e  
hydrogen c o n t e n t  was i n c r e a s e d  from 12 p e r c e n t  t o  20 p e r -  
c e n t  by volume t o  o b t a i n  a s i n g l e  phase p r o d u c t .  This  
i n c r e a s e  was n e c e s s a r y  due t o  t h e  p r e s e n c e  of Ce4+ and Pr 
i n  t h e  i n i t i a l  r e a c t a n t s .  

6 6 

4+ 

The s t o i c h i o m e x r y  of  t h e  f i n a l  p r o d u c t  was checked by 
o b s e r v i n g  t h e  weigh; loss due t o  f o r m a t i o n  of  C02 and 
oxygen which o c c u r r e d  i n  t h e  sample d u r i n g  r e a c t i o n .  The 

s e r v e d  weight  loss was u s u a l l y  w i t h i n  1 .0  p e r c e n t  of  t h e  Q c a l c u l a t e d  w e i g h t  l o s s .  

O x i d a t i o n  S t a t e  of Sample 

All compounds, Ba2LnMo0 as  p r e p a r e d  by t h i s  p r o c e d u r e  
5' 

a r e  b l a c k ,  have a m e t a l l i c  l u s t e r  a n d  a r e  q u i t e  c r y s t a l l i n e .  
X-ray powder p a t t e r n s  showed t h e  d i f f r a c t i o n  l i n e s  of t h e  
b a s i c  p e r o v s k i t e  s u b c e l l  i n  a d d i t i o n  t o  t h e  weak ( l l l ) ,  
(311) and (331) s u p e r s t r u c t u r e  lines d u e  t o  t he  o r d e r i n g  
of t h e  ra re  e a r t h  and molybdenum i o n s .  However, i t  i s  
b e l i e v e d  t h a t  t h e  a s  p r e p a r e d  m a t e r i a l s  a r e  oxygen d e f i c i e n t  
and c o n t a i n  b o t h  oxygen v a c a n c i e s  and molybdenum i o n s  i n  
o t h e r  o x i d a t i o n  s t a t e s  as shown by E q u a t i o n  (I). 

r e d u c  i n a  - 
4BaCO + 2Mo0 + Ln 0 2Ba2LnMo~+Mo~-+x '6-x 

3 3 ( c o n d i t i o n s  a 
(1) 

1 + x  + -  O2 + 4C0, 

To d e t e r m i n e  t h e  d e g r e e  of r e d u c t i o n  of  t h e  molybdenum, 
samples  o f  known weight  were o x i d i z e d  and t h e  weight  g a i n  
measured u s i n g  a Cahn E l e c t r o b a l a n c e  w i t h  a s e n s i t i v i t y  of  
- + 0.02 mg. Sample w e i g h t s  were a b o u t  22 mg. i . e .  w e i g h t  
changes  of  g r e a t e r  t h a n  0 . 1  p e r c e n t  c o u l d  be d e t e c t e d .  The 
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p r o c e d u r e  used  c o n s i s t e d  of f i r s t  we igh ing  t h e  sample  
c o n t a i n e r ,  f i l l i n g  t h e  c o n t a i n e r  w i t h  t h e  r educed  m a t e r i a l ,  
h e a t i n g  t h e  m a t e r i a l  and  c o n t a i n e r  i n  a i r  a t  c;OO”C for 
15 minu tes  and  t h e n  r e w e i g h i n g  t h e  sample .  H e a t i n g  of t h e  
sample  was r e p e a t e d  u n t i l  a c o n s t a n t  w e i g h t  g a i n  ( 2  0 .02  mg) 
w a s  o b t a i n e d .  From t h e  w e i g h t  g a i n  t h e  oxygen d e f i c i e n c y  was 
c a l c u l a t e d  a s suming  t h e  f o l l o w i n g  r e a c t i o n  o c c u r r e d  d u r i n g  
ox i d a  t i on : 

A summary of t h e  r e s u l t s  o b t a i n e d  when v a r i o u s  samples  were 
o x i d i z e d  i s  g i v e n  be low:  

Compound Weight Ga in  (a x(+ 0 . 0 3 )  Color a f w r  o x i d a t i o n  

Ba2GdMo0, 2 . 4 3  
0 

Ba2TbMo0 0.32 
Ba2TmMoOr 0.65 
Ba2EuMo0 0.81 
Ba2NdMo0 0 .20  

Ba2LuMo0 0.56 

6 
0 

5 
6 
6 

0 . 9 5  Yel low 
0.13 Red -Brown 
0 . 2 6  Gree n-Blu e 
0.31 Ye1 low 
0.08 L i g h t  B lue  
0.22 Green  -B1 ue 

From t h e  above  t a b l e ,  i t  c a n  be  s e e n  t h a t  t h e  d e g r e e  of 

r e d u c t i o n  of t h e  molybdenum ion v a r i e s  from a l -most  none ,  
Ba2NdMoOr, t o  a l m o s t  comple t e  r e d u c t i o n  to form t h e  m a t e r i a l  
Ba2GdMo03 w i t h  t h e  a v e r a & e  x v a l u e  b e i n g  a b o u t  0 . 2 5 .  
i n t e r e s t i n g  t o  n o t e  t h a t  i n  t h e  c a s e  of’ Ba2GdMo0 
compound r e t a i n s  t h e  p e r o v s k i c e  s t r u c t u r e  even  though  t h e r e  
a r e  on t h e  a v e r a g e  a p p r o x i m a t e l y  f o u r  oxj‘gen v a c a n c i e s  p e r  
u n i t  c e l l .  

I t  i s  
5 

t h e  
6’ 

X-ray Powder Work 

Two d i s t o r t i o n s  of‘ t he  i d e a l  c u b i c  p e r o v s k i t e  s t r u c t u r e  
were o b s e r v e d  a t  r o o m  t e i n p e r a t u r e .  For t h e  L,a and Ce 
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compounds, the  powder p a t t e r n  showed s p l i t t i n g  of the  b a s i c  
p e r o v s k i t e  l i n e s  i n t o  t r i p l e t s  which could be indexed us ing  
an orthorhombic c e l l  w i t h  a ,  b and c approximately e q u a l  t o  
8.6 A .  The P r l  Nd and Sm compounds gave powder p a t t e r n s  
which showed the  b a s i c  p e r o v s k i t e  l i n e s  being s p l i t  i n t o  
e i t h e r  a d o u b l e t  o r  t r i p l e t .  A l l  l i n e s  i n  the p a t t e r n  
could be indexed uzlng a t e t r a g o n a l  c e l l  w i t h  a and c 
approximately 8 .5  A .  The remaining compounds, G e  thru Lu 
and i n c l u d i n g  Y gave t h e  b a s i c  cubic  p e r o v s k i t e  p a t t e r n  

i t h  no observable  l i n e  s p l i t t i n g .  The Sc compounds, however, 
i d  n o t  have the  p e r o v s k i t e  s t r u c t u r e  b u t  r a t h e r  the  powder 

p a t t e r n  was t y p i c a l  of the  hexagonal BaTiO s t r u c t u r e .  The 
l a t t i c e  parameters  for the  e n t i r e  s e r i e s  a r e  given i n  
Table I .  These parameters  were determined from Debye- 
S c h e r r e r  f i l m s  us ing  a l e a s t  s q u a r e s  re f inement  of a l l  
d i f f r a c t i o n  l i n e s  w i t h  20 a n g l e s  g r e a t e r  than 30". The 
s tandard  d e v i a t i o n  of the parameters  a r e  g iven  i n  paren theses .  

Both high and low temperature  x- ray  powder d i f f r a c t i o n  
techniques  were used t o  d e t e c t  phase changes i n  these  
m a t e r i a l s .  The p a t t e r n s  were obta ined  us ing  a P h i l i p s  
v e r t i c a l  d i f f r a c t o m e t e r .  D i f f r a c t i o n  l i n e s  between 34" 2 0  
and 90" 20 were usea i n  a l e a s t  s q u a r e s  re f inement  t o  
o b t a i n  t h e  l a t t i c e  parameters .  Knowing t h e  l a t t i c e  parameters ,  
t h e  c/a r a t i o  could then be determined.  The r e s o l u t i o n  of 
the  ins t rument  placed a lower l i m i t  on t h e  observed c/a 
r a t i o  of  about  1.002. Because of t h i s  l i m i t a t i o n ,  powder 

a t t e r n s  were r u n  a t  s e v e r a l  d i f f e r e n t  tempera tures  below 
he t r a n s i t i o n  tempera ture .  From t h e s e  p a t t e r n s ,  t h e  c/a 

r a t i o  was obta ined  f o r  each  m a t e r i a l .  A l i n e a r  l e a s t  s q u a r e s  
f i t  of the  c/a r a t i o  as a f u n c t i o n  of tempera ture ,  
F igure  1, was then performed. This curve was then e x t r a p -  
o l a t e d  t o  1.0000 t o  o b t a i n  the  t r a n s i t i o n  temperatures  which 
a r e  a l s o  l i s t e d  i n  Table I .  I t  i s  e s t i m a t e d  t h a t  the  
t r a n s i t i o n  tempera tures  g iven  i n  Table I a r e  a c c u r a t e  t o  
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w i t h i n i n  2 10°C of t h e  a c t u a l  v a l u e .  T h i s  e s t i m a t e  i s  based 
on t h e  e r r o r  of  t h e  observed  c/a r a t i o .  

A s  c a n  be s e e n  from F i g u r e  1, t h e  s l o p e  of  e a c h  of t h e  
l i n e s  i s  a p p r o x i m a t e l y  t h e  same. T h i s  f a c t  was used t o  
d e t e r m i n e  t h e  t r a n s i t i o n  t e m p e r a t u r e  f o r  Ba2TbMoOG. 
t h i s  compound, l i n e  s p l i t t i n g  ( i n d i c a t i n g  a phase change)  
was s e e n  o n l y  a t  t h e  l o w e s t  p o s s i b l e  t e m p e r a t u r e  which c o u l d  
be o b t a i n e d ,  i . e .  -175°C. Using t h e  a v e r a g e  of  t h e  s l o p e s  
of t h e  p r e v i o u s l y  d e t e r m i n e d  compounds, a t r a n s i t i o n  
t e m p e r a t u r e  of -117°C was c a l c u l a t e d  from t h e  one datum 
p o i n t .  

For  

Examinat ion  of t h e  x - r a y  powder p a t t e r n s  i n d i c a t e d  
t h a t  t h e  change from c u b i c  t o  t e t r a g o n a l  symmetry o c c u r r e d  
w i t h  no a b r u p t  change i n  t h e  l a t t i c e  p a r a m e t e r s ,  b u t  r a t h e r  
t h e  p a r a m e t e r s  were a smooth, c o n t i n u o u s  f u n c t i o n  of  
t e m p e r a t u r e .  F i g u r e  2 g l v e s  t h e  l a t t i c e  c o n s t a n t s  f o r  
Ba2NdMo06 a s  a f u n c t i o n  of  t e m p e r a t u r e .  
r e p r e s e n t a t i v e  o f  t h e  e n c i r e  s e r i e s .  

f u n c t i o n  of t e m p e r a t u r e ,  t h e  volume of t h e  u n i t  c e l l  can  be 
d e t e r m i n e d .  F i g u r e  3 shows t h e  volume v e r s u s  t e m p e r a t u r e  
c u r v e s  for e a c h  of t h e  compounds i n  which phase changes were 
d e t e c t e d .  Examinat ion  o r  t h e s e  c u r v e s  shows t h a t  w i t h i n  
e x p e r i m e n t a l  e r r o r  the c u r v e s  a re  l i n e a r  f o r  e a c h  phase ;  
however, t h e  s l o p e  o f  t h e  c u r v e  i s  d i f f e r e n t  for t h e  
t e t r a g o n a l  and c u b i c  p h a s e s .  Except  f o r  t h e  compound 
Ba2PrMo06, t h e  s l o p e s  o f  t h e  c u r v e s  f o r  t h e  v a r i o u s  m a t e r i a l s  
a r e  t h e  same i n  b o t h  t h e  c u b i c  and t e t r a g o n a l  r e g i o n s .  

This  F i g u r e  i s  

Knowing t h e  l a t t i c e  c o n s t a n t s  f o r  t h e  compounds a s  a 

The r e s u l t s  as d e s c r i b e d  above i n d i c a t e  t h a t  t h e  phase 
t r a n s i t i o n  i s  h i g h e r  t h a i  f i r s t  o r d e r .  To f u r t h e r  s u p p o r t  
t h i s  h y p o t h e s i s ,  DTA run,s were made u s i n g  samples  of  Ba2PrMo0 
and Ba2NdMo06. I n  b o t h  z a s e s ,  no e v i d e n c e  of t h e  phase 
change a p p e a r e d  i n  t h e  DTA c h a r t s  a g a i n  i n d i c a t i n g  t h a t  

6 

._ __  . 
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t h e  p h a s e  t r a n s i t i o n  i s  h i g h e r  t h a n  f i r s t  o r d e r .  I n  a 
r e c e n t  p a p e r  by G e l l e ~ ' ~ ) ,  'similar r e s u l t s  c o n c e r n i n g  t h e  
n a t u r e  o f  t h e  p h a s e  t r a n s i t i o n  i n  LaAlO were r e p o r t e d .  
Thus, i t  was c o n c l u d e d  t h a t  (1) t h e  p h a s e  change  o b s e r v e d  
i n  t h e s e  m a t e r i a l s  i s  o f  t h e  d i s p l a c i v e  t y p e  which  r e s u l t s  
i n  a g r a d u a l  d i s p l a c e m e n t  of t h e  i o n s  from t h e  h i g h  
symmetry p o s i t i o n  ( c u b i c )  and ( 2 )  t h e  p h a s e  change  i s  
h i g h e r  t h a n  f i r s t  o r d e r ,  i . e .  i t  h a s  no d i s c o n t i n u i t i e s  i n  
volume, e t c .  a s s o c i a t e d  w i t h  i t ;  however ,  i t  d o e s  n o t  

3 

mply t h e  t r a n s i t i o n  i s  s e c o n d  o r d e r .  
F i g u r e  4 shows t h e  o b s e r v e d  t r a n s i t i o n  t e m p e r a t u r e  as  

0 
a f u n c t i o n  o f  t h e  r a r e  e a r t h  i o n i c  r a d i u s .  W i t h i n  
e x p e r i m e n t a l  e r r o r  t h i s  c u r v e  i s  l i n e a r  o v e r  t h e  r a n g e  of 
m a t e r i a l s  c o v e r e d .  The e x p r e s s i o n  f o r  t h e  t r a n s i t i o n  
t e m p e r a t u r e  a s  a f u n c t i o n  o f  t h e  i o n i c  ra re  e a r t h  r a d i u s  
was o b t a i n e d  by a l i n e a r  l e a s t  s q u a r e s  f i t  of t h e  d a t a  and  
i s  g i v e n  by:  

where T = t r a n s i t i o n  t e m p e r a t u r e  ( " C )  

rLn = r a r e - e a r t h  i o n i c  r a d i u s  ( A h r e n ' s )  

T h i s  c u r v e  was t h e n  e x t r a p o l a t e d  t o  p r e d i c t  t r a n s i t i o n  
t e m p e r a t u r e s  f o r  o t h e r  c u b i c  members o f  t h e  s e r i e s .  These 
v a l u e s  a re  a l s o  shown i n  T a b l e  I .  
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Table I 
L a t t i c e  Parameters,  Symmetry and Trans i t i on  Temperatures 

f o r  Ba2LnMo0, Compounds 
0 

Mate r i a l  Symmetry+ L a t t i c e  C o n s t a n k  + Trans i t  i on 

Ba2LaMo0 Orthorhombic 
Ba2CeMo0 * Orthorhombic 

6 
6 

Ba2PrMo0 Tetragonal 
6 

Ba2NdMo0 Tet ragonal  

Ba2SmMo0 Tet ragonal  

6 

6 
Ba2EuMo0 Cubic 

Ba2GdMo0 Cubic 

Ba2TbMo0 Cubic 

Ba2DyMo0 Cubic 
Ba2YMo0 Cubic 
Ba2HoMo0 Cubic 
Ba2ErMo0, Cubic 
Ba2TmMo0 Cubic 
Ba2YbMo0, Cubic 
Ba2Lu Moo Cubic 
Ba2ScMoOt* Hexagonal 

6 

6 

6 

6 

6 

6 

6 

0 

0 

a = 8.52 
b = 8.74  
c = 9.07 

a = 8.491(4) 
c = 8.55,'(4) 

a = 8 .465(2 )  

a = 8 .454(1 )  

a = 8.425(2)  

a = 8 .409(1 )  
a = 8.391(1)  
a = 8.387(1) 
a = 8.369(2)  
a = 8 .356(2 )  
a = 8 .331(2 )  
a = 8 .321(1 )  
a = 5.90 
c = 14.32 

~1ooo"c 
and <155OoC 

252°C 
Tet ragonal  +Cubic 

Te t r a  g ona 1 +C ub i  c 
87°C 

Te t r a g  o na 1 -tC u b i c 
10°C 

Cubic +Te t r agona l  

Cubic +Te t r agona l  

Cub i c -+Te t r  ag ona 1 

176' c 

-16°C 

-117°C 

-153"C* 

-192Oc* 

+ Room tempera ture .  * L a t t i c e  c o n s t a n t s  obta,ined from precess ion  f i l m s .  

* These va lues  obta ined  from Equation (3). 
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Fig. 1. c / a  Fkatio V e r s u s  T e m p e r a t u r e  fo r  
Te t r agona l  Compounds 
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Fig. 2. Lat t ice  Constants  for BazNdMo06 
V e r s u s  T e m p e r a t u r e  
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590 ' 
Fig .  3 .  Unit C e l l  Volume V e r s u s  T e m p e r a t u r e  

for  Te t r agona l  Compounds 

C U B I C  

Fig.  4. Trans i t i on  T e m p e r a t u r e  V e r s u s  
R a r e - E a r t h  Radiun 

- 2 4 5 -  



/ 
/ 

UIPARISOIV OF E L U T I N G  AGENTS FOR & 
IOH-EXCHANGE PURIFICATION OF PKOI4ETHIUM 
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m e e r i r n e n - c s  have shoirn t h a t  NTA ( n i t r i l o t r i a c e t i c  
a c i d )  i s  markehly supe r io r  t o  EDTA (etnylenediarninetetraacetic 
a c i d )  o r  UTPA (diethylenetriaminepentaacetic a c i d ) ,  t h e  complexing 
agents  prev ious ly  used, f o r  kilogram-scale ion-exchange p u r i f i c a -  
t i o n  of prolnethiutii. h'ith IITA e l u t i o n  a t  GU'C, the pos i t i on  of 
y t t r i um i s  chanced from t i l e  c r i t i c a l  Sm-Pm-iid zone (with DTPA ttle 
sequence i s  Sin-Y-Pm) t o  a p lace  ahead of gadoiinium; y i e ld ing  an 
s l u t i o n  o rde r :  Y ,  Gd, E u ,  Sm, Pni, Nd, Pr. A s  a r e s u l t  of f a s t e r  
k ine t i c s  in the  iiTA system, a 100% inc rease  in  the r a t e  of band 
advarice, compared t o  the  r a t e  obtained in  the  previously used DTPA 
process ,  can be achieved with equal or supe r io r  s epa ra t ion  e f f i c i -  
ency. 
reduced from 21 days with EDTA o r  G days with DTPA t o  l e s s  t h a n  
3 days with NTA. 

The time requi red  f o r  a 300,000 Ci p u r i f i c a t i o n  run has been 

I NT RO D UCT I O N  
~~ 

2 J .  E .  Powell has reviewed the  r a t h e r  l a r g e  number of e l u t i n g  
agents t h a t  have been proposed f o r  t he  sepa ra t ion  of t he  l an tha -  
nide elements from each o the r  by both ca t ion  and anion exchange 
processes .  Of these ,  EDTA (ethylenedianiinetetraacetic a c i d ) ,  
HEDTA (N-hydroxyethyl e t h y l e n e d i a r n i n e t r i a c e t i c  a c i d ) ,  and DTPA 
( d i e t h y l e n e t r i a r n i n e p e n t a a c e t i c  a c i d )  have been used most success-  
f u l l y  f o r  the  p u r i f i c a t i o n  o f  t he  i t idividual " l i g h t "  lan thanides  
on a macro s c a l e .  

EDTA was used with an Y t 3  r e s t r a i l l i ng  ion Ly Uheelbiright and 
Roberts3 in  1961 t o  upgrade 26,OtiO Ci 1 4 7 P n i .  Pure Pm was not  ob- 
ta ined  because tne  quan t i ty  theii a v a i l a b l e  was too m a l  1 compared 
t o  tile diameter ( 2  inch)  of t ne  i n s t a l l e d  columns. In a subse- 
quent p u r i f i c a t i o n ,  p e r f o r w d  14 iiioriths l a t e r  i n  properly s ized  
columns, 13,000 Ci of ihigh pu r i ty  ( >  99 l i t .  X )  147Pm were ~ b t a i n e d . ~  
P .  B .  Orr4 success fu l ly  used LITPA with a Hf r e s t r a i n i n g  ion f o r  

lThis work was conducted by Battelle-Northwest f o r  t he  United 
S t a t e s  Atomic Energy Commission under Contract No. AT(45-1)-1830. 



s i m i l a r  macro -sca le  s e p a r a t i o n  o f  Pm i n  1962. 
t r e a t m e n t  o f  t h i s  t y p e  o f  system and t h e  requ i remen ts  o f  t h e  
" b a r r i e r "  o r  " r e s t r a i n i n g "  i o n  a r e  rev iewed  e l sewhere .293>5  

A thermodynamic 

D u r i n g  1965, a p i l o t  p l a n t ,  c o n s i s t i n g  o f  seven 9 - f o o t - h i g h  
wa te r - the rn ios ta ted  ion-exchange columns, r a n g i n g  f ron i  8 t o  1 i n c h  
I . D . ,  p l u s  a s s o c i a t e d  tanks ,  pumps, and i n s t r u m e n t a t i o n  was i n -  
s t a l l e d  i n  one o f  t h e  h o t  c e l l s  a t  t h e  P a c i f i c  Nor thwes t  L a b o r a t o r y . 6  
S ince  t h a t  t ime ,  i n  excess o f  5 x l o 6  C i  l 4 / P m  have been p u r i f i e d  
a t  t h i s  f a c i l i t y .  Because o f  t h e  2.2% p e r  month decay t o  s t a b l e  
Sm, removal o f  fl o f  t h e  f i s s i o n  p r o d u c t  samarium i s  p o i n t l e s s ,  
and t h e  absorbed Pin band i s  u s u a l l y  c o l l e c t e d  i n  a manner t o  y i e l d  
99% chemica l  p u r i t y .  However, t h e  c e n t e r  o f  t h e  band c o n t a i n s  Pm 

ceed ing  99.9% chemical  p u r i t y .  The o n l y  r a d i o c h e m i c a l  i m p u r i t y  
t e c t e d ,  Is4Eu,  i s  p r e s e n t  i n  t h e  p r o d u c t  a t  c o n c e n t r a t i o n s  

C i  I s 4 E u / C i  147Pn1. The subsequent  a d d i t i o n  o f  14 and 1 1 - i n c h  
I . D .  columns o f  t h e  same h e i g h t  has p e r m i t t e d  an i n c r e a s e  i n  t h e  
amount o f  147Pm processed p e r  r u n  f rom 65,000 C i  t o  300,000 C i .  

I n  d e v e l o p i n g  a p rocess  f o r  s e p a r a t i n g  Pin f rom t h e  a d j a c e n t  
l a n t h a n i d e s ,  i t  i s  e s s e n t i a l  t o  m i n i m i z e  exposure o f  t h e  r e s i n  and 
e l u t i n g  a g e n t  t o  r a d i o l y s i s  by choos ing  p rocess  pa ramete rs  wh ich  
y i e l d  an optimum degree o f  p u r i f i c a t i o n  i n  a minimum o f  exposure 
t i m e .  B o t h  k i n e t i c  and thermodynamic e f f e c t s  must  be cons ide red .  

EDTA was used w i t h  a Znt2 b a r r i e r  f o r  t h e  f i r s t  p i l o t  p l a n t  
p r o d u c t i o n  r u n .  As a r e s u l t  o f  a c a r e f u l . l a b o r a t o r y  e v a l u a t i o n  o f  
t h e  e l u t i n g  agen ts  EDTA, HEDTA, and 
c o n d i t i o n s  f o r  each were determined. '  DTPA was shown t o  be 
s u p e r i o r  and a s w i t c h  t o  DTPA ( w i t h  a Zn+2 b a r r i e r )  reduced t h e  
t i m e  r e  u i r e d  t o  comp le te  a Pm p u r i f i c a t i o n  r u n  f r o m  21 days t o  
6 days.% I n  subsequent  e v a l u a t i o n s  o f  o t h e r  comp lex ing  agen ts ,  
NTA ( n i t r i l o t r i a c e t i c  a c i d )  was found  t o  be s u p e r i o r  t o  DTPA f o r  
t h e  p u r i f i c a t i o n  o f  Pin and i t s  use  i n  p i l o t  p l a n t  p r o d u c t i o n  r e -  
duced t h e  t i m e  r e q u i r e d  f o r  a p u r i f i c a t i o n  r u n  t o  l e s s  t h a n  3 days.  
The e x p e r i m e n t a l  r e s u l t s  wh ich  l e a d  t o  these  c o n d i t i o n s  a r e  des- 

i b e d  h e r e i n .  

TPA, t h e  optimum e l u t i o n  

EXPERIMENTAL 

E l u t i o n  Sequence 

A s e r i e s  o f  ion-exchange s e p a r a t i o n s  exper imen ts  were pe r fo rmed  
t o  d e t e r m i n e  t h e  e l u t i o n  sequence o f  v a r i o u s  i o n s  c o n t a i n e d  i n  t h e  
Pin f eed .  I n  t h e s e  exper imen ts ,  s m a l l  beds o f  Dowex 50W, X-8 (50- 
100 mesh) r e s i n  were l oaded  t o  s a t u r a t i o n  w i t h  s i m u l a t e d  f e e d  s o l u -  
t i o n s  c o n t a i n i n g  b o t h  macro and r a d i o c h e m i c a l  t r a c e r  q u a n t i t i e s  o f  
t h e  i o n s  i n  q u e s t i o n .  I n  each exper imen t ,  t h e  absorbed band Wac 
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t h e n  e l u t e $  two band l e n g t n s  down a second bed o f  t h e  same r e s i n ,  
i n  t h e  Zn+ 
as t h e  absorbed band was e l u t e d  f r o m  t h e  second r e s i n  bed. Each 
e l u t i n g  s o l u t i o n  was p r e p a r e d  a t  optimum pH and c o n c e n t r a t i o n s .  
pH a d j u s t m e n t  was made w i t h  NH40H. 
t h e  tempera tu re  m a i n t a i n e d  a t  60°C. S u f f i c i e n t  a n a l y t i c a l  work was 
done t o  l o c a t e  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  maximum c o n c e n t r a t i o n  
o f  each i o n .  I d e n t i f i c a t i o n  and c o n c e n t r a t i o n  measurements were 
made on macro r a r e  e a r t h  c o n s t i t u e n t s  by use  o f  a Cary Model 14 
spec t ropho tomete r .  
o f  t h e  r a d i o t r a c e r s ,  s e p a r a t e  exper imen ts  were pe r fo rmed  f o r  t h o s e  
wh ich  d i d  n o t  have a d i s t i n c t ,  i d e n t i f i a b l e ,  n o n i n t e r f e r i n g  gamma 
spect rum. The e l u t i o n  sequences o b t a i n e d  a r e  g i v e n  i n  Tab le  1 .  
E r ,  tto, and Dy wou ld  n o t  be expec ted  t o  be p r e s e n t  i n  any Pm feed,  
b u t  were i n c l u d e d  i n  t h e  DTPA and NTA exper imen ts  t o  p r o v i d e  
r e f e r e n c e  p o i n t s  f o r  t h e  o t h e r  i o n s .  

c y c l e ,  and t h e  e f f l u e n t  s o l u t i o n  c o l l e c t e d  i n  f r a c t i o n s  

The columns were j a c k e t e d  and 

Because o f  p o t e n t i a l  problems o f  i d e n t i f i c a t i o n  

0.05Oil DTPA a t  PH 6.5 

zn+2, (Er+3-Ho+3-Dy+3) (Cm+3, Am+3) Gdt3, Smt3, Y+3, pm+3, 

~ d + ~ ,  ~ r + ~ ,  Ce , La +3 +3 

0.105l.l NTA a t  pH 6.4 

From t h e  p o i n t  o f  v iew  of prometh ium s e p a r a t i o n  e f f i c i e n c y ,  t h e  
s i g n i f i c a n t  i n f o r m a t i o n  i n  Tab le  1 i s  t h e  e l u t i o n  sequence o f  y t t r i u m  
(a  f i s s i o n  p r o d u c t  p r e s e n t  i n  most  prometh ium f e e d  s o l u t i o n s ) .  
t h e  DTPA ( o r  HEDTA) e l u t i o n  sequence, y t t r i u m  e l u t e s  between samarium 
and promethium. The r e s u l t a n t  Y-Pm s e p a r a t i o n  c o e f f i c i e n t  i s  s i g n i -  
f i c a n t l y  s m a l l e r  t h a n  t h e  Sm-Pin o r  Pm-Nd s e p a r a t i o n  c o e f f i c i e n t s .  
As a r e s u l t ,  t h e  Y-Pm b i n a r y  m i x t u r e  zone c o n t a i n s  a l a r g e r  f r a c t i o n  

I n  
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o f  t h e  t o t a l  pronet t i iun i  t h a n  does t h e  P m 4 d  b i n a r y  zone. T h i s  
r e s u l t s  i n  an i n c r e a s e  i n  t h e  pe rcen tage  o f  promethium t h a t  must  
be r e c y c l e d  f rom each r u n .  
OrPA prometh ium p r o d u c t i o n  r u n ,  shown i n  F i g u r e  1 ,  i l l u s t r a t e s  
t h i s  problem. W i t h  NTA ( o r  EOTA), y t t r i u m  e l u t e s  i n  an innocuous 
p o s i t i o n  ahead o f  g a d o l i n i u m  and p r o d u c t i o n  exper ience  has shown 
t h a t  t h e  f r o n t  and back edges o f  t h e  prometh ium band c o n t a i n  
equal  amounts o f  prornethiuni f o r  r e c y c l e .  

The p r o d u c t  e l u t i o n  c u r v e  f rom a 

Exper imen ta l  E v a l u a t i o n  o f  k l u t i o n  Parameters 

I n  a p r e v i o u s  pub1 i c a t i o n 6 ,  a s t a n d a r d i z e d  ion-exchange 

@L P r e 3  , then  e l u t e d  down a second column o f  t h e  same r e s i n  

- 1 u t i o n  p rocedure  i s  d e s c r i b e d  i n  wh ich  a 100 m l  bed o f  r e s i n  

under  c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s .  ileodymium se rves  as 
a c o n v e n i e n t  s t a n d - i n  f o r  prometh ium i n  these  l a b o r a t o r y  e x p e r i -  
ments.  The amount o f  r e s i n  i n  t h e  second column ( t h e  e l u t i o n  
column) can  be a l t e r e d  t o  examine t h e  e f f e c t  o f  v a r i o u s  e l u t i o n  
d i s t a n c e s .  When t h e  a b s o r p t i o n  colunir? c o n t a i n s  10U m l  o f  r e s i n  
and t h e  e l u t i o n  column 2C0 n i l  o f  r e s i n ,  t h e  e l u t i o n  d i s t a n c e  i s  
d e f i n e d  as b e i n g  two Land l e n g t h s .  F r a c t i o n a t i o n  o f  t h e  e f f l u e n t  
s o l u t i o n  and a n a l y s i s  o f  t h e  f r a c t i o n s  p r o v i d e  d a t a  f r o m  w h i c h  
a d e s c r i p t i v e  e l u t i o n  c u r v e  can be c o n s t r u c t e d  such as t h e  one 
shown i n  F i g u r e  2. G r a p h i c a l  i n t e g r a t i o n  o f  t h e  v a r i o u s  a reas  
o f  t h e  e l u t i o n  c u r v e s  t h u s  o b t a i n e d ,  p e r m i t s  an a c c u r a t e  coinpar- 
i s o n  o f  t h e  r e l a t i v e  e f f e c t i v e n e s s  o f  e l u t i n g  agen ts  under  a 
v a r i e t y  o f  e l u t i n g  c o n d i t i o n s .  

com l e t e l y  s a t u r a t e d  w i t h  e q u i v a l e n t  amounts o f  i i d f3 ,  

One pa ramete r  p r e v i o u s l y  used t o  coiiipare t h e  e f f e c t i v e n e s s  
o f  v a r i o u s  s e p a r a t i o n s  i s  t h e  r a t i o  o f  t h e  amount o f  neodymium 
Obta ined  100% p u r e - d i v i d e d  by t h e  t o t a l  amount o f  neodyniium p r e s e n t  
i n  t h e  exper iment .o ,7 T h i s  c r i t e r i o n  p r o v i d e s  a v a l i d  b a s i s  f o r  
e s t i m a t i n g  t h e  e f f e c t i v e n e s s  o f  e l u t i n g  agen ts  f o r  prometh ium 
s e p a r a t i o n  i f  t h e  Sin-lid s e p a r a t i o n  i s  s i m i l a r  t o  t h e  P!d-Pr separa-  
t i o n .  Such i s  t r u e  w i t h  EDTA, HEDTA, and DTPA when an  a l l o w a n c e  

made f o r  t h e  f a c t  t h a t  neodymium and praseodymium a r e  a d j a c e n t  
enients whereas samarium and neodymium a r e  separa ted  by two a t o m i c  

numbers. However, t h e  r e s u l t s  o b t a i n e d  w i t h  NTA show t h a t  t h e  
Sm-Nd s e p a r a t i o n  i s  d r a m a t i c a l l y  s u p e r i o r  t o  t h e  l id-Pr  s e p a r a t i o n .  
S ince  t h e  s e p a r a t i o n  a c h i e v a b l e  i n  t h e  Sm-iid r e g i o n  s h o u l d  be more 
r e p r e s e n t a t i v e  o f  prometh ium p u r i f k a t i o n  (prometh ium l i e s  between 
samarium and neodymium i n  t h e  e l u t i o n  o r d e r ) ,  t h e  r a t i o  of t h e  
q u a n t i t y  o f  neodymium c o n t a i n e d  i n  t h e  Sni-Nd i n t e r m e d i a t e  zone o f  
b i n a r y  m i x i n g ,  d i v i d e d  by t h e  t o t a l  q u a n t i t y  o f  neodymium p r e s e n t  
i n  t h e  exper imen t ,  s h o u l d  p r o v i d e  a more v a l i d  b a s i s  f o r  compar ison 
o f  e l u t i n g  agen ts  and o p e r a t i n g  c o n d i t i o n s  f o r  prometh ium p u r i f i -  
c a t i o n .  Such a r a t i o  i s  c o n v e n i e n t l y  expressed as:  
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F = 100(1-R) 

where 

NdBinary Zone = D + C + B  
IqdTo ta l  

R =  
D + C + B + A + B'+ C'+ D' 

The area r a t i o  R i s  obtained from graphical integration of the elu- 
t ion curves from each experiment ( l e t t e r s  A through D re fe r  t o  the 
le t te red  areas of the sample elut ion curve shown in Figure 2 ) .  
The value o f  E i s  proportional t o  the separation achieved, i . e . ,  a 
value of 100 would imply no binary mixing o r  perfect  separation. 

The e f f e c t  of e lut ing solution pH changes upon the Sm:Nd sep- 
arat ion efficiency i s  shown in Figure 3. With both NTA and DTPA, 
the permissible pH range i s  f a i r l y  broad, b u t  the optimum pH i s  
close t o  6.0. Eluant pH values less  than 5.0 were not considered 
because of the resul tant  decrease in  the r a t e  of advance of the 
absorbed band. EDTA i s  very pH-sensitive; below pH 8.0 the metal 
ion complexes prec ip i ta te ,  and above 8.8 the lanthanides pass 
through the Zn  barr ier .  

process flowsheet specified ii mass flow r a t e  of 0.36 milliequiva- 
lents/min-cm2. With NTA, essent ia l ly  no change i s  observed in  the 
separation eff ic iency a t  twice tha t  ra te .  
promethium purif icat ion runs with NTA have been made a t  flow rates  
corresponding t o  1 . 1  milliequivalents/min-cm2 with no detectable 
loss  in separation eff ic iency.  

The s t r ik ing  superior i ty  of NTA i s  shown in Figure 4. The DTPA 

Indeed, in the p i l o t  plant ,  

CONCI.US IONS -- 
I t  will be obvious t o  the reader t h a t  suf f ic ien t  work t o  

uniquely determine the optimum operating conditions f o r  NTA 
e lut ions has n o t  been done. I n  par t icu lar ,  the minimum elut ion 
distance necessary to  bring ( ibou t  separation and the maximum 
elut ion ra te  consistent with an acceptable degree of separation, 
have n o t  been fuqly determined. 
a n d  DTPA, optiinum operating conditions were determined and the da ta ,  
shown in F.igure 4 for  those three complexing agents, were obtained 
a t  optimum concentration and pH. Specif ical ly ,  the elut ion distance 
was shown to  be suf f ic ien t  to yield a maximum separation consistant 
with other operating conditions. 

I n  previous work with EDTA,  H E D T A ,  
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I t  has t h a t  t h e  s e p a r a t i o n  c o e f f i c i e n t  f o r  any two 
r a r e  e a r t h s ,  R 1  and R , ,  can be approx ima ted  as a r a t i o  o f  t h e  
s t a b i l i t y  c o n s t a n t s  o f  t h e  complexes formed between t h e  c a t i o n s  
and t h e  comp lex ing  agen ts .  

where t h e  symbol Ch r e p r e s e n t s  t h e  a n i o n .  

W i t h  NTA, b o t h  1 : l  and 1 : 2  coriiplexes can be formed w i t h  t h e  
r e  e a r t h s  and t h e  e q u a t i o n  takes  t h e  form8 

KR2Ct i  'R2(ChiZ 

%,Ch KR1 (Ch)2 '  
sep = 

K 

The s t a b i l i t y  c o n s t a n t s  between t h e  " 1  i g h t "  l a n t h a n i d e s  and t h e  
f o u r  conip lex ing agen ts  have beer1 n ieasu red .8~9 ,1O~11  
s t a b i l i t y  c o n s t a n t s  nave n o t  been t i e te rm ined  so v a l u e s  m i d p o i n t  
between samarium ai id neodymium \$ere assumed i n  c a l c u l a t i n g  t h e  
approx ima te  c o e f f i c i e n t s  shown i n  T a b l e  11. 

The promet l i ium 

TABLE I 1  

Approx imate S e p a r a t i o n  C o e f f i c i e n t s  

U n t h a n i d e  P a i r  

Pm-La 
Pm-Ce 
Pm-Pr 
Pm-Nd 
Pm-Sm 
Pm-Eu 
Pm-Gd 
Pm-Y 

EDTA HEDTA DTPA NTA - 
38.9 
8.3 
3.6 
1.8 
1.8 
2.4 
2.5 

11.8 

51.3 
7.1 
3.5 
1.7 
1 .7  
1.9 
1.5 
2.8 

-255-  

380.0 
34.7 
4 . 9  
2.0 
2.0 
2.3 
3.0 
1 .4  

56.2 
19.1 

5.0 
2.3 
2.3 
4.7 
4.1 
3.2 



A n  examination of Table I1 sugges ts  t l iat  t he  s u p e r i o r i t y  of BITA 
f o r  tiiis separa t ion  r e s u l t s  i'ron; much f a s t e r  k i n e t i c s  r a t h e r  than 
thermodynamic e f f e c t s .  
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INFRARED AND RAMAN OF TRIVALENT LANTHANIDE - 
DI-( 2-FYTHYLHFXYL) PHOSPHORIC ACID SOLVENT EXTRACTION 

O,?.GANIC EQUILIBRIUM PHASES - 
Robert C .  Lloyd* and Harry Bostian 

Department of Chemical Engineering 
University of F iss i ss ippi  

University, Mississippi 38677 

Inf ra red  analyses and Raman polar izat ion s tudies  have been made on 

organic phases of the systems: Di-(2-ethylhexyl) phosphoric acid - Re(N03)3 - H20, 

e r e  Re represents  a t r i v a l e n t  lanthanide, e i ther  lanthanum o r  neodymium. 

These s tudies  substant ia ted extract ion stoichiometries suggested by semimicro 

mater ia l  belance data and aided i n  deterriming the  s t ruc ture  of the extracted 

complexes. The pr inc ipa l  stoichiometries suggested were: 

where HDEHP represents  Db-( 2-ethylhexyl) phosphoric acid,  DFXP i s  the  acid 

m m e r  k a s a  hydrogen ion, aq r e f e r s  t o q e o u s ,  org to organic, a is the  charge 

on the  r a r e  ear th  n i t r a t e  complex and D represents  the  number of n i t r a t e  anions. 

The f i r s t  stoichiometry was found t o  hold a t  low aqueous phase concentrations. 

The second stoichiometry with a=2 and b=l was found t o  be the pr inc ipa l  mechanism 

extract ion I n  the mid concentration range and the react ion with a = l  and 

2 the  pr inc ipa l  extract ion stoichiometry near saturat ion.  I n  addi t ion t o  

confirming the  above s toichiometr ies ,  t h e  inf ra red  spectra  ind ica ted  nature of 

bonding. 

i n  a bidentate  fashion t o  the  r a r e  ear th .  

The Raman polar izat ion data showed t h a t  the n i t r a t e  groups were bound 

*To present the  paper, present ly  with E.  I. DuPont de Nemours and Co., 
Nylon Technical Section, Chattanooga, Tennessee. 
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TRICYCLOPENTADIENI’L COMPLEXES OF PROMETHIUM, CURIUM, 
--u 

BERKELIUM AND CALIFORNIUM: THEIR PREPARATION 
* 

AND IDENTIFjICATION BY MICROTECHNIQUES 

P. G. Laubereaut and J. H. Burns 

Oak Rid1:e Nat iona l  L a b , e ! !  
-u T e n n w  ’ 7830 

A b s t r a c t .  - The compounds Prn(CgHg)3, C r n ( C g H g ) 3 ,  Bk(CgHg)3 and 
Cf (C5-e been s y n t h e s i z e d  i n  microgram amounts wi th  techniques  
s p e c i a l l y  adapted t o  t h e  minuteness of t h e  samples. I n  a d d i t i o n  ev i -  
dence was obta ined  for t h e  po:ss ible  formation of a complex (C5H5)2BkC1. 
The e x i s t e n c e  of t h e  compound:; was e s t a b l i s h e d  by comparison of t h e i r  
X-ray powder p a t t e r n s  w i t h  t h x e  of t h e  known compounds Pr(C5Hg)3, 
Sm(CgHg)3, Eu(CgHg)3, Gd(CgHg)3 and Tb(CgH5)3. 
cyc lopentadienyls  of Pm, Cm, Bk and C f  f u r t h e r  proof of t h e i r  i d e n t i t y  
was obta ined  from s i n g l e - c r y s t a l  d a t a .  It w a s  a l s o  p o s s i b l e  t o  r e c o r d  
e l e c t r o n i c  s p e c t r a  which w i l l  be  r e p o r t e d  t o g e t h e r  wi th  o t h e r  p r o p e r t i e s  
of t h e  compounds. 

I n  case  of t h e  t r i-  

Schematical ly  t h e  methoc of s y n t h e s i s  of microgram q u a n t i t i e s  of 

t r i c y c l o p e n t a d i e n y l s  w a s  as fo l lows:  

M3+ . i n  0.05 N HC1 

t 

M3+ on ion-exchange bead 

J- 

N 0 

o x i d i z e  i n  air  at UOOOC 

(probably  MOP i n  case of Bk) 2 3  

* Research sponsored by t h e  L‘. S. Atomic Energy Commission under c o n t r a c t  
wi th  t h e  Union Carbide Cornorat ion.  

+ Supported by t h e  Bundesmini s t e r i u m  fiir w i s s e n s c h a f t l i c h e  Forschung, Bonn, 
F e d e r a l  Republ ic  of German). 
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+ E C 1  gas a t  500°C 

M C 1 3  

C Be(C5E5);, melt 

C5H5 ) 3 ,  

where t h e  last  r e a c t i o n  s t e o  corresponds t o  t h e  equat ion:  

2MC1 + 3Be(C H ) (melt  at  7 O o C )  -f 2M(C H ) + 3BeC12 
3 5 5 2  5 5 3  

M = 2 4 8 C ~ ,  249Bk, 249Cf, 147Fm, Sq or  Tb. The pure a c t i n i d e  

lan thanide  complexes were c r y s t a l l i z e d  by f r a c t i o n a l  sublima- 

t i o n  i n  high vacuum at temperatures fror? 135-22OOC. The r e a c t i o n s  

were c a r r i e d  out  wi th  t h e  apparatus shown i n  F i g .  1. The r eac t ion  

v e s s e l  w a s  k quar tz  c a p i l l a r y  tube ,  shown i n  F ig .  2 ,  i n  which "A" 

marks 

i s  depos i ted ,  and "C" i s  t h e  zone f o r  tern9orary s to rage  of Be(C H ) 

t h e  r e a c t i o n  zone, "B" i s  t h e  zone where t h e  pure  product 

5 5 2  
For  comparison ? I ~ ( C ~ H ~ ) ~ ,  Sm(C H ) and Gd(C H ) 

5 5 3  
5 5 3 were syn- 

t h e s i z e d  on t h e  gram s c a l e  wi th  modified e s t a b l i s h e d  methods and 

Eu(C H ) i n  a new way by r e a c t i o n  of EuCl with Be(C F followed 

by i s o l a t i o n  of t h e  pure compound. by e x t r a c t i o n  with pentane.  

5 5 3  3 5 - 5  2 

Cm(C5H5)3, Bk(C I: ) and Cf(C5H5)3, prepared  f o r  t h e  f i r s t  t ime 
5 5 3  

n t h e  course of t h i s  work, and P " ( C 5 H 5 ) 3 ,  p repared  f o r  t h e  f i r s t  

t ime i n  a weighable quan t i ty  ( see  r e f .  1 , 2 ) ,  showed e s s e n t i a l l y  t h e  

1 , 2 , 3 , 4  expected p r o p e r t i e s  of t r icyc lopent  ad ienyls  of l an thanides  

and Because of t h i s  i d e n t i f i c a t i o n  was poss ib l e  by 

comparison of X-ray powder diagrams and o the r  p r o p e r t i e s .  

Table I shows t h e  powder diagrams of t h e  t r i cyc lopen tad ieny l s  

of ?m, Cm, Bk and Cf toge the r  wi th  those  of t h e  t r i cyc lopen tad ieny l s  
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ORNL-DWG. 69-9634P 

ABSORPTlOhI COLUMNS 
FILLED W I T H  MgiCIOal, 

SCHEMATIC DR,kWING OF THE APPARATUS FOR THE SYNTHESIS 
OF THE TRICHLORIDES AND THE TRICYCLOPENTADIENYLS 

Fig. 1 

ORNL-DWG. 69-9635 

0’ 0.3 -0.5 mm 

R €ACTIO N CAP1 LL A RY 

Fig. 2 

-260-  



hkP 

120 
200 
021 
121 
002 

I* 
ob2 

s ,br 
w 
"Q 

w 

w 
w 
v.br 

m 
w 

W 

w 

rn 

w 
8 .br 

dobs,i 

7.47 
1.04 
6.63 
5.93 
4.85 
4.65 

4.40 
4.16 

3.982 

3.806 
3.611 
3.  490 

3.341 
3.153 

2.975 

2.855 

2.661 
2.603 

2.549 
2.501 
2.410 

dca1c .B 
7.44 
7.06 
6.52 
5.92 
4.88 
4.61 
4.55 
4.38 
4.15 
4.08 
4.015 
3.994 
3.817 
3.650 
3.532 
3.477 
3.259 
3.160 
3.138 
2.981 
2.959 
2.811 
2.858 
2.149 
2.743 
2.689 
2.646 
2.611 
2.593 
2.568 
2.543 
2.559 
2.505 
2.481 

2.463 
2.461 
2.449 

2.466 

d21, ,P 
7.42 
1.11 
6.49 
5.90 
4.86 
4.60 
4.58 
4.35 
4.16 
4.07 
4.016 
3.971 
3.829 
3.646 
3.557 
3.168 
3.2113 

3.126 
2.972 
2.951 
2.812 
2.842 
2.154 
2.728 
2.705 
2.650 
2.600 

2.558 
2.555 
2.559 
2.491 
2.474 
2.454 
2.449 

2.442 

3.164 

2.606 

2.411 

'Zbs .a" 
7.46 
7.02 

5.88 
4 . g  

2.97 

2.84 

2.45 

Indexed Powder Patterns 

Pr(C5H5) 

d G S  .a" 
1.56 
7.11 

5.94 
4.87 

4.15 

4.022 

3.818 
3.655 
3.485 

3.210 
3.167 

3.051 
2.981 
2.871 

2.151 

2.694 
2.655 
2.599 ' 

2.562 

2.4% 
2.457 

?m(C5H5 ) 3  Eu(C5H5) Gd(C5H5 1: 

dabs ,a" 
7.50 
1.04 

5.92 
4.87 

3.481 

'3.283 

2.969 

2.865 

2.656 
2.595 

2.468 

dobS ,a" 
7.47 
7.04 
6.58 
5.90 
4.87 
4.68 

4.37 
4.13 

4.002 

3.809 
3.648 
3.476 

3.255 
3.153 

2.975 

2.860 

2.736 

{ 2 m  

2.558 

2.460 

doba,g 

7.45 
1.04 
6.45 
5.88 
4.82 
4.63 

4.39 
4.19 
4.11 
3.982 

3.809 
3.500 
3.450 

3.240 
3.140 

2.950 

2.876 
2.838 

2.657 
2.622 
2.594 
2.571 

2.537 
2.500 
2.465 

R(C5H5), 

dabs ,a" 
7.36 
6.98 
6.68 
5.89 
4.82 
4.6L 

4.30 
4.10 

3.965 

3.473 

3.240 
3.148 

2.950 

2.8411 

2.647 
2.585 

2.523 

2.451 

vilsuallr estimated intensities: 

bBe.sI;.d OD data of C. Wong. T. Lee and Y .  Lee, ?roc. Tenth Int. Coni. Coord. Chem., Tokyo and Nikko. Japan, p.  95 11967) 

YB 5 very 9trong. 8 - strong. m = medium. Y = weak, w = very weak .  br - broad 
'G. w. watt and E. W. Gillw. J. lim. Chem. S O C . .  g, 715 (1969). 

CmIC H ) 
5 5 3  

,: 
7.48 
7.07 
6.68 
5.92 
4.80 

4.44 
4.18 

3.97 

3.83 
3.73 
3.57 
3.49 

2.950 

2.873 

2.771 

2.659 
2.592 

2.527 

2.471 

Bkl C5H5) 

dabs ,: 
7.49 
1.01 

5.91 
4.81 

11.42 
4.15 

3.974 

3.809 

3.412 

3.236 
3.089 

2.946 

2.856 

2.741 

2.666 
2.593 

2.531 

2.460 

X(C5H5)3 

7.39 
1.00 

5.89 
4.83 
1b.63 

4.40 
4.12 

3.960 

3.834 

3.471 

3.231 
Ij 

2.950 

2.860 ' 
H 

2.659 

2.520 

2.461 



of Pr, Sm, Eu, Gd and Tb obtained by us and indexed by use of t h e  

s i n g l e - c r y s t a l  data of Table 11. Addit ional ly ,  i n  t h e  case of Sm,  

Table I1 

U n i t - c e l l  Dimensions" of Tricyclopentadienyls  

Meta1,M Radius(M 3+ ) a,; b,: c,l( V01.,i3 d:alc.,g.cm-3 

Pr 

Pm 

cm 

Sm 

Bk 

E U  

C f  

Gd 

Tb 

1.013 

0.979 

0.979 

0.964 

0.954 

0.950 

0.944 

0.938 

0.923 

14.20 17.62 9.79 

14.12 17.60 9.76 

14.16 17.66 9.69 

14.1: 37.52 9.77 

14.11. 17.55 9.63 

14 .10  17.57 9.79 

14.10 17.50 9.69 

14.05) 17.52 9.65 

14.20 17.28 9.65 

2449 

2425 

2423 

2422 

2385 

2 425 

2391 

2382 

2368 

1.82 

1.88 

2.43 

1.90 

2.47 

1.90 

2.47 

1.97 

1.99 

ahcura te  t o  about 0.5%. 

bDensity i s  ca l cu la t ed  asstuning 8 formula weights per u n i t  c e l l .  

t h e  d-values found by Watt .and G i l l o w 7  and d-values ca l cu la t ed  

from t he  data of Wong, The good agree- 

ment among a l l  the data i s  3ffered as proof of the  exis tence of 

&.8 are a l s o  given. 

Pm(C5H5)  3, Cm(C5H5 ) 3 ,  Bk(C5H5 )3  and C f ( C g H 5  )3. 

Resul ts  obtained from s ing le -c rys t a l  s t u d i e s  are shown i n  

T a b l e  I1 t o g e t h e r  w i t h  t h e  lanthanide r a d i i  of Templeton and 

Dauben9 and the  ac t in ide  r a d i i  of Peterson and Cunningham." A l l  
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t h e  cyc lopentadienyl  compounds r e p o r t e d  here  c r y s t a l l i z e  with 

orthorhombic symmetry. Systematic  absences of t h e  type  OkZ f o r  

k = 2n + 1 and hOQ f o r  2 = 2n + 1 were observed.  These a r e  char- 

a c t e r i s t i c  f o r  t h e  space groups Pbcm and P b ~ 2 ~ ;  t h e  f i r s t  of t h e s e  

w a s  chosen by Giong, a s  t h e  c o r r e c t  one. Evidence f o r  a 

p o s s i b l e  second,  b u t  c l o s e l y  r e l a t e d ,  s t r u c t u r e  f o r  some of t h e s e  

compounds w a s  observed by us. Moreover, we have some d a t a  showing 

h a t  a s t r u c t u r e  d i f f e r e n t  from t h e s e  i s  obta ined  when t h e  r a d i u s  of 
0 

t h e  c e n t r a l  ion becomes very s m a l l ,  a s  i n  t h e  case of Tm(C H ) (0.869A) 
5 5 3  

Although t h e  descr ibed  s y n t h e s i s  proved t o  be a r e l i a b l e  way t o  

o b t a i n  t r i c y c l o p e n t a d i e n y l s ,  under c e r t a i n  condi t ions  it was p o s s i b l e  

t o  s y n t h e s i z e  ( C  H ) B l t C l  ( l i g h t  amber i n  c o l o r ) .  

t i o n  tempera ture  and t h e  agreement of i t s  powder a a t t e r n  with t h a t  of 

a compound which we b e l i e v e  t o  be ( C  H ) SmCl sugges ted  t h e  formula. 

The fol lowing c o l o r s  of t h e  f r e s h l y  sublimed compounds were 

I ts  h igher  sublima- 
5 5 2  

5 5 2  

observed: 

of 1% 249Cf  i m p u r i t y ) ;  Cf(C H ) 

(wi th  a max. of 8.3% 147Sm i m p u r i t y ) .  

w a s  l i m i t e d  by t h e  minuteness  of t h e  samples ,  by p o s s i b l e  e f f e c t s  of  

C m ( C 5 H 5 ) 3 ,  n e a r l y  c o l o r l e s s ;  Bk(C Y ) amber (wi th  a max. 5 ’ 5  3’ 
ruby r e d ;  Pm(C5H5)3, dark orange 

Determinat ion of t h e  c o l o r s  

5 5 3’ 

a d i o l y s i s ,  and i n  some c a s e s ,  by r a p i d  formation of daughter  elements 

from n u c l e a r  decay. 

TOO nm (350-1000 nm f o r  Bk(C H ) ) gave no i n d i c a t i o n  f o r  t h e  presence 

of i m p u r i t i e s .  

The survey of t h e  f-f s p e c t r a  i n  t h e  reg ion  400- 

5 5 3  

With s p e c i a l  microtechniques t h e  f a l l o w i n g  v i s i b l e  absorp t ion  

11 
s p e c t r a  were obta ined:  
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Cf(C5H5)3 - broad absorpt ions beginning at  600 nm and extending 

i n t o  t h e  blue (can be a t t r i b n t e d  t o  "electron t r a n s f e r  processes") .  

Bk(C H ) - absorpt ions at 435-450 (b road) ,  462,477 ( shou lde r ) ,  5 5 3  
483,494 ( shou lde r ) ,  514,540 (b road) ,  615-640 (b road) ,  650-660 ( shou lde r )  

and 730 (broad)  nm (can be a t t r i b u t e d  t o  f-f t r a n s i t i o n s ) .  

Cm(C H ) - s e v e r a l  sharp absorpt ions near 640 nm; b r i g h t  r e d  flu- 5 5 3  
orescence by e x c i t a t i o n  with W l i g h t  of 360 nm. 

Pm(C H - sharp absorpt ions at 497, 505, 510, 550, 552, 554, 558 5 5 3  
562, 564, 568, 570, 577, 579, 582, 504, 587, 590, 592, 595, 599, 601, 

608 and 620 nm (can be a t t r i b u t e d  t o  f-f t r a n s . ;  no Sm(C H ) 

de tec t ed ,  however, i n t e r f e rence  by much s t ronge r  and broad Sm(C H ) 

e lec t ron - t r ans fe r  band i n  t b e  region < 540 nm w a s  ev iden t ) .  

f-f t r a n s .  5 5 3  

5 5 3  

The cyclopentadienyl ccmplexes of 248Cm, 249Bk, 249Cf, and 147Pm 

were comparatively s t a b l e  aga ins t  au to rad io ly t i c  decay. 

with high y i e l d s  w a s  poss ib l e  af ter  e i g h t  days of storage i n  each case.  

I n  an attempted syn thes i s  w.<th t h e  sho r t - l i ved  a-emitt ing 244Cm, how; 

eve r ,  a r a p i d  r a d i o l y t i c  decomposition of t h e  CmCl -Be(C5H5)2 r eac t ion  

m i x t u r e  occurred and no C m ( C  H ) w a s  obtained. 

Resublimation 

3 

5 5 3  
The ove ra l l ,  s imilar p r3pe r t i e s  of t h e  new t r i cyc lopen tad ieny l s  as 

compared with t h e  p r o p e r t i e s  of t h e  known t r i cyc lopen tad ieny l s  of t h e  

l i g h t e r  lanthanides  and a c t i n i d e s  suggest a very similar cha rac t e r  

of t h e  metal-l igand bonds 
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Abs t rac t  

The formation cons tan ts  of the ra re-ear th  a-hydrox i sobutyra te  complex 
spec ies  have been determined pc ten t iomet r ica l ly  a t  25.0g and 4O.O0C and a t  
an i o n i c  s t r e n g t h  of 0.10 with sodium perchlora te  as a support ing e l e c t r o -  
l y t e .  
work i n  order  to minimize the e r r o r s  due t o  the formation of s l i g h t l y  
so luble  potassium perchlora te ,  r e s u l t i n g  i n  more accura te  cons tan ts  than 
ever .  Both an IBM 7044 and a F'ACOM 230-60 computers were employed f o r  the 
c a l c i i l ~ t i o n s .  The cons tan ts  versus  atomic number curve obtained i s  smoother 
than the  ones previously repor ted ,  a l though two minor breaks a r e  apparent ly  
observed a t  gadolinium and a l s o  a t  neodymium. 
between those f o r  dysprosium and holmium, as predicted from t h e i r  i o n i c  
r a d i i .  

A double-junction calomel re ference  e lec t rode  w a s  used throughout the 

The cons tan t  f o r  y t t r ium f a l l s  

In t roduct ion  

Since Choppin, Harvey, and Thompson") f i r s t  repor ted  the use of  

a-hydroxyisobutyric a c i d  as a new e l u a n t  f o r  the cation-exchange separa t ion  

of the a c t i n i d e  elements, t h i s  reagent  has been used ex tens ive ly  f o r  

s e p a r a t i n g  t r a c e r  amounts of the rare-ear th  e l e r n e n t ~ ( ~ - ~ ) .  The formation 

cons tan ts  of the ra re-ear th  a-hydroxyisobutyrates have been determined by 

s e v e r a l  au thors  as w i l l  be discussed l a t e r .  

Although c h e l a t e  formation cons tan ts  f u r n i s h  much information about  the 

ion-exchange separa t ion  of the metals involved, the a c t u a l  ion-exchange 
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behavior  i s  o f t e n  far from t h a t  expected from formation c o n s t a n t s .  For 

example. t h e  c a  t ion-exchange s e p a r a t i o n  of europium sild gadolinium has been 

c a r r i e d  o u t  e f f i c i e n t l y  by u s i n g  a -h~droxy i s3bu t ) . r e t e  as an  e l u a n t  , 
while  t h e  formetion c o n s t m t s  of t he  corresponding complex s p e c i e s  ob ta ined  

by the p r e v i o u s  a u t h o r s  a r e  too close to e a c h  o t h e r  t o  a c c o u n t  f o r  t h e  

ion-exchanee phenomena. 5uch d i sc repancy  should n e c e s s a r i l y  be i n t e r p r e t e d  

t o  o b t a i n  maximum a p p l i c a b i l i t g  of formation cons ia:lts to  ion-exchnnge 

(1-5) 

epara t ions .  

The formation c o n s t a n t  ve r sus  a tomic number cu rves  f o r  the r a r e - e a r t h  

n-hydroxyisobutyrate  complexes based on the  previous uorks a r e  a l l  q u i t e  

winding, and the t rend 1s n o t  c o n s i s t e n t  axone those cu rves ,  excep t  t he  

g-adolinium b reak .  In  the p r e s e n t  work, i t  uas  intended t3 redetermine the 

fo rma t ion  c o n s t a n t s  and t o  c o r r e l - t e  ion-exchange bchi:vior vi th the con- 

s t a n t s  o b t a i n e d .  The Eadolinium break and the  z o s i t i o n  of y t t r i u i  a r e  a l s o  

the  problems t o  be i n v e s  tiua t ed .  

The p o t e n t i o n e t r i c  i?ethod of de te rmin ing  s t a b i l i t y  c o n s t a n t s ,  which xas 

developed by BJerrum (6’7’ , kden(3 ’9 ’ ,  and ?ronaeus(”) ,  has  been reviewed 

i n  d e t s i l  by Sonesson” ’ ) .  

improved by i n c o r p o r a t i o n  of a double- junct ion calomel  r e f e r e n c e  e l e c t r o d e ,  

The pi! measurements involved i n  t h i s  method were 

0 remove t h e  e r r o r  due t o  formation o f  potass1.m p e r c h l o r a t e .  Tie e l e c t r o d e  

ehaved q u i t e  s a t i s f a c t o r i l y ,  r e s u l t i n g  i n  more r e l i a b l e  c o n s t a n t s  than 

p rev ious ly  r e p o r t e d .  

Experimental  

:{are-ear th  p e r c h l o r a t e  s o l u t i o n s .  --- The r a r e - e a r t h  oxides  were 
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supplied by the Department of Nuclear Engineering, Tohoku University, and by 

Shin-etsu Chemical Indus t r ies ,  Co., Ltd., and a l l  were of 99.9 '$ o r  g rea t e r  

purity.  

and adjusted to  the equ iva len t  pH values. 

Rare-earth perchlorate so lu t ions  were prepared from these oxides, 

a-Hydroxyisobutyric acid.  --- T h i s  reagent,  which w a s  pur i f ied  by 

sublimation a t  Wako Pure Chemicals Indus t r ies ,  Ltd., and had a melting point 

of 78.8 - 8 1 . O o C ,  w a s  used without fu r the r  pur i f ica t ion .  

pH meter and e lec t rodes .  --- A Beckman model 1019 Research pH meter w 

used with the Beclanan 41267 and 59ooo g las s  electrodes.  Since i t  is impos- 

s i b l e  to  use the regular  calomel reference electrode with good accuracy and 

reproducib i l i ty  i n  the perchlorate so lu t ions ,  a sodium chloride electrode, 

which was simply prepared by the replacement of a sa tura ted  potassium 

chlor ide  solution i n  the regular calomel electrode by a sa tura ted  sodium 

chloride solut ion,  w a s  u s e d .  Due  to  t h e  a p p r e c i a b l e -  d i f f e r e n c e  

between the ion ic  mobi l i t i es  of potassium and sodium ions,  e r r o r s  as 

much as 0.3 i n  pH un i t  were observed i n  various e l ec t ro ly t e  so lu t ions  a t  an 

ion ic  s t rength  of 0.1, with poor reproducib i l i ty .  This e l e c t r d e  tends to  

t o  accumulate the e r r o r s  i n  FIII a s  much as t0.2 per 1 pH un i t  d i f fe rence  

from a standard buf fer  so lu t ion .  A salt  bridge"') has been used i n  per- 

(12 )  

chlora te  so lu t ions  a t  an ion ic  s t rength  of 2 ,  to  avoid the d i f f i c u l t y .  In @ 
t h i s  work, a double-junction calomel reference electrode of Denki Kagaku 

Keiki, Co., Ltd., f i l l e d  with an ammonium chloride so lu t ion ,  was employed 

i n  combination with the glass e lec t rode .  

chloride chosen was 4.16 E ( the  concentration of the saturated potassium 

chlor ide  so lu t ion  a t  25OC). 

and compared with a regular  calomel reference e lec t rode  i n  solutions 

The concentration of ammonium 

This electrode was tes ted  over a wide pH range 
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c o n t a i n i n g  var ious  salts .  

e l e c t r o d e  could s a f e l y  be used i n  the pH reg ion  from 2 t o  5, where most of 

t h e  pH readings  i n  the  s t a b i l i t y  cons tan t  work should f a l l ,  wi th in  the  

accuracy  of the  pH meter used. 

a t  the  h i g h e s t  s e n s i t i v i t y .  

The r e s u l t s  revea led  that the  double- junct ion 

Quite  s t a b l e  pH readings  were obta ined  even 

The apparent  a c t i v i t y  c o e f f i c i e n t s  of hydrogen ion  were determined by 

t i t r a t i n g  a hown amount of p e r c h l o r i c  a c i d  a t  an i o n i c  s t r e n g t h  of 0.10 

t h  a s tandard  sodium hydroxlde s o l u t i o n ,  and were found t o  be 0.9089 and 

0.9158 a t  25.0 and 4O.O0C, r e s p e c t i v e l y .  These c o e f f i c i e n t s  were 'used t o  

c a l c u l a t e  the hydrogen-ion concent ra t ions  from the pH readings . .  A b u f f e r  

s o l u t i o n  of  pH 4.008 a t  25.0°C was c e r e f u l l y  prepared,  and used as a 

s tandard  throughout the measurements . (14 )  

Other experimental  d e t a i l s  are the same as descr ibed  i n  the a u t h o r s '  

previous r e p o r t  ( 1 5 ) .  

The d i s s o c i a t i o n  c o n s t a n t  of a-hydroxyisobutyr ic  a c i d  a t  an  i o n i c  

s t r e n g t h  of 0.10 and a t  25.OoC was determined p o t e n t i o m e t r i c a l l y  wi th  sodium 

p e r c h l o r a t e  as the suppor t ing  e l e c t r o l y t e .  The c o n s t a n t  obtained was 

(1.617 f 0.002) X 

r e p o r t e d  by the previous a u t h o r s  as shown i n  Table I .  

This  va lue  compares q u i t e  favorably  with va lues  

A t  4O.O0C, the  d i s -  

c i a t i o n  cons tan t  var ied  somewhat wi th  i n c r e a s i n g  b u f f e r  c o n c e n t r a t i o n s ,  

b u t  the  value 1.515 X 10-4, obtained by e x t r a p o l a t i o n ,  was used f o r  subse- 

quent  computat ions.  

0 

As shown by the previous au thors '  18) ,  a -hydroxyisobutyr ic  a c i d  combines 

wi th  metal i o n s  as monobasic b i d e n t a t e  l igands ,  a n d  the  r a r e - e a r t h  c a t i o n s  

form a t  least  1:1 ,  1:2, and 1:7 s p e c i e s  with a-hydroxyisobutyrate  an ion .  
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TABLE I 

Di.ssociation Constants of a-liydroxyisobutyric Acid 

Ionic  Dissoc ia t ion  
s t r e n g t h  cons tan t  

0 1.06 X 

0.5 1.76 X 

Authors Temp., 'C 

Ostwald 25 

Stagg and Powell 25 

Deels t ra  and 
Verbeek 25 0.2 1.614 x 

Ref. 

16 

12 

17 

Suzuki and 
Xi kado 25 0.1 1.617 X t h i s  work 

For the heavy r a r e  e a r t h s ,  however, a l l  the fol lowing e q u i l i b r i a  were con- 

s idered  to  obta in  g r e a t e r  a c c u a c y .  

RS+ + A- + RA2+ K1 = [ilk2+]/[H3+1[A-j, 

XA2+ + 8- < K 2 = LKA;1/[KA2+lCA-l, 

Ni; + x- * 1Ui. K 5 = ( ~ ~ / ( U ~ ) [ i l - l ,  

!1A + A- e ITA- Kq = I RAi 1 / ' ( 5 l (  A-1. 
5 

3 

Calcula t ion  of the ind iv idua l  cons tan ts  was performed by the computa- 

t i o n a l  programs, o r i g i n a l l y  prepared for the I Y M  7074 computer a t  the Iowa 

S t a t e  l ln ivers i ty  Computation Center, h e s ,  Iowa, and adapted t o  the IBM 7 0 4  

and the FXi'OW 270-60 computer:. a t  the Japan Atomic Energy liesearch I n s t i t u t e ,  

Tokai, Ibnraki ,  Japen. 

The r e s u l t s  obteii,e; %re shown i n  Tables 11 and I11 and i n  Figure 1 .  

Eiscussion 

The s t a b i l i t y  cons tan ts  c1:)tained by Choppin a d  Chopoorian'13), StaL&y 

and Po.dell(12), and Deels t ra  and Verbeek(19), deterinined a t  higher  i o n i c  

s t r e n g t h s ,  a r e  similar and appreciably lower than those reported by Powel.l,, 
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Stepriise :S tab i l i ty  Constantsa of the .?are-Zarth cr-!ipdrox:yiso- 

bu tyra te  Species  e t  25.0°C ana p = d.10 (iJaC10,j. 

K1 K2 5 K4 l og  K1 K l / K 2  K 2 4  Element 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

DY 
110 

i'r 

Tm 

Yk 

Lu 

Y 

324.7 
- 

520.3 
591.9 

.?A4 .3 

921 .5 
977.9 

1240. 

1485. 

1754. 

2037. 
- 
- 

3056. 
1599. 

44 .0 
- 

108. 

102. 

172. 

187. 

225. 

255. 

362. 

459. 

434. 
- 
- 

724. 

151. 

21 - 
- - 

14 

12 

27 13 

32 5 
51 

60 6 
77 12 

108 22 

149 19 

- 
- 

- 

- - 
- - 

20 1 45 

129 9 

2.51 1 
- 

2.724 

2.772 

2.926 

2.965 

2.9% 

3.093 
3.172 

3.214 

3,  j29 
- 
- 

3.485 

3.204 

7.36 
- 

A.91 

j .%I 

4.92 

4.92 

4.35 
4.86 

d. ld  

3.32 

4.51 
- 
- 

4.22 

4.55 

2.1 
- 

7.6 

8.5 
6.4 

5.9 

?. 5 

4.2 

4.7 

A .2 

3.3 
- 
- 

3.6 
2.7 

aThe values  i n  t h i s  tab le  are s u b j e c t  to  absolu te  e r r o r s  as g r e a t  as 

i 2 $ i n  the  case of K 1 ,  and t o  r e l a t i v e  e r r o r s  as g r e a t  as i 10 j g ,  
f 30 %, and i 50 ,'d i n  the cases  of K2, 5. and Kd, resnec t ive ly .  

Q 
Karraker, Kolat and W r r e l l  a t  the Third %are Ear th  Iiesearch Conference'l'). 

The cons tan ts  obtained i n  t h i s  research  a t  25.0°C f a l l  between the two c l a s s i -  

f i c a t i o n s  mentioned above, and f i t  a much smoother curve than those previously 

repor ted ,  a s  can be seen i n  Fiqu: 1 .  This curve seems t o  be s u f f i c i e n t l y  

reasonable  to  accolunt for the most ion-exchange behaviors of the ra re-ear th  
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a-h,ydroxyisobutyrates. Consequently, the gadoliniurn break observed i n  Figure 

1 is l e s s  d i s t i n c t  than before ,  and an apparent  neodymium break i s  observed. 

The f a c t  t h a t ,  the ion-exchange separa t ion  of europium and gadolinium 

using a-hydroxyisobutyric a c i d  can be achieved as e f f l c i e n t l y  as i n  the case 

of o ther  ad,jacent pairs of r a r e  e a r t h s ,  apparent ly  co inc ides  with the preseni 

experimental r e s u l t s .  

gadolinium a-hydroxyisobutyrates were ca lcu la ted  

cons tan ts  obtained,  together  with the presumed f r e e  l igand concentrat ions,  

and the f a c t o r  was found to  increase  t o  a s  much as 1.76 a t  a f r e e  l igand 

concentrat ion of  0.3 or higher. This coincides  with the r e s u l t s  b,y ca t ion  

exchange method ( ' I ) .  

neodymiim should be c a r r i e d  ou t  a t  somewhat lower concent ra t ions  of the 

l i r a n d  a t  25.OoC. 

The ion-exchange separa t ion  f a c t o r s  f o r  europium and 

(20) using the s t a b i l i t y  

On the o ther  hand, the separa t ion  of praseodymium and 

A s  can be seen i n  Figure 1 ,  the  minor d i s c o n t i n u i t y  around praseodymium 

and neodymium, which may be cal.led the neodymium break, has  a l s o  been observed 

by Devine(22). 

accumulation of  accura te  forma:-ion cons tan ts ,  i n  connection with the e f f e c t  

of the 4f e lec t ron  s h e l l s .  

This break seems t o  requi re  f u r t h e r  i n v e s t i g a t i o n  through 

The pos i t ion  of y t t r ium i n  the s t a b i l i t y  cons tan t  sequence has long 

been discussed.  From t h i s  research,  yt t r ium f a l l s  between dysprosium and 

holmium, j u s t  as would be pred'tcted from the c a t i o n i c  r a d i i .  

ion-exchange separa t ion ,  however, y t t r ium has been found t o  e l u t e  c lose  t o  

terbium, o r  between terbium and dysprosium (2 -5 ) .  Unfortunately, t h i s  f a c t  

cannot b e  properly explained by  the present  r e s u l t .  

I n  the p r a c t i c a l  

The s i t u a t i o n  is somewhat d i f f e r e n t  a t  40.0°C, al though only a few rare 
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TABLE I11 

Stepwise S + a b i l i  t y  Constants of the liare-Earth a-Hydroxyiso- 

bu tyra te  Species  a t  40 .0°C and p = 0.10 ( N a C I O d ) .  

La 

Ce 

P r  

@ :: 
Eu 

Gd 

Tb 

DY 
80 

d r  

Tm 

Yt 

Lu 
Y 

- 
- 

531 .O 

674. J 
867.9 

- 
1027. 

- 

1494. 
1639. 

2012. 
- 
- 
- 

1501. 

- 
- 

118. 

92.4 
160. 

- 
179. 

- 

541. 
A18. 

464. 
- 
- 
- 

3%. 

- 
- 

2.725 
2.829 

2.939 

- 
3.131 2 
- 

3.1?5 
3.228 

3.304 
- 
- 
- 

3.176 

- 
- 

4.49 
7.30 

5 . 4 4  

- 
5.76 
- 

4 .33 
4.04 

4.34 
- 
- 
- 

4.47 

- 
- 

14 
3.2 
6 .O 

- 

5 .I 
- 
4.6 
4 .O 

3.9 
- 
- 
- 

3.4 

e a r t h  a-hydroxyisobutyrates have been inves t iga ted .  

comparison of Tables 11 and 111, the cons tan ts  increase  s l i g h t l y  when the 

A s  can be seen by the 

mperature i s  increased i n  the case of the  l i g h t e r  rare e a r t h s ,  bu t  Q 
decrease s l i g h t l y  i n  the case of rare e a r t h s  heavier  than holmium. 

remarkable f a c t  is t h a t  no neodymium break was observed a t  m0C. 
hydrogen-ion concentrat ions versus  l igand  concentrat ion curve f o r  neodymium 

i n d i c a t e s  that the neodymium a-hydroxyisobutyrates are more s t a b l e  a t  higher  

l igand  concentrat ions a t  30' than a t  25OC. 

The 

The re leased  

I t  i s  thus probable t h a t  ion- 
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exchange separa t ion  of the  l i g h t e r  r a r e  e a r t h s  would s l i g h t l y  be more clean 

c u t  a t  40' than a t  25OC. 
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2.4 
Lo Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Figure I .  Logarithms of the first-step stability constants of the 
rare-earth a- hydroxyisobutyrate complex species at 25.0 "C 
and ,u = 0.10 (NaC104). 
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DIFFERENT HYDRATED FORMS OF THE 
ETHYLENEDIAMINETETRAACETATO COMPLEXES 

OF THE RARE EARTHS* 

J .  Linn Mackey, David E.  Goodney, and James R.  Cast 

Chemistry Department, Aust in  College 
Sherman, Texas 75090 

Ab s t r a c  t 

By c o n t r o l  of c o n d i t i o n s ,  t h e  r e a c t i o n  between r a r e  e a r t h  
ca rbona te s  and ethylenediaminetetraacetic a c i d  (EDTA) 
y i e l d s  d i f f e r e n t  hydra t e s  of  t h e  p ro tona ted  1:l r a r e  
earth-EDTA c h e l a t e s .  Some of t hese  c h e l a t e s  correspond t o  
those  a l r e a d y  r e p o r t e d  i n  the  l i t e r a t u r e ,  wh i l e  o t h e r s  a r e  
new. 
a n a l y s i s ,  I . R . ,  T . G . A . ,  and X-ray powder d i f f r a c t i o n .  The 
s t a b i l i t y  and s t r u c t u r e  of  t h e  d i f f e r e n t  hydrated forms of  
t h e s e  1:l c h e l a t e s  a r e  d i scussed  i n  terms of t h e  i o n i c  
r a d i i ,  coo rd ina t ion  numbers .of t h e  rare e a r t h s  and t h e  
s te r ic  requirements  of t h e  c h e l a t e s .  

These c h e l a t e s  have been c h a r a c t e r i z e d  by chemical 

I n t r o d u c t i o n  

The p ro tona ted  1:l c h e l a t e s  of t he  r a r e  e a r t h s  wi th  9 
ethylenediaminetetraacetatic a c i d  (EDTA) w e r e  prepared and 
s t u d i e d  by Moeller and co-workers’ and by  Kolat  and Powell 2 . 

*This work was supported by a g r a n t  from The Robert A.  
Welch Foundation. 
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This  work i n d i c a t e d  t h a t  t h e  s o l i d  c h e l a t e s  o f  l a n t h a n  um 

through samarium were monohydrates (HL+nEDTA-H20) wh i l e  t h e  

r e s t  of t h e  rare e a r t h  c h e l a t e s  w e r e  anhydrous (HLnEDTA). 

T 
n 

Recently Hoard and co-workers' r e p o r t e d  t h e  p r e p a r a t i o n  

and X-ray s t u d y  of a new hydra t e  form of t h e  lanthanium 

c h e l a t e ,  HLaEDTA.7H20. This  r a r e  e a r t h - c h e l a t e  was shown 

t o  have a t en -coord ina te  lanthanium i o n  w i t h  t h e  EDTA 

a c t i n g  as a hexaden ta t e  and f o u r  wa te r  molecules  c o o r d i n a t  

ed t o  t h e  lanthanium. 

I n  t h i s  pape r ,  we r e p o r t  t h e  p r e p a r a t i o n  and charac-  

t e r i z a t i o n  of  o t h e r  m u l t i h y d r a t e s  o f  t h e  1:l r a r e  e a r t h -  

EDTA c h e l a t e s  i n  a d d i t i o n  t o  "LaEDTA-7H20 and d i s c u s s  t h e  

r e l a t i o n  of t h e s e  c h e l a t e s  t o  those  r e p o r t e d  p r e v i o u s l y .  

Exp er  imen ta  1 \ 

P r e p a r a t i o n .  Each o f  t h e  p ro tona ted  rare earth-EDTA c h e l -  

ates w a s  p repa red  by r e a c t i n g  equa l  molar q u a n t i t i e s  o f  

t h e  r e s p e c t i v e  r a r e  e a r t h  ca rbona te  w i t h  ethylenediamine-  

t e t r a a c e t i c  a c i d  i n  aqueous s o l u t i o n .  The rare e a r t h  

ca rbona te s  w e r e  prepared by t h e  method of  Head . The 

r e a c t i o n  mix tu re  was  s t i r r e d  u n t i l  t h e  s o l u t i o n  c l e a r e d  

wh i l e  c a r e f u l l y  c o n t r o l l i n g  t h e  temperature .  I f  t h e  

temperature  i s  n o t  low enough (below room temperature  i n  

some c a s e s )  then t h e  r e s p e c t i v e  monohydrate o r  anhydrous 

c h e l a t e  i s  formed. C r y s t a l s  of  t h e  m u l t i h y d r a t e  c h e l a t e s  

w e r e  o b t a i n e d  by c o o l i n g  t h e  s a t u r a t e d  s o l u t i o n s .  

4 
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Chemical Ana lys i s .  The c h e l a t e s  were q u a n t i t i v e l y  

analyzed f o r  r a r e  e a r t h ,  EDTA and a c i d i c  hydrogen. The 

q u a n t i t y  of  r a r e  e a r t h  was determined by f i r i n g  t o  t h e  

ox ide  and weighing. The EDTA was determined by t i t r a t i n g  

w i t h  bismuth i n  a c i d i c  s o l u t i o n  u s i n g  xy leno l  orange a s  an 

i n d i c a t o r ,  and t h e  a c i d i c  hydrogen was t i t r a t e d  wi th  a 

s t anda rd  sodium hydroxide s o l u t i o n .  Water of  hydra t ion  

@as ob ta ined  by d i f f e r e n c e  and a l s o  by t h e  Karl F i s c h e r  

method f o r  t h e  samarium c h e l a t e .  

Thermogravimetric Analysis  (TGA) . The thermograms were 

measured w i t h  an appa ra tus  c o n s i s t i n g  of a Cahn RG e l e c t r o -  

ba l ance  and a Marshal l  fu rnace  c o n t r o l l e d  by a F & M 

S c i e n t i f i c  240 temperature  programmer. The thermograms 

w e r e  run i n  a i r  and i n  some c a s e s  n i t r o g e n  atmospheres.  

The h e a t i n g  ra te  was 4' degrees  p e r  minute .  

I n f r a r e d  Data. I n f r a r e d  s p e c t r a  w e r e  recorded on a 

Beckman model 8 spectrophotometer .  Spectra ,  were of  t h e  

s o l i d s  p re s sed  i n  KBr p e l l e t s .  

X-ray powder diagrams were ob ta ined  u s i n g  a 

114.59 mm diameter  P h i l i p s  camera and Mo KoC r a d i a t i o n  

w i t h  a Z r  f i l t e r .  

S o l u b i l i t y  Measurements. 

s o l i d  added were e q u i l i b r a t e d  i n  a c o n s t a n t  temperature  

b a t h .  Samples were removed ove r  v a r i o u s  t i m e  p e r i o d s  f o r  

The s o l u t i o n s  wi th  an excess  of 
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a n a l y s i s .  Equi l ibr ium seems t o  be obtained w i t h i n  two 

days.  The s o l u t i o n s  i n  equi l ibr ium with t h e  s o l i d s  were 

removed and analyzed f o r  non-chelated r a r e  ear th- ions  by 

t i t r a t i n g  wi th  EDTA us ing  xylenol  orange as i n d i c a t o r .  

T o t a l  EDTA was obta ined  by lowering t h e  pH below two and 

back t i t r a t i n g  wi th  bismuth, aga in  us ing  xylenol  orange a s  

i n d i c a t o r .  The q u a n t i t y  of r a r e  e a r t h  present  was obta in-  

ed by evaporat ing t h e  s o l u t i o n s  and f i r i n g  t o  t h e  oxide.  

A thermogram w a s  run on a sample of t h e  s o l i d  i n  c o n t a c t  

w i t h  s o l u t i o n .  

I 

Resul t s  and Discussion 

Mult ihydrate  forms o f  t h e  p r o t o n a t e d - l : l  c h e l a t e s  of 

EDTA w i t h  lanthanium, samarium and europium were prepared.  

The a n a l y t i c a l  d a t a  f o r  t h e s e  c h e l a t e s  i s  presented  i n  

Table I.  

The number of  water  molecules a s s o c i a t e d  wi th  t h e  

c h e l a t e s  v a r i e s  somewhat wi th  t h e  l e n g t h  of dry ing .  An 

a t tempt  w a s  a l s o  made t o  prepare  a mul t ihydra te  form of 

t h e  holmium c h e l a t e ,  b u t  w e  w e r e  unable  t o  i s o l a t e  such a 

product .  The only  products  obtained from t h e  r e a c t i o n  of 

holmium carbonate  and E:DTA w e r e  t h e  anhydrous HHoEDTA and 

Ho(HoEDTA)~ under t h e  condi t ions  used.  

The temperature  s t a b i l i t y  of t h e  mul t ihydra te  c h e l a t e s  

i n  t h e  presence of water was s t u d i e d  a s  w e l l  a s  t h e  solu-  

b i l i t y  of bo th  t h e  mul t ihydra te  c h e l a t e s  and t h e  
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TABLE I .  RESULTS OF CHEMICAL ANALYSIS OF MULTIHYDRATE CHELATES 

m o l e s  Ln m o l e s  EDTA m o l e s  H20 + m o l e s  H 
Sample p e r  g.  Qnpd. p e r  g .  b p d .  p e r  g .  Cmpd. p e r  g .  Cmpd. 

La 1 .744  1.706 1 .715  11 .77 -14 .84  

Sm 2 .071  1.899 1.960 9 .12 -12 .11  

Eu 1.509 1.449 1 .455  7 .36-  9.42 

1 



monohydrate o r  anhydrous che la t e s .  

water ,  t he  mult ihydrate  che la t e s  convert  i r r e v e r s i b l y  to  

the  r e spec t ive  monohydrate o r  anhydrous che la t e  over a 

p a r t i c u l a r  temperature range. 

vers ion  occurs above 45OC and i s  complete by 55OC. 

HSmEDTA.6H 0 the  conversion occurs above 25 C and i s  com- 

p l e t e  by 35OC, while f o r  HEuEDTA.6H20 the  conversion occurs 

In  the  presence of 

For HLaEDTA.7H20 the con- 

For 
0 

2 

above 15OC and i s  e s s e n t i a l l y  complete by 25OC. It appear @ 
t h a t  a decreasing temperature s t a b i l i t y  occurs f o r  the  

mult ihydrates  i n  so lu t ion  with increas ing  atomic number 

across  the  rare e a r t h  s e r i e s .  This t rend seems to  o f f e r  a 

l i k e l y  explanat ion f o r  our  i n a b i l i t y  t o  i s o l a t e  a mul t i -  

hydrate  form of the  holmium che la t e .  

The da ta  on the  s o l u b i l i t y  of s eve ra l  monohydrate 

che la t e s  and an anhydrcius che la t e  i s  presented i n  Figure 1. 

A general  increase  i n  s o l u b i l i t y  with temperature i s  noted 

f o r  t he  compounds. There i s  a considerable  d i f f e rence  i n  

s o l u b i l i t y  between the  monohydrate che la t e s  and the  

anhydrous HHoEDTA. 

Data on the  s o l u b i l i t i e s  of HLaEDTA*7H20 and 

HSmEDTA'6H20 a r e  presented i n  Table 11. 

s t r i k i n g  d i f f e rences  observed between these two che la t e s .  

The samarium che la t e  i r ;  much more so luable  than the  lan-  

thanium che la t e  and the former d ispropor t iona tes  i n  

so lu t ion  while  the  l a t t e r  does no t .  This i s  shown by the  

There a r e  severa l  
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f a c t  t h a t  non-complexed samarium w a s  obse rved  i n  t h e  

s o l u t i o n s  in e q u i l i b r i u m  w i t h  t h e  s o l i d  samarium c h e l a t e .  

The s o l i d  r ema in ing  a f t e r  e q u i l i b r i u m  i s  e s t a b l i s h e d  i s  

found t o  have  uncomplexed EDTA p r e s e n t .  The m a t e r i a l  

b a l a n c e  i s  compa t ib l e  w i t h  t h e  f o l l o w i n g  e q u i l i b r i u m :  

HSmEDTA.6H20 -+ Srn(SrnEDTA)3 + H4EDTA. 

The Ln(LnEDTA)3 s a l t s  were obse rved  i n  t h e  e a r l i e r  s t u d i e s  
1 @f rare earth-EDTA c h e l a t e s  . The s o l u b i l i t y  o f  t h e  m u l t i -  

h y d r a t e  form o f  t h e  samarium c h e l a t e  i s  n e a r l y  t e n  t i m e s  

t h a t  o f  t h e  monohydrate form. 

TABLE 11. SOLUBILITIES OF HLaEDTA-7H20 AND HSmEDTA*6H20 
AS MMOLES PER 100 GRAMS OF SOLUTION 

Tempera ture  

Species 15OC 25OC 35OC 4 5 O C  

HLaEDTA * 7 H2 0 

None p r e s e n t  3+ La 

HLaEDTA.7H20 - 0 .11  0 .17  0 .25  

HSmEDTA - 6H20 

@Srn3+ = Srn(SrnEDTA)3 0 . 3 9 1  1 . 0 7 1  0 .024  - 
T o t a l  EDTA 3 .92  6 . 6 2  2.26 - 
T o t a l  Sm 4 . 3 1  7.69 2 .33  - 
HSrnEDTA 2 .69  3 . 3 1  2 .26  - 
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X-ray d i f f r a c t i o n  da ta  f o r  t h e  mul t ihydra t e  c h e l a t e s  

i s  summarized i n  Table 111. The samarium and europium 

compounds show a d i s t i n c t  s i m i l a r i t y  and appear  t o  be  

isomorphous, wh i l e  t he  lanthanium compound i s  markedly 

d i f f e r e n t .  The X-ray d a t a  of  t h e  m u l t i h y d r a t e  c h e l a t e s  

are a l s o  d i s t i n c t l y  d i f f e r e n t  from t h a t  pub l i shed  f o r  t h e  

r e s p e c t i v e  monohydrate o r  anhydrous c h e l a t e s  . 
TABLE 111. SUMMARY OF X-RAY DIFFRACTION DATA ON 

192 

d- SPACINGS 

HLa EDTA 7 H20 
0 

d- A 

8 . 0 9  ( w ) ~  
6 . 9 5  (m) 
6 . 2 3  (w) 
5 . 5 3  ( s )  
4 . 8 7  ( s )  
4 . 2 6  (m) 
3.86 (m) 
3.58 (m) 
3.30  (m) 
3.03  (m) 
2.79  (m) 
2.62  (vw) 
2 . 4 1  (vw) 
2.30  (w) 

2 . 0 5  (m) 
1 . 9 2  (w) 

2 . 1 9  (w) 

HSmEDTA 6 H20 HEuEDTH. 6H20 
0 

d- A 

7.97 (m) 
6.56  ( s )  
5 . 8 1  ( s )  
4 . 8 0  (vs)  
3.87  (m) 

2.82  ( s )  
2 .55 ( s )  
2.24 (m) 
2.05 (vw) 
1 . 9 2  (vw) 
1 . 6 1  (w) 

3.37  (vs )  

a v s  - v e r y  s t r o n g  
s - s t r o n g  
m - medium 
w - weak 
vw - v e r y  weak 

-284- 

0 
d- A 

- 
6 . 6 9  (m) 
5 . 8 3  ( s )  
4 . 8 3  (vs)  
3.89  (w) 

2.82  ( s )  
2 .58 (m) 
2.27 (w) 
2.03 (vw) 

1 . 6 2  (w) 

3.34  (vs )  
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The i n f r a r e d  s p e c t r a  a r e  p re sen ted  i n  F igu res  2 ,  3 

and 4 .  The I.R. s p e c t r a  of t h e  monohydrate and anhydrous 

c h e l a t e s  a r e  p re sen ted  f o r  comparison. A p a r t i a l  i n t e r -  

p r e t a t i o n  of  t h e  I.R. s p e c t r a  of t h e  monohydrate and 

anhydrous c h e l a t e s  has been p resen ted  by Kolat  and Powell . 
Unfor tuna te ly ,  the r e s o l u t i o n  of  our  s p e c t r a  over  t h e  

carbonyl  s t r e t c h i n g  r eg ion  i s  n o t  g r e a t  enough t o  make a 

e t a i l e d  a n a l y s i s  and comparison with p rev ious  s t u d i e s .  

The re fo re ,  w e  w i l l  l i m i t  t h e  d i s c u s s i o n  t o  ve ry  gene ra l  

f e a t u r e s  of  t h e  s p e c t r a .  

2 

0 

The s p e c t r a  of HSmEDTA.6H20 and HEuEDTA*6H20 appear  

t o  be  i d e n t i c a l  wh i l e  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  i n  

t h e  s p e c t r a  of HLaEDTA*7H20. 

i n  the  r e l a t i v e  i n t e n s i t i e s  of  t h e  bands i n  t h e  

1280-1340 an-' and 1220-1260 cm-' r e g i o n s .  

i n  t h i s  r e g i o n  have been a s s igned  t o  

r e s p e c t i v e l y  by some i n v e s t i g a t o r s  . There i s  a l s o  a 

s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  s p l i t t i n g s  and i n t e n s i t i e s  i n  

hese  s a m e  r eg ions  of t h e  spectrum when the  monohydrate o r  

nhydrous c h e l a t e s  are compared t o  t h e  m u l t i h y d r a t e  forms. 

This i s  seen ,  f o r  example, 

The a b s o r p t i o n s  

-COO- and -CN- 
5 

The m u l t i h y d r a t e  c h e l a t e j a l l  show a broad - O H  band which 

n e a r l y  obscures  t h e  C-H s t r e t c h  a b s o r p t i o n  a t  2855 c m  , 
whi le  f o r  t h e  monohydrates and anhydrous c h e l a t e s  t h e  band 

a t  2855 cm-' s t a n d s  o u t  c l e a r l y .  

of  t h e  spectrum appea r s  t o  g i v e  a c h a r a c t e r i s t i c  p a t t e r n  

-1 

The 900-1000cm-1 r eg ion  
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f o r  the mult ihydratcs  a:; cont ras tcd  w i t h  thcr chc la t e s .  

The thermograms of  MLaEDTA.7H20 and HLaEDTA- 1H20 a r e  

presented i n  Figure 5 ,  and HSmEDTA.6H20 and HSmEDTA.1H20 

a r e  presented i n  Figure 6.  The r e s u l t s  f o r  t he  europium 

che la t e  are s i m i l a r  t o  those shown. The thermograms show 

t h a t  t he  mult ihydrate  che la t e s  r e t a i n  water wel l  above 

100°C, and i n  f a c t  i t  appears t h a t  some of the  water and 

carboxyl groups decompose over the  same temperature range. 

This i s  evidence t h a t  s eve ra l  waters a r e  coordinated t o  the  

metal  ion .  It  i s  a l s o  s i g n i f i c a n t  t h a t  t he  thermograms of  

the  mult ihydrates  do no t  show a weight p la teau  correspond- 

ing  t o  e i t h e r  a monohydrate o r  anhydrous form. The most 

s t r i k i n g  d i f f e rence  i n  the  thermograms i s  the  decomposition 

of the  carboxyl groups of t he  EDTA, For the  monohydrate o r  

anhydrous che la t e ,  a s i n g l e  r ap id  decomposition occurs i n  

the  400 t o  45OoC temperature range, while t he  carboxyl 

decomposition appears t o  be s tepwise f o r  the  mult ihydrate  

c h e l a t e s .  One carboxyl decomposition occurs as high as 

6OO0C f o r  t he  l a t t e r .  

EDTA che la t e s  has been a t t r i b u t e d  to  d i f f e r e n t  s t r u c t u r a l  

types.  We i n f e r  from the thermograms t h a t  t he  mul t i -  

hydrate  che la t e s  of samarium and europium have a s t r u c t u r e  

s i m i l a r  t o  t h a t  of HLaIZDTA'7H20 with a hexadentate EDTA and 

seve ra l  waters coordinated t o  the  metal  ion t o  g ive  

coordinat ion numbers of  e i g h t  o r  n ine .  

This type of thermal behavior f o r  
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These r e s u l t s  r a i s e  a ques t ion  r ega rd ing  the  s t r u c t u r e  

of  t he  monohydrate and anhydrous c h e l a t e s .  These c h e l a t e s  

have been i n t e r p r e t e d  i n  terms of a coord ina t ion  number of 

s i x  f o r  t h e  l a n t h a n i d e  i o n s .  I t  was suggested t h a t  t he  

ethylenediaminetetraacetato l i g a n d  a c t e d  a s  a p e n t a d e n t a t e  

f o r  t h e  l a n t h a n i d e s  through samarium w i t h  a s i x t h  coord i -  

a t i o n  p o s i t i o n  f i l l e d  on the  me ta l  ion by wa te r  and a s  a 

exaden ta t e  f o r  t h e  res t  of  t h e  l a n t h a n i d e  

However, X-ray s t u d i e s  i n d i c a t e  t h a t  t h e  c h e l a t i o n  frame- 

work of EDTA can r each  less  than h a l f  way around even t h e  

smallest l a n t h a n i d e  ion ,  so t h a t  coord ina t ion  numbers 

g r e a t e r  than s i x  would be  expected f o r  a l l  EDTA-lanthanide 

c h e l a t e s  . I n  view o f  t h i s  and the  now w e l l  e s t a b l i s h e d  

c o o r d i n a t i o n  numbers of  e i g h t ,  n i n e  o r  t e n  f o r  l a n t h a n i d e  

 compound^^^', w e  sugges t  t h a t  t h e  monohydrate and 

anhydrous c h e l a t e s  a r e  polymeric w i t h  one o r  more carboxyl  

groups b r i d g i n g  d i f f e r e n t  l a n t h a n i d e  i o n s .  This would 

a l l o w  t h e  l a n t h a n i d e  ions  t o  ach ieve  t h e i r  u s u a l  coordina-  

6 

on numbers. Some evidence f o r  a polymeric form f o r  t h e  

monohydrate c h e l a t e s  may be  i n f e r r e d  from t h e  v e r y  low 

s o l u b i l i t y  and t h e i r  nonhydroscopic n a t u r e  as compared t o  

t h e  m u l t i h y d r a t e  c h e l a t e s .  
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ANALYSIS OF THE ELLTION SYSTEM OF n m E  EARTHS 
WITH CHELATING AGENT A S  ELUENT 

i /  
Z e n z i  H a g i w a r a *  a n d  Susumu S a k a g u c h i * *  

* F a c u l t y  of E n g i n e e r i n g ,  Tohoku U n i v e r s i t y ,  S e n d a i  980, J a p a n  
* * S h i n e t s u  C h e m i c a l  Company, F l a r u n o u c h i ,  C h i y o d a - k u ,  

T o k y o ,  J a p a n  

A b s t r a c t  

Under  s t e a d y - s t a t e  c o n d i t i o n s ,  e l u t i o n s  of t h e  Tb-Y a n d  
Dy-Y pairs  h a v e  b e e n  p e r f o r m e d  a t  d i f f e r e n t  t e m p e r a t u r e s  u s i n g  
EDTA i n v o l v e d  a metal c h e l a t e .  A f t e r  t h e  e s t a b l i s h m e n t  of a 

t e a d y  s ta te  t h r o u g h o u t  t h e  e x c h a n g e  s y s t e m ,  s e v e r a l  ser ies  
f t h e  e x p e r i m e n t a l  d a t a  on  t h e  r a r e - e a r t h  e l u a t e s  from t h e  Q i o n - e x c h a n g e  co lumn w e r e  a n a l y z e d  o n  t h e  bas i s  of r a t e  t h e o r y ,  

e m p l o y i n g  t h e  s e p a r a t i o n  factors  m e a s u r e d  i n  s i m i l a r  c o n d i t i o n s  
t o  t h o s e  i n  t h e  r e a l  e l u t i o n  s y s t e m .  I t  w a s  f o u n d  t h a t  t h e  
p r e s e n t  i o n - e x c h a n g e  s y s t e m  w a s  c o n t r o l l e d  b y  f i l m  d i f f u s i o n  
as t h e  r a t e - d e t e r m i n i n g  s t e p  a n d  t h e  p l a t e - h e i g h t  v a l u e s  d u e  
t o  f i l m  d i f f u s i o n  (Hf) were f o u n d  t o  b e  a f u n c t i o n  of  t h e  f l o w  
r a t e .  The  H f  v a l u e s  were c o n s i s t e n t  w i t h  t h e  HETP v a l u e s  
o b t a i n e d  from t h e  p o i n t  of c o u n t e r c u r r e n t  e x t r a c t i o n .  A l s o ,  
i n  a n  a t t e m p t  t o  j u s t i f y  t h e  o b s e r v e d  a v a l u e s  n e e d e d  t o  
a n a l y z e  t h e  e l u t i o n  r e s u l t s  of t h e  r a r e - e a r t h  m i x t u r e s  a t  
d i f f e r e n t  t e m p e r a t u r e s ,  t h e  s e p a r a t i o n  f ac to r s  of  t h e  Tb-Y a n d  
Y-Dy p a i r s  i n  t h e  p r e s e n c e  of c h e l a t i n g  a g e n t  h a v e  b e e n  
d i s c u s  sed.  

INTRODUCTION 

I n d i v i d u a l  r a r e - e a r t h  e l e m e n t s  h a v e  b e e n  s e p a r a t e d  b y  
e i t h e r  i o n  e x c h a n g e  or s o l v e n t  e x t r a c t i o n .  Of t h e s e ,  demand 
for y t t r i u m  w i t h  h i g h e r  p u r i t i e s  h a s  b e e n  i n c r e a s e d  t o  s a t i s f y  
t h e  v a r i o u s  p u r p o s e s  i n  t h e  f i e l d s  of r e s e a r c h  a n d  i n d u s t r y .  
T h e  i o n - e x c h a n g e  p r o d u c t i o n [ l ] o f  y t t r i u m  p r o p o s e d  b y  t h e  Ames 
L a b o r a t o r y ,  USAEC, h a s  b e e n  m a i n l y  d e v e l o p e d  u s i n g  a c h e l a t i n g  
a g e n t  s u c h  as e t h y l e n e d i a m i n e - N , N , N ‘  , “ - te t raace t ic  ac id  
(EDTA or H y Y  ) i n  c o m b i n a t i o n  w i t h  t h e  c a t i o n  e x c h a n g e  r e s i n .  

I n  t h e  i o n - e x c h a n g e  s e p a r a t i o n  of Y f r o m  o t h e r  rare  
a r t h s  w i t h  d i l u t e  EDTA e l u e n t ,  t h e  e l u t i o n  p o s i t i o n  f a l l s  @! e t w e e n  Tb a n d  Dy i n  t h e  l a n t h a n i d e  ser ies ,  as may be expected 

from t h e  s t a b i l i t y  c o n s t a n t s  [ Z ,  3 )  of t h e  y t t r i u m -  a n d  t h e  
l a n t h a n i d e - E D T A  c h e l a t e s ,  For u n d e r s t a n d i n g  t h e  e l u t i o n  
m e c h a n i s m ,  i t  may b e  v a l u a b l e  t o  i n v e s t i g a t e  p r e c i s e l y  t h e  
e l u t i o n  b e h a v i o r  of t h e  Tb-Y a n d  Y-Dy p a i r s  a t  d i f f e r e n t  c o n -  
d i t i o n s ,  s i n c e  n o  s y s t e m a t i c  r e s e a r c h  h a s  b e e n  made for them.  
I t  i s  a l so  p o s s i b l e  f r o m  t h e  a b o v e  f u n d a m e n t a l  r e s e a r c h  t o  
f i n d  t h e  opt imum e l u t i o n  c o n d i t i o n  for  r e s o l v i n g  a Tb-Y-Dy 
m i x t u r e  b y  i o n  e x c h a n g e  a n d  t o  s e r v e  i n  f a c t  t o  p r o d u c e  e a c h  
e l e m e n t  i n  h i g h  p u r i t y .  

-293 -3oy 



G e n e r a l l y ,  f o r  m o r e  e i f e c t i v e  column pe r fo rmance ,  i t  i s  
n e c e s s a r y  t o  improve t h e  fundamen ta l  i t e m s  s u c h  as t h e  s e p a -  
r a t i o n  f a c t o r  and t h e  t h e o r e t i c a l  p l a t e  h e i g h t  c o n c e r n i n g  t h e  
exchange  s y s t e m ,  and t h e s e  two have t h e  r e s p o n s i b i l i t y  for  
t h e  e f f i c i e n c y  o f  t h e  column o p e r a t i o n .  S t a r t i n g  from t h e  
r a t e  t h e o r y  on t h e  ion -exchange  p r o c e s s ,  one of t h e  a u t h o r s  
h a s  d e r i v e d  t h e o r e t i c a l  r e l a t i o n s h i p s  141 r e l a t e d  t o  t h e  p l a t e  
h e i g h t  c o n t r i b u t i o n  due t o  e i t h e r  f i l m  o r  p a r t i c l e  d i f f u s i o n  
as t h e  r a t e - d e t e r m i n i n g  s t e p ,  and t h e  induced  e q u a t i o n s  w e r e  
c o n f i r m e d  t o  e x p l a i n  w e l l  t h e  ion -exchange  s y s t e m s  d e s c r i b e d  
i n  t h e  p r e v i o u s  r e p o r t s C 4 , 5 , 6 ] .  

e l u t i o n  sys t em r e l a t e d  t o  t h e  p u r i f i c a t i o n  o f  Y i n  h i g h  p u r i -  
t i e s .  T h u s ,  t h e  m i x t u r e s  ,of t h e  Tb-Y and Y-Dy p a i r s  w e r e  
e l u t e d  a t  v a r i o u s  c o n d i t i o n s  u s i n g  t h e  C a - N + - Y  e l u e n t ,  and 
t h e  r e s u l t s  o b t a i n e d  i n  e l u t i o n s  a t  t h e  s t e a d y  s t a t e  w e r e  
t r e a t e d  t h e o r e t i c a l l y  u s i n g  t h e  s e p a r a t i o n  f a c t o r s  [ 7 ,8  ] 
measured at  d i f f e r e n t  t e m p e r a t u r e s .  The Y - c o n c e n t r a t e  o b t a i n -  
e d  from Xenotime w a s  a l s o  employed f o r  t h e  e l u t i o n  e x p e r i m e n t s  
i n  a f a i r l y  l a r g e  scale.  

The p r i n c i p a l  p u r p o s e  o f  t h i s  s t u d y  w a s  t o  a n a l y z e  t h e  

EXPERIMENTAL 

The r a r e - e a r t h  o x i d e s  such a s  T b y 0 7 ,  Yz03, and Dy,Oj 
w e r e  s u p p l i e d  from t h e  S h i n e t s u  Chemical  Company, and t h e i r  
p u r i t i e s  w e r e  much g r e a t e r  t h a n  9 9 , 9 5  %. They w e r e  d i s s o l v e d  
w i t h  a s l i g h t  e x c e s s  o f  h y d r o c h l o r i c  a c i d  on h e a t i n g .  F u r t h e r ,  
t h e  Y - c o n c e n t r a t e  composed of 61 .0  76 Y L O j ,  8 .4  76 Ce-group o x i d e ,  
91.4 % Y-group o x i d e ,  and s m a l l  amounts o f  F e 3  and ThOi,  w a s  
employed for t h e  e x p e r i m e n t s .  

mesh w e r e  c o n d i t i o n e d  w i t h  h y d r o c h l o r i c  a c i d  and  t h e n  w i t h  
c i t r i c  a c i d  i n  o r d e r  t o  remove t race  amounts o f  heavy m e t a l s  
i n  t h e  r e s i n  p a r t i c l e .  The e l u e n t s  o f  a Ca-"9-H-Y t y p e  
w e r e  p r e p a r e d  by  d i s s o l v i n g  a m i x t u r e  of EDTA and  CaCO3with 
d i l u t e  ammonium h y d r o x i d e  on h e a t i n g .  

c a r r i e d  o u t  a t  d i f f e r e n t  t e m p e r a t u r e s  u s i n g  a s i m i l a r  e x p e r i -  
m e n t a l  a p p a r a t u s  t o  t h a t  ment ioned i n  o u r  r e c e n t  p a p e r r 9 1  
The columns c o n s t r u c t e d  of 22 mm ( i . d . )  Pyrex g l a s s  t u b e  
j a c k e t e d  w i t h  60 mm ( i . d . )  g l a s s  t u b e ,  w e r e  c l o s e d  a t  t h e  
bo t tom w i t h  c o a r s e  s i n t e r e d  g l a s s  d i s k s  i n  o r d e r  t o  s u p p o r t  
t h e  r e s i n  b e d  w i t h  a b e d  d imens ion  o f  22 mm ( i . d . ) X  1000 mm 
(H-form b a s i s ) ,  and t h e s e  w e r e  u sed  as t h e  r e t a i n i n g  bed  as 
w e l l  as t h e  l o a d i n g  b e d  for rare e a r t h .  I n  t h e  e x p e r i m e n t s ,  
t h e  s o r p t i o n  columns f o r  % h e  rare  e a r t h  w e r e  a d j u s t e d  t o  
p r o p e r  l e n g t h s ,  depend ing  on t h e  l o a d e d  amount o f  t h e  rare-  
e a r t h  m i x t u r e .  A l s o , t h e  50  mm ( i . d . )  j a c k e t e d  a c r y l  columns 
w i t h  a bed  d imens ion  o f  50 mm ( i . d . )  x 1000 mm ( H - f o r m  b a s i s )  
w e r e  employed i n  series. P r i o r  t o  e l u t i o n ,  t h e  columns w e r e  

The ion -exchange  columns f i l l e d  w i t h  Dowex 50W-X8, 50-100 

The e l u t i o n  e x p e r i m e n t s  of t h e  r a r e - e a r t h  m i x t u r e s  w e r e  
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b a c k - w a s h e d  w i t h  h o t  w a t e r  m a i n t a i n i n g  a t  a s l i g h t l y  h i g h e r  
d e g r e e  t h a n  t h e  real  e l u t i o n  t e m p e r a t u r e  so t h a t  d i s s o l v e d  
g a s e s  a n d  f i n e  p a r t i c l e s  i n  t h e  r e s i n  c o u l d  b e  removed.  
A f t e r  p r e - t r e a t m e n t ,  a s a t u r a t e d  b e d  w i t h  t h e  r a r e - e a r t h  
m i x t u r e  a n d  t w o  t y p e s  of t h e  mixed  r e t a i n i n g  b e d  w e r e  p r e p a r e d ;  
o n e  of-the m i x e d  b e d s  c o n s i s t e d  of t h e  Zn-"+-H form ( mat=‘ 
0 . 9 4 ,  NH:Z 0.05, H': O . O l - e q u i v a l e n t _ f r a c t i o n ) ,  a n d  t h e  o t h e r  
b e d ,  of t h e  Zn-H form ( Zn" 2 0 . 9 2 ,  H t 2 0 . 0 8  e q u i v a l e n t  f r a c t i o n ) .  
I n  t h e  a b o v e  e x p r e s s i o n s ,  t h e  b a r r e d  s y m b o l s  r e f e r  t o  t h e  r e s i n  
p h a s e  of t h e  i n d i c a t e d  s p e c i e s .  W i t h  t h e  a i d  of v i n y l  t u b e ,  
t h e  l o a d e d  r a r e - e a r t h  co lumn was f i r s t  c o n n e c t e d  w i t h  t h e  Zn-  
" y - H  b e d ,  a n d  t h e  l a t t e r  w a s  t h e n  c o n n e c t e d ,  i n  se r ies ,  w i t h  
t h e  Zn-H b e d .  T h e  p u r p o s e  of u s i n g  t h e  Zn-"+-H b e d  b e t w e e n  
t h e  r a r e - e a r t h  b a n d  a n d  t h e  Zn-H b e d  i s  t o  p r e v e n t  t h e  d e p o -  

i t i o n  of f ree  ac id  H+Y, d u e  t o  t h e  r e a c t i o n  of h y d r o g e n  i o n  
t h e  r e t a i n i n g  b e d .  

After o n e  ser ies  of t h e  i o n - e x c h a n g e  c o l u m n s  h a d  b e e n  k e p t  
@ 

at  a d e f i n i t e  t e m p e r a t u r e  b y  c i r c u l a t i n g  h o t  w a t e r  f r o m  a 
c o n s t a n t - t e m p e r a t u r e - b a t h ,  e l u t i o n  w a s  s t a r t e d  b y  f l o w i n g  a 
d e g a s s e d  s o l u t i o n  of t h e  e l u e n t  i n t o  t h e  t o p  of t h e  e x c h a n g e  
co lumn w i t h  a s a t u r a t e d  ra re  e a r t h  m i x t u r e .  T h e  v a r i a t i o n  i n  
t h e  t e m p e r a t u r e  w a s  h e l d  a t  L 0 . 5 0 C  t h r o u g h  a l l  t h e  c o l u m n s .  
T h e  number of t h e  i o n - e x c h a n g e  co lumn w i t h  a m i x e d  f o r m  of 
Zn a n d  H was i n c r e a s e d ,  c o r r e s p o n d i n g  t o  t h e  amount  of t h e  
rare  e a r t h  c h a r g e d  on  t h e  r e s i n .  

bed for t h e  rare  e a r t h  as well as t h e  mixed  r e t a i n i n g  b e d  i s  
e n o u g h  l e n g t h  t o  reach a s t e a d y  s t a t e  d u r i n g  t h e  co lumn o p e r a t i o n .  
A f t e r  t h e  e s t a b l i s h m e n t  o f  t h e  s t e a d y  s t a t e ,  t h e  s h a p e  of  t h e  
b o u n d a r y  i n v o l v i n g  a b i n a r y  m i x t u r e  i s  k e p t  u n c h a n g e d ,  w h i c h  
i n  t u r n  i s  i n d e p e n d e n t  o f  t h e  d i s t a n c e  of f u r t h e r  d i s p l a c e m e n t .  
I n  o t h e r  r u n s ,  t h e  r a r e - e a r t h  m i x t u r e s  w e r e  e l u t e d  a t  lower 
t e m p e r a t u r e s  i n  o r d e r  t o  i n v e s t i g a t e  t h e  effect  of t e m p e r a t u r e  
on  t h e  t h e o r e t i c a l  p l a t e  h e i g h t .  

p r e c i p i t a t e d  as o x a l a t e s ,  a n d  t h e n  i g n i t e d  t o  t h e  o x i d e s  f o r  
w e i g h i n g .  T h e  o x i d e  samples were a n a l y z e d  b y  t h e  X - r a y  
f l u o r e s c e n t  m e t h o d .  P e r i o d i c a l l y ,  t h e  a n a l y t i c a l  v a l u e s  

I n  t h e  e l u t i o n  e x p e r i m e n t s  c a r r i e d  o u t  a t  6OoC, t h e  s o r p t i o n  

T h e  r a r e - e a r t h  e l u a t e s  from t h e  e l u t i o n  e x p e r i m e n t s  w e r e  

re r e - c h e c k e d  b y  A n a l y t i c a l  Group ,  S h i n e s t u  C h e m i c a l  Company, 
p l o y i n g  t h e  s p e c t r o s c o p i c  m e t h o d .  

RESULTS AND DISCUSSION 

1) S e p a r a t i o n  F a c t o r s  for  t h e  Tb-Y a n d  Y-Dy P a i r s  i n  t h e  
P r e s e n c e  of EDTA. T h e  a c c u r a t e  s e p a r a t i o n  factor for  t h e  
t w o  a d j a c e n t  r a r e - e a r t h  p a i r ,  L n l a n d  Ln2, s h o u l d  be u s e d  f o r  
a de t a i l ed  t r e a t m e n t  of t h e  e l u t i o n  r e s u l t s .  a n d  t h i s  i s  s i v e n  
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w h e r e  K ' s  e x p r e s s  t h e  s t a b j - l i t y  c o n s t a n t s  o f  t h e  i n d i c a t e d  
c h e l a t e s ,  t h e  s u p e r s c r i p t  b a r r e d  q u a n t i t i e s  refer t o  t h e  r e s i n  
p h a s e  of t h e  i n d i c a t e d  c o n s t i t u e n t s ,  a n d  T ' s  i n d i c a t e  t h e  t o t a l  
amounts  o f  t h e  r e f e r e d  rarc? e a r t h s .  I n  t h i s  s y s t e m  i n v o l v e d  
EDTA, t h e  p r e s e n c e  of t r i v a l e n t  r a r e - e a r t h  i o n  Lr?+is t o o - s m a l l  
t o  a p p r e c i a t e ,  as compared  t o  t h e  r a r e - e a r t h  c h e l a t e  LnY. The 
l a t t e r  amount i s  much g r e a t e r  t h a n  t h e  p r o t o n a t e d  c h e l a t e  I-ILnY. 
C o n s e q u e n t l y ,  t h e  HLnY c a n  b e  r e g a r d e d  t o  n e g l e c t  f o r  t h e  
c a l c u l a t i o n  of t h e  s e p a r a t i o n  f ac to r .  T h e r e f o r e ,  t h e  appro-  
x i m a t i o n  of E q u a t i o n  (1) becomes i n  t h e  form.  

w h e r e  &:!is t h e  a p p a r e n t  i o n - e x c h a n g e  c o n s t a n t  for t h e  r a r e -  
e a r t h  i o n s  i n  t h e  a b s e n c e  o f  EDTA. A s  t h e  i o n - e x c h a n g e  con-  
s t a n t s  for t h e  a d j a c e n t  t r i p o s i t i v e  i o n s  a r e  c o n s i d e r e d  t o  b e  
a p p r o x i m a t e l y  e q u a l  t o  u n i x y  i n  t h e  l a n t h a n i d e  se r ies ,  t h e  s e p a -  
r a t i o n  f a c t o r  c a n  b e  e x p r e s s e d  i n  a s i m p l i f i e d  form o f  t h e  r a t i o  
of s t a b i l i t y  c o n s t a n t s  of r h e  a d j a c e n t  r a r e - e a r t h  c h e l a t e s .  
However, some p r e c a u t i o n  might  b e  n e c e s s a r y  f o r  c a l c u l a t i n g  t h e  
s e p a r a t i o n  fac tors  f o r  t h e  Tb-Y and  Y-Dy p a i r s  i n v o l v i n g  a 
c h e l a t i n g  a g e n t .  A c c o r d i n g  t o  K e t t e l e  a n d  Boyd[10], t h e  
a d s o r b a b i l i t y  of t h e  t r i v a l e n t  m e t a l  i o n s  for t h e  r e s i n  i s  t h e  
f o l l o w i n  s e q u e n c e :  G d i  Tb > Dy > Y > H o .  The  i o n i c  r a d i i  [ll] 
are  0.94! fo r  Gd3+, 0.92A for Tb'', 0 . 9 l A  fo r  D Y ' ~ ,  0.88A for Y': 
a n d  0.89A fo r  H o ~ ~ .  I n  p r a c t i c a l  e l u t i o n  of  t h e  rare  e a r t h s  
w i t h  EDTA, Y i s  a c t u a l l y  e l u t e d  be tween Tb a n d  Dy. T h u s ,  o n e  
c a n n o t  be a l l o w e d  t o  n e g l e c t  t h e  K:value i n  t h e  c a l c u l a t i o n  of 
a ,  a n d  E q u a t i o n  ( 2 )  s h o u l d  b e  u s e d  e x a c t l y  f o r  t h e s e  e l e m e n t s .  
A c c o r d i n g  t o  t h e  i o n - e x c h a n g e  s t u d y  of S u r l s  and  C h o p p i n [ l 2 ) ,  
t h e  d i s t r i b u t i o n  c o e f f i c i e n t  Q f o r  Tb-Dy i s  1 . 1 5 6 ,  w h i l e  t h e  
v a l u e  for  Tb-Y w i l l  become somewhat g r e a t e r  t h a n  t h e  former 
v a l u e  as may b e  e s t i m a t e d  f rom t h e  above  f a c t .  T h e r e f o r e ,  
t h e  +cannot  to lerate  t o  n e g l e c t  f o r  c o m p u t i n g  a a c c u r a t e l y ,  
w h e r e a s  t h e  & f o r  t h e  D y - k  p a i r  i s  o n l y  1.05. T h i s  l e a d s  
t o  an e s t i m a t i o n  t h a t  % . f o r  Dy-Y w i l l  b e  more  c l o s e  t o  u n i t y  
s o  t h a t  t h e  K&, can be n e g l e c t e d  on  t h e  c a l c u l a t i o n  o f  ctr 
u s i n g  E q u a t i o n  (2). DY 

One of t h e  a u t h o r s  h a s  o b s e r v e d  t h e  f o l l o w i n g  a v a l u e s [ 1 3 ]  
u n d e r  s imi la r  e x p e r i m e n t a l  c o n d i t i o n s  t o  t h o s e  i n  t h e  real  
e l u t i o n  s y s t e m  w i t h  EDTA: 

aTy" : 1 . 7 6  ( 3 0 ° C ) ,  1.84 (60°C) 

ay : 1 . 6 1  ( 3 O o C ) ,  1 . 5 4  (60°C) 
DY 

A p p a r e n t l y ,  a r e v e r s a l  of t h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e  
s e p a r a t i o n  fac tor  o c c u r s  b e t w e e n  t h e  a b o v e  p a i r s .  T h e  o b s e r v e d  
v a l u e  o f  1 . 6 1  for  t h e  Y-Dy pair  g i v e s  a good a g r e e m e n t  w i t h  t h e  
c a l c u l a t e d  v a l u e  f r o m  t h e  rati.0 of t h e  s t a b i l i t y  c o n s t a n t s  o f  
t h e  Y-  a n d  Dy-EDTA c h e l a t e s .  From R e l a t i o n s h i p  ( 2 ) ,  o n e  o b t a i n s  * 
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S u b s t i t u t i n g  a v a l u e  of 1 .45[8] f rom t h e  r a t i o  of K y y /  K T b Y  
a n d  1 .76  fo r  t h e  a y i n t o  ( 3 ) ,  we h a v e  a v a l u e  of 1.21 a s  K . ; b .  
Us ing  K T  = 1 .21  and K d  for  Tb-Dy = Kg= 1.156, t h e  $becomes 

t o  1 . 0 4 ,  w h i l e  % f o r  Dy-Ho i s  e q u a l  t o  1.05[12], as h a s  b e e n  
n o t e d  e a r l i e r .  T h i s  f ac t  shows t h a t  t h e  a d s o r b a b i l i t y  of 
t r i p o s i t i v e  y t t r i u m  i o n  for t h e  r e s i n  i s  l o c a t e d  i n  t h e  m i d d l e  
o f  Dy a n d  H o ,  a n d  t h a t  E q u a t i o n  ( 3 )  must b e  u s e d  f o r  t h e  
a c c u r a t e  c a l c u l a t i o n  o f  G'," . 
p e r i m e n t a l  c o n d i t i o n s  e m p l o y e d ,  b u t  i t s  v a r i a t i o n  i s  k e p t  t o  

i n s i g n i f i c a n t  d e g r e e C 7 , 1 3 ] ,  s i n c e  t h e  a c t i v i t i e s  of t h e  

The  a v a l u e  i s  n o t  t r u e  c o n s t a n t ,  d e p e n d i n g  on  t h e  e x -  

e l a t e d  s p e c i e s  i n  t h e  a q u e o u s  a n d  r e s i n  p h a s e s  would  b e  

I n  t h i s  s t u d y ,  t h e  o b s e r v e d  a v a l u e s  f o r  t h e  Tb-Y a n d  Y-Dy 
p a i r s  are u s e d  for t h e  a n a l y s i s  of t h e  r e s u l t s  u n d e r  t h e  
a s s u m p t i o n  t h a t  a v a l u e  i s  m a i n t a i n e d  unchanged a t  any  p o r t i o n  
of  t h e  o v e r l a p  r e g i o n  i n  t h e  r a r e - e a r t h  b a n d .  

@ c o m p e n s a t e d  e a c h  o t h e r  i n  t h e  a d j a c e n t  r a r e  e a r t h  e l e m e n t s .  

2 )  A n a l y s i s  of t h e  E l u t i o n  R e s u l t s  O b t a i n e d  a t  6OoC f rom 
t h e  P o i n t  o f  R a t e  T h e o r y .  I n  t h e  i o n - e x c h a n g e  p r o c e s s ,  
t h e  ra tes  [ l 4 3  of p a r t i c l e  and  f i l m  d i f f u s i o n s  may b e  e x p r e s s e d  
as f o l l o w s :  
For  p a r t i c l e - d i f f u s i o n  c o n t r o l ,  o n e  o b t a i n s  

a n d  f o r  f i l m - d i f f u s i o n  c o n t r o l  - 

S t a r t i n g  from E q u a t i o n s  ( 4 )  a n d  (5), o n e  of t h e  a u t h o r s  h a s  
a l r e a d y  i n d u c e d  t h e  f o l l o w i n g  r e l a t i o n s .  T h e  d e t a i l e d  r e s u l t s  
hiere d e s c r i b e d  i n  t h e  p r e v i o u s  r e p o r t  (41 

i n g  s t e p ,  w e  h a v e  
I n  t h e  case w h e r e  p a r t i c l e  d i f f u s i o n  i s  t h e  r a t e - d e t e r m i n -  

For  f i l m - d i f f u s i o n  c o n t r o l ,  we h a v e  
1 

w h e r e  2SroG 7? 3 D c .  
I n  t h e  :Live e q u a t i o n s ,  t h e  symbols  yo a n d  s i n d i c a t e  t h e  
rad ius-of  r e s i n  p a r t i c l e  and  t h e  f i l m  t h l c k n e s s  r e s p e c t i v e l y ,  
w h i l e  D and  D r e p r e s e n t  t h e  s e l f - d i f f u s i o n  o r  i n t e r d i f f u s i o n  
c o e f f i c i e n t  i n  t h e  r e s i n  a n d  a q u e o u s  p h a s e s .  The symbol  e; 
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refers  t o  t h e  c o n c e n t r a t i o n  o f  s p e c i e s  i n  t h e  i n t e r s t i t i a l  
s o l u t i o n ,  a n d  X i  , t h e  amount o f  s p e c i e s  i n  t h e  r e s i n  p h a s e  
p e r  u n i t  volume o f  t h e  r e s i n  bed .  The a s t e r i s k s  refer t o  
e q u i l i b r i u m ;  f o r  example ,  Cf d e n o t e s  t h e  c o n c e n t r a t i o n  o f  t h e  
i n t e r s t i t i a l  s o l u t i o n  i n  e q u i l i b r i u m  w i t h  X i  . The Z symbol 
r e p r e s e n t s  t h e  d i s t a n c e  f r o m  a r e f e r e n c e  p o i n t  o f  t h e  column. 
I n  E q u a t i o n s  ( 6 )  and ( 7 ) ,  Z ( X &  i n d i c a t e s  t h e  d i s t a n c e  o f  t h e  
p l a n e  w i t h  a c o n c e n t r a t i o n  of  XLlrpfrom t h e  c e n t e r  o f  a rare- 
e a r t h  boundary  c o n t a i n i n g  Ln, and Ln, , a n d  a i s  t h e  s e p a r a t i o n  
f a c t o r  f o r  t h e  a d j a c e n t  e l e m e n t s .  The symbol<b r e p r e s e n t 2  t h e  
l i n e a r  f l o w  r a t e  f o r  t h e  movement o f  t h e  r a r e - e a r t h  b a n d ,  X 
t h e  t o t a l  amount of t h e  s p e c i e s  i n  t h e  r e s i n  p e r  u n i t  volume 
of b e d ,  and C r e p r e s e n t s  t h e  t o t a l  c o n c e n t r a t i o n  of c o u n t e r i o n s .  
The Hpand Hfsymbols e x p r e s s  t h e  p l a t e  h e i g h t  due  t o  p a r t i c l e  
d i f f u s i o n  and f i l m  d i f f u s i o n  r e s p e c t i v e l y .  

a g a i n s t  Z g i v e s  a s h a p e  of t h e  boundary  a t  a s t e a d y - s t a t e  
c o n d i t i o n .  I n  t h e  p r e s e n t  a n a l y s i s  of t h e  o v e r l a p  r e g i o n ,  
t h e  d e s c r i b e d  a v a l u e s  a t  60OC are  u s e d  f o $  t h e  Tb-Y and Y-Dy 
p a i r s .  
f o l l o w i n g  r e l ' a t i o n s  are  d e r i v e d  f o r D Y f i l m - d i f f u s i o n  c o n t r o l l i n g .  
For t h e  ion -exchange  sys t em i n v o l v e d  a m i x t u r e  o f  Tb and  Y 
a t  600C, w e  h a v e  

( x ~ b )  = Hf { -  5.04 logxrb  + 2.74 l O g ( 1  - X T ~ )  - 1 )  9 

and f o r  t h e  ion -exchange  sys t em i n v o l v e d  a m i x t u r e  o f  Y and 
Dy at  60OC, w e  have  

With t h e  a i d  of E q u a t i o n s ( 6 )  and ( 7 ) ,  t h e  p l o t s  of X L ~ ~  

I n t r o d u c i n g  a?= 1 .84  and  a' = 1 . 5 4  a t  6OoC, t h e  

( 8 )  

2 ( X y  ) = Hf { - 6.56 lo<) xy + 4 .26  log(l - xy ) - 1 1 ,  ( 9 )  

I Using e i t h e r  E q u a t i o n  (8)  or  (9), t h e  p l a t e - h e i g h t  v a l u e  
d u e  t o  f i l m  d i f f u s i o n  w a s  found  by  t h e  c u r v e  f i t t i n g  method. 

The e l u t i o n  d a t a  (Run No. A - 1  t o  A - 3 )  r e l a t e d  t o  t h e  
boundary  of  Y and Dy a p p e a r  i n  F i a u r e  1, i n  which m o s t  o f  them 
f a l l  on t h e  s o l i d  t h e o r e t i c a l  l i n e  b a s e d  on f i l m - d i f f u s i o n  
c o n t r o l .  A c h a r a c t e r i s t i c  set o f  t h e  e l u t i o n  d a t a  on t h e  Tb-Y 
r e g i o n  i s  shown i n  F i q u r e z .  I n  Runs,B-2 and  B - 3  a t  600C, 
abou t  1 1 . 5  g of a r a r e - e a r t h  m i x t u r e  c o n t a i n i n g  44 .35  % YzO3, 
48 .25  % T b a O a .  and 7 . 4  % Gd.0awere a d s o r b e d  on t h e  hvdroaen - -  ,~ r . I  
~. 

f o r m  o f  r e s in , and  t h e n  e-Luted t h r o u g h  t h e  mixed r e t a i n i n g  b e d  
( G a f :  0 . 9 4 ,  N H t  F O . 0 5 ,  HfT 0.01 e q u i v a l e n t  f r a c t i o n )  u s i n g  
t h e  C a - N H r - H - Y  Z l u e n t .  I n  t h e s e  r u n s ,  t h e  e l u t i o n  d i s t a n c e  
w a s  c o r r g s p o n d e d  t o  a p p r o x i m a t e l y  2 . 5  band l e n g t h s ,  and  t h e  
f l o w  ra tes  w e r e  10 ml/min for  B-2 and 20 ml/min f o r  B - 3 .  I n  
Run G-6 a t  60OC, w i t h  t h e  Ca-NHy-H-Y e l u e n t  ( y ~ =  0.022 M ) ,  an  
equ imola r  m i x t u r e  of Y and Dy w a s  d i s p l a c e d  a t  a f l o w  r a t e  o f  
20 ml/min t h r o u g h  t h e  s a m e  mixed b e d s  as Run B-2 u n t i l  t h e  
s t e a d y  s t a t e  had been  e s t a b l i s h e d .  On t h e  o t h e r  hand,  i n  Run 
H-Z, t h e  Y - c o n c e n t r a t e  i n v o l v i n g  6 1  % Y k 0 3  w a s  l o a d e d  on t h e  
50 mm ( i . d . )  j a c k e t e d  columns,  and t h e n  e l u t e d  down t h e  re-  
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t a i n i n g  c o l u m n s .  T h e  r a r e - e a r t h  e l u a t e  o b t a i n e d  f r o m  t h e  
o v e r l a p  p o r t i o n  w i t h  Tb a n d  Y was c o l l e c t e d  i n  s m a l l  f r a c t i o n s  
f o r  a n a l y s i s .  

T h e  s h a p e s  of t h e  b o u n d a r i e s  at  s t e a d y - s t a t e  c o n d i t i o n s ,  
are  r e p r e s e n t e d  as t h e  b r o k e n  l i n e s  on  t h e  b a s i s  of p a r t i c l e -  
d i f f u s i o n  c o n t r o l l i n g  ( F i q u r e s  1 a n d  2 ) ,  b u t  a l l  t h e  e x p e r i -  
m e n t a l  d a t a  at  6OoC are i n c o n s i s t e n t  w i t h  t h e  t h e o r e t i c a l  
c u r v e s  on  p a r t i c l e  d i f f u s i o n .  T h e r e f o r e ,  i t  c a n  b e  c o n c l u d e d  
t h a t  t h e  p r e s e n t  i o n - e x c h a n g e  s y s t e m  of t h e  rare  e a r t h  i n v o l v -  
i n g  d i l u t e  EDTA-spec ies  are m a i n l y  c o n t r o l l e d  b y  f i l m  d i f f u s i o n  
as t h e  r a t e - d e t e r m i n i n g  s t e p .  

h y d r o x y e t h y l - e t h y l e n e d i a m i n e - N , ” ’ - t r i a c e t i c  a c i d  (HEDTA), 

A s i m i l a r  r e l a t i o n s h i p [ 6 ] w a s  a l s o  f o u n d  i n  e l u t i o n  of t h e  

I n  e l u t i o n  [lS]of t h e  h e a v y  r a r e - e a r t h  g r o u p  w i t h  2 -  

l i n e a r  r e l a t i o n s h i p  w a s  c o n f i r m e d  b e t w e e n  H f  a n d  f l o w  r a t e ,  Gii: i g h t  r a re  e a r t h  w i t h  EDTA. A s  F i q u r e  3 s h o w s ,  t h e  cor re-  
l a t i o n  b e t w e e n  them i s  i d e n t i c a l  i n  t h e  p r e s e n t  e l u t i o n  s y s t e m .  
T h e  Hf v a l u e s  o b t a i n e d  a t  60OC are  almost s i m i l a r  i n  b o t h  
e x p e r i m e n t s  A - 3  a n d  D - 1 ,  w h e r e  t h e  m i x t u r e  of d i f f e r e n t  compo- 
s i t i o n s  of Tb a n d  Y were a d s o r b e d  o n  t h e  r e s i n ,  a n d  t h e n  e l u t -  
e d  a t  3 .9 , s  cm/min. Inasmuch as t h e  e l u t i o n  c o n d i t i o n  i s  
i d e n t i c a l ,  w h a t e v e r  t h e  l o a d i n g  r a t i o  of t h e  rare  e a r t h ,  b o t h  
s h a p e s  of t h e  mixed  r e g i o n  must  b e  f i n a l l y  f i x e d  t o  a d e f i n i t e  
g r a d i e n t  of c o m p o s i t i o n .  I n  o t h e r  w o r d s ,  t h e  % v a l u e  s h o u l d  
b e  t h e  same i n  b o t h  r u n s ,  as c o n f i r m e d  e x p e r i m e n t a l l y .  F u r t h e r ,  
t h e  e l u t i o n  e x p e r i m e n t s  (Runs  H - A ,  H-9, H-C, a n d  H - 2 )  of t h e  
Y - c o n c e n t r a t e  were ca r r i ed  o u t  a t  60OC i n  o r d e r  t o  i n v e s t i g a t e  
t h e  effect  of t h e  flow r a t e  on t h e  H f  v a l u e .  

3 )  R e l a t i o n  b e t w e e n  H j a n d  HETP. 

l a t ed  u s i n g  e q u a t i o n  i n d u c e d  b y  S p e d d i n g  a n d  P o w e l l l 1 6 ] ,  as 
t a b u l a t e d  i n  T a b l e  1. T y p i c a l  p l o t s  o f  log[Ln, ]  /[LntJ are 
shown i n  F i  u r e  4 , i n  w h i c h  s l i g h t  t a i l i n g  of Y i s  s e e n  i n  
a r a n g e  m k t e r  t h a n  t h e  molar r a t i o  o f  l o g  cY]/[Dy]= 3,  
a n d  s l i g h t  c h a n n e l l i n g  phenomenon i n  a r a n g e  much smaller 
t h a n  log[Tb)/[Y) = - 3. 

I n  g e n e r a l ,  f i l m  d i f f u s i o n ,  p a r t i c l e  d i f f u s i o n ,  a n d  
p a r t i c l e  s i z e  c o n t r i b u t e  t o  t h e  p l a t e - h e i g h t  v a l u e .  However ,  

T h e  HETP v a l u e s  were c a l c u -  

s may be c lear  f r o m  t h e  c u r v e  f i t t i n g  m e t h o d ,  t h e  c o n t r i -  a u t i o n  of t h e  l as t  t w o  i s  too  s m a l l  t o  e v a l u a t e  i n  t h e  p r e s e n t  
s y s t e m  w i t h  d i l u t e  EDTA a n d  Dorvex 5OW-X8,  50-100 m e s h ,  a n d  
o b v i o u s l y  f i l m  d i f f u s i o n  p l a y s  a n  i m p o r t a n t  r o l e  for t h e  
r a t e - d e t e r m i n i n g  s t e p .  T h u s ,  t h e  p l a t e - h e i g h t  v a l u e  d u e  t o  
f i l m  d i f f u s i o n  s h o u l d  come n e a r  t o  t h e  HETP v a l u e .  A s  T a b l e  
1 s h o w s ,  t h e  Hf v a l u e s  f o u n d  from t h e  c u r v e  f i t t i n g  method 
are  c o n s i s t e n t  w i t h  t h e  HETP’s c a l c u l a t e d  u s i n g  S p e d d i n g ’ s  
r e l a t i o n  I 1 6 1  . 
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4 )  H f  w i t h  Respec t  t o  Flora Rate or E l u t i o n  Tempera tu re .  

- The Hf v a l u e  depends on s e v e r a l  p a r a m e t e r s  such as c,-fe,G, 
X , D ,  and C ,  most o f  which are  i n f l u e n c e d  by  t h e  t e m p e r a t u r e .  
A s  F i q u r e  5 shows, t h e  e l u t i o n  t e m p e r a t u r e  g i v e s  a g r e a t  
e f f e c t  on t h e  t h e o r e t i c a l  p l a t e ,  whose val-ue d e c r e a s e s  expo- 
n e n t i a l l y  w i t h  a r i s e  i n  -the e l u t i o n  t e m p e r a t u r e .  

a p p r e c i a b l y  n e g a t i n g  t h e  i n c r e a s e d  s e p a r a t i o n  e f f i c i e n c y  
e x p e c t e d  from t h e  d e c r e a s e d  p l a t e  h e i g h t  d u e  t o  e l u t i o n  a t  
a h i g h  temper at  u r e .  
5 )  C a l c u l a t i o n  of Minimum Lenqth of O v e r l a p  Reqion a t  a 
S t e a d y - S t a t e  C o n d i t i o n .  I n  t h e  case where e i t h e r  p a r t i c l e  
o r  f i l m  d i f f u s i o n  i s  t h e  r a t e - d e t e r m i n i n g  s t e p ,  i t  i s  p o s s i b l e  
f rom E q u a t i o n s  ( 8 )  and ( 9 )  t o  c a l c u l a t e  a minimum l e n g t h  ( L )  
of t h e  o v e r l a p  r e g i o n  i n  t h e  rare-ear th  band  a t  a s t e a d y  s t a t e ;  
knowing t h e  s e p a r a t i o n  f a i t o r  and t h e  H f  v a l u e  a t  60°C, t h e  
L-va lues  r e q u i r e d  t o  i s o l a t e  T b ,  Y ,  and Dy i n  99 o r  99.9% 
p u r i t y  can  b e  c a l c u l a t e d  a s  g i v e n  i n  T a b l e  2 .  F u r t h e r ,  u s i n g  
E q u a t i o n s  ( 9 )  and ( 1 2 ) ,  t h e  r e q u i r e d  l e n g t h s  t o  r e s o l v e  a 
Dy-Y m i x t u r e  i n  a d e s i r e d  q u a l i t y  a t  e i t h e r  30'or 60°$ are 
d i s p l a y e d  i n  F i q u r e  6.  

r e l a t i o n s  t o  8 )  o r  ( 9 )  are induced  from E q u a t i o n  ( 7 ) .  
I n t r o d u c i n g  a$ = 1 . 7 6 ,  w e  o b t a i n  t h e  r e l a t i o n  for t h e  
exchange  sys t em w i t h  t h e  Tb-Y p a i r  a t  3 0 O C .  

E l e v a t e d  t e m p e r a t u r e  r e d u c e s  t h e  Y-Dy s e p a r a t i o n  f a c t o r ,  

I n  f i l m - d i f f u s i o n - c o n t r o l l e d  exchange at  30°C,  s i m i l a r  

z( &-c)  = Hf 1 - 5 - 3 3  l O g X T b  + 3.03 l o g  (1 - ) - 1 ) . (11) 

I n t r o d u c i n g  a:, = 1 . 6 1 ,  w e  o b t a i n  t h e  r e l a t i o n  for  t h e  
exchange sys t em w i t h  t h e  Y - D y  p a i r  at  30'C. 

Z (  x ) = H { - 6 .08  l o g  xy + 3.78 l o g  (1 - xy ) - 1)  . 
For t h e  Tb-Y p a i r ,  F i q u r e  7 shows t h e  same r e l a t i o n s  

( 1 2 )  Y f 

as t h o s e  a p p e a r e d  i n  F i q u r e  6 .  When making t h e  ion -exchange  
s e p a r a t i o n  o f  t h e  Y - c o n c e n t r a t e  w i t h  EDTA, t h e  Tb-Y c u t  would 
become much s h a r p e r  t h a n  t h e  Dy-Y c u t  a t  t h e  s a m e  f l o w  r a t e .  
T h i s  r e a s o n  can  b e  u n d e r s t o o d  from a comparison o f  t h e  o v e r l a p  
area i n  F i g u r e s  6 and 7 ,  where t h e  i n c r e a s e  i n  t h e  e l u t i o n  
t e m p e r a t u r e  y i e l d s  t h e  increase  i n  t h e  l e n g t h  of t h e  Y-Dy 
o v e r l a p  r e g i o n ,  b u t  t h e  d e c r e a s e  i n  t h e  l e n g t h  o f  t h e  Y-Tb 
ove r  l a p  r e g i o n .  T h u s ,  a s h a r p  boundary composed of Y and 
Tb i s  formed a t  a s t e a d y - . s t a t e  c o n d i t i o n .  
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T a b l e  1. C o m p a r i s o n  of t h e  p l a t e - h e i g h t  v a l u e s  o b t a i n e d  
b y  d i f f e r e n t  m e t h o d s  (6OOC). 

Exp. N o .  F l o w  Rate P l a t e  H e i a h t  Loaded  Rare 
cm/min H, c m a )  HETP c m b )  E a r t h  

A-1" 1.18 1.4 1 . 4  Y -Dy 
A-2* 2 . 6 3  2 . 1  2 . 2  Y-Dy 
B - 2 *  2 . 6 3  1 . 2  1 . 2  Tb-Y 
B - 3 *  5 . 2 6  1.8 1.8 Tb-Y 
G-6"  5 . 2 6  2 . 0  2 . 1  Tb-Y 
H-C** 5 . 1 8  1.8 1 .8  X e n o t i m e ( T b - Y )  

6 . 0 0  2 . 1  2 . 0  X e n o t i m e ( T b - Y )  

22 mm ( i . d .  ) - c o l u m n  * * S O  mm ( i . d . ) - c o l u m n  
lcd .  on  t h e  b a s i s  of f i l m  d i f f u s i o n  

b )  C a l c d .  o n  t h e  b a s i s  of c o u n t e r c u r r e n t  e x t r a c t i o n l l 6 3  

t o  i s o l a t e  i n d i v i d u a l  e l e m e n t s  i n  desired p u r i t i e s  (6OOC). 
T a b l e  2 .  C o m p a r i s o n  of  t h e  l e n g t h s  of o v e r l a p  r e g i o n  r e q u i r e d  

L e n g t h ( c m )  of O v e r l a p  L e n c t h ( c m )  of O v e r l a p  
Exp'  R e g i o n  C a l c d .  b y  E q .  R e g i o n  Found by Exp. L n - P a i r  

( 8 )  or (9) 

99.9%* 99%* 99.9%* 99w* 

A - 1  4 5 . 4  30.3 
A - 2  68 .2  4 5 . 4  
B-2 2 8 . 0  1 8 . 6  
H - 2  4 9 . 0  3 2 . 6  

~- ~~~ ~ ~~ 

4 6 . 5  31 Y-Dy 
67 4 5  Y - D y  
28 19 Tb-Y 
50 32  X e n o t  i m e  (Tb-Y ) 

* p u r i t y  

F i q u r e  C a p t i o n s .  

F i q .  1. P l o t s  of t h e  e q u i v a l e n t  f r a c t i o n  of y t t r i u m  a g a i n s t  

F i a .  2 .  P l o t s  of t h e  e q u i v a l e n t  f r a c t i o n  o f  t e r b i u m  a g a i n s t  

Z i n  f i l m  d i f f u s i o n  as t h e  r a t e - d e t e r m i n i n g  s t e p ( Y - D y ) .  

2 i n  f i l m  d i f f u s i o n  as t h e  r a t e - d e t e r m i n i n g  s t e p ( T b - Y ) .  ai.. 3 .  R e l a t i o n s h i p  b e t w e e n  H f  a n d  flow r a t e .  

F i q .  4.  P l o t s  of t h e  r a t i o  of Lnl a n d  Ln2 w i t h  respect t o  L. 

F i q .  5. R e l a t i o n s h i p  b e t w e e n  Hf a n d  t e m p e r a t u r e  a t  a d e f i n i t e  
flow r a t e .  

F i q .  6 .  L e n g t h  of t h e  o v e r l a p  r e g i o n  r e q u i r e d  t o  o b t a i n  
i n d i v i d u a l  e l e m e n t s  i n  d e s i r e d  p u r i t i e s ( Y - D y ) .  

F i q .  7. L e n g t h  of t h e  o v e r l a p  r e g i o n  r e q u i r e d  t o  o b t a i n  
i n d i v i d u a l  e l e m e n t s  i n  d e s i r e d  p u r i t i e s  (Y-Tb) .  
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MOBILITIES OF RARE EARTH CATIONS BY BROMINE 
REDOX ELECTROLYSIS WITH POROUS CARBON ELECTRODES 
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Abstract 

The mobility ra t ios  of two pairs  of rare  ear th  cations were 

which the chloride-sulfate r a t i o  was equal t o  one. The mobility 
asured f o r  chloride electrolytes  and for  chloride-sulfate e lectrolytes  

t i o  f o r  Fr(III)/Nd(III) was measured to be 1.00 f 0.02 f o r  both elec- 
t rolytes .  
was measured t o  be 1.053 f 0.006, and the r a t i o  i n  chloride-sulfate 
e lectrolyte  was 0.979 t 0.012. 
re la t ive  mobilities of Nd( 111) and Ho( 111). 

The mobility r a t i o  of Nd(III)/Ho(III) i n  chloride electrolyte  

Sulfate had the effect  of reversing the 

INTRODUCTION 

The method of bromine redox electrolysis  with porous carbon elec- 
trodes (1) can be u t i l i zed  t o  measure the mobility r a t i o  of cations by 
measuring the r a t i o  of cations transported from the  flowing anolyte 
stream t o  the flowing catholyte stream. 
measure the mobility r a t i o  of Eu(III)/Gd(III) (2). 

This method has been used t o  

Success of the  method depends on very accurate determination of con- 
centration changes in the electrolyte  streams; a t  best the anolyte 
changes in concentration under optimum experimental conditions a r e  l e s s  
than 3% of the feed concentration. e It is of considerable in te res t  t o  measure the mobility r a t i o  of rare  
ear th  cations under e lectrolysis  conditions and t o  compue the resu l t s  t o  
those obtained i n  conductance measurements. Froan a pract ical  viewpoint, 
this method could possibly be used for specific separations f o r  rare 
ear th cations with suff ic ient ly  large mobility differences, since large 
amounts of material can be handled with rather modest epuipent .  

* 
Work performed under the auspices of the U. S. Atomic Energy Commission. 
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I n  t h i s  investigation Fr(II1 'Nd 111) and Nd(III)/Ho(III) were 
studied, since a l l  of these cations can be determined accurately by d i f -  
fe ren t ia l  spectrophotometry ( 3 ) .  

MPERlMENTAL 

The electrochemical cel l  which was used had circular  electrodes 
with an effect ive area of 45 a? and spacing of 0.5 an. 
were cut from Nations1 Carbon Company Grade 60 porous carbon t o  a thick- 
ness of 0.2 a. and framed with acryl ic  plast ic .  
was provided behind each e1ec:trode t o  a l l o w  separation of anolyte and 

catholyte. 
chambers t o  allow f i l l i n g  with electrolyte  and t o  insure uniform stream 
flows during electrolysis. 
a pneumatic reservoir with a precision p e r i s t a l t i c  pump. 

catholyte stream flows were measured with calibrated volumetric vessels. 

The feed i n  all experiments contained an exact equimolar mixture of 
the  two rare  ear th  cations being studied. 

mine was 6 g/!, (0.038 M k2). 
voltages of 2.2 t o  2.6, and currents were 0.18 t o  0.35 ampere. 

and catholyte samples were collected f o r  periods of about one hour. 
Flows were about 4 U / m i n  each. 

The electrodes 

A collection chamber 

Gas vents were provided for the  i n l e t  chamber and out le t  

Feed electrolyte  was pumped t o  the c e l l  from 
Anolyte and 

The amount of dissolved bro- 
Electrolyses were done with applied c e l l  

Anolyte 

Mass transport was measured by quantitative recovery of the mixed 
rare  ear th  oxides f r o m  the feed, anolyte and catholyte samples by oxalate 
precipi ta t ion and ignition a& 900". Changes i n  concentration due t o  mass 
transport and mobility diffe.rences were measured by a d i f fe ren t ia l  tech- 
nique with a Cary Model 14  spectrophotometer. Oxides recovered * the  
feed, anolyte and catholyte were dissolved as perchlorates. The feed 
sample was placed in the reference beam, and the anolyte sample or catho- 
l y t e  sample was placed in the sample beam. Then the concentration of the 
anolyte or  catholyte sample was adjusted u n t i l  the  absorption due t o  one 
rare  ear th  cation disappeared. The remaining absorption due t o  the d i f -  
ference i n  concentration of the second rare  ear th  cation was measured and 

compared t o  a standard calibration plot. 
Pr(III)/Nd(III) was determined with a precision of 0.4% with the concen- 

By this procedure the r a t i o  
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t ra t ion  of each cation a t  about 0.25 M. 

determined with a precision of 0.15 with the concentration of each 

cation a t  about 0.4 M. 

The r a t i o  Nd(III)/Ho(III) was 

RESULTS AND DISCUSSION 

A schematic representation of the method i s  depicted below with 
the flow streams sham a s  arrows: 

m1 S ( 1 - h )  
Lnz s(1-G) 

Lnz 1 - Catholyte 

Mih-S(l-Ei)] 
LW[l-S(1-& 11 

Lnl = f l o w  of rare ear th cation 1 into cel l ,  mols/min. 
L@ = flow of ra re  ear th  cation 2 into cel l ,  mols/min. 
S = dividing fract ion of feed f o r  anolyte flow. 
1-S = dividing fract ion of feed f o r  catholyte flow. 

E1 = f ract ion of rare  ear th  cation 1 removed from anolyte by electrolysis. 
E2 = f ract ion of rare  ear th  cation 2 removed f r o m  anolyte by electrolysis. 
Ln1 S(l-El) = flow of rare  ear th  cation 1 out of anode side, mols/min. 
& S(1-&) = f low of rare  ear th  cation 2 out of anode side, mols/min. 
&[l-S(l-El)] = flow of rare ear th cation 1 out of cathode side, 

mols/min. 
[l-S(l-&)] = f l o w  of rare  ear th  cation 2 out of cathode side, 

mols/min. 
El/& = mobility ra t io ,  rare  ear th  cation l/rare ear th  cation 2. 

Steady-state operating conditions must be imposed for  the above model 
t o  hold. 
anolyte stream must equal the  gain in mass in the catholyte stream. 
two experiments steady-state conditions were tested. 

the loss of rare  ear th  cations f r o m  the anolyte was 2.92 x 

(as oxide), while the gain i n  the catholyte was 2.93 x 

Steady-state i s  eas i ly  checked since the loss in mass from the 

I n  
In  one experiment 

g/& 
g/min. In  the 
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other experiment the loss and gain, respectively, were 3.U x and 
3.14 x 10-3 g/min. nus, stesdy-state operating conditions were veri- 
f ied quantitatively, and the mobility ra t ios  which were measured and 

are  l i s t e d  in Table I are  meaningful. 

Table I 

Cation Fair Electrolyte Mobility Ratio 

Pr(III)/Nd(III) 0.01 M PrCQ3 1.00 f 0.02 

Pr(III)/Nd(III) 0.01 M Pr(SO4)CR 1.00 f 0.02 

0.01 M NdCQ3 

0.01 M Nd(S04)CR 

Nd(III)/Ho(III) 0.01 M NdCi3 1.053 f 0.006 
0.01M HoCR3 

Nd(III)/HO(III) '2.01 M Nd(S04)Ck 0.979 f 0.012 
G.01 M Ho(S04)CR 

The mobility ra t ios  f o r  chloride electrolytes  i n  Table I can be 
checked by comprison t o  mobility ra t ios  computed from conductance 
measurements for  individual pure rare  ear th  chlorides. For PrCR3, A+ = 
104.9 - 68.5 = 36.4 a t  25" arid 0.02 M concentration (4); 
104.8 - 68.5 = 36.3 (5); 
36.4/36.3 = 1.003. 
r a t i o  for  Nd(III)/Ho(III) = :i6.3/34.2 = 1.061. 
puted f r c r m  conductance measurements check w e l l  with the values i n  Table I. 

f o r  NdCQ3, A+ = 

the  mobility r a t i o  f o r  Pr(III)/Nd(III) = 

For HoCR:,, A+ = 102.7 - 68.5 = 9.2 (5); the mobility 

Both of these values com- 

When sulfate  ion i s  substituted f o r  two chloride ions, the mobility 

The mobility of Ho(II1) be- 
r a t i o  of Nd(III)/Pr(III) doer; not change significantly. 

change s ignif icant ly  for Nd(III)/Ho(III). 
comes greater than Nd(III), whereas the reverse is  t rue f o r  chloride 
electrolytes. 
substituting sulfate  i s  not surprising, since it i s  known that Ho(II1) i n  

sulfate  e lectrolytes  has higher mobility than Nd(II1) (6). 

However, it does 

The inversion of the  mobility r a t i o  of Nd(III/Ho(III) on 

The differences i n  mobiltities of rare  ear th  cations with chloride 
and/or sulfate  anions a re  not great enough t o  project even an easy group 
separation based on bromine redox electrolysis. 
would be required. It is of academlc in te res t  to note, however, that 

A large number of stages 
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separetion of the heavy ra re  e a r t h  cations f r o m  the l i g h t  cations could 
be reversed simply by using sulfate t o  substitute for chloride, which 

would deplete the heavy cations i n  the anolyte instead of in the  
catholyte. 

A s  a research too l  t h i s  method i s  very useful f o r  measuring 
mobility r a t i o s  of cations i n  mixed electrolytes, while conductance 
measurements are  meaningful only f o r  pure individual salts. 

9. 
2. 

3. 

4. 

5. 

6. 
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IIC 'TRANSITION IN CERIUM HYDRIDE - 

Abstract 

Resistivity measurements of cerium hydride single crystals as a 
function of hydrogen content in the range CeHZ to CeH3 have shown 
that there is a metal  to semiconductor transition at a composition 

a s  a function of temperature in metallic samples whose compositions 
(CeH2.74-CeH2.77) a r e  in proximity to that at the compositional tran- 
sition have revealed a sharp change in resistivity at about 245%. In 
NMR studies of a polycrystalline sample of CeH2.75 as a function of 
temperature, a sudden change in intensity of the proton resonance 
peak at approximately the same temperature was observed. A neutron 
diffraction investigation of the corresponding deuteride, CeD2:75, 
above and below the transition temperature showed no change m struc- 
ture. It is proposed that cerium hydride, of approximate composition 
CeH2.75, transforms from the metallic state to a semiconducting state 
at about 250°K. 

corresponding to approximately CeH2.8. Measurements of 

Introduction 

Al l  of the rare earth metals combine with hydrogen to form dihy- 
1 drides . Except for europi.um and ytterbium, these dihydrides have 

the fluorite-type structure and they exhibit wide deviations from 
stoichiometry. 
compositional variation ranges from MH to MH3. It has been 
~ h o w n ~ - ~  that when H/M > 2, the excess hydrogen enters the octa- 
hedral interstices of the fluorite-type structure such that all the inter-  
st ices are occupied at the limiting composition, MH3. 

For dihydrides of the first  four rare earth metals, the 

1.9 

Previous investigations5 on cerium hydride single crystals have 
established that this compound undergoes a compositional metal-to- 
semiconductor transition as shown in Figure 1. The open triangles 
represent ear l ier  resistivity measurements on polycrystalline cerium 

6 hydride by Heckman . 
approximately 2.75 to 2.8, there is a sharp r i s e  in the resistivity of 

It c a n  be seen that at a H/Ce atom ratio of 
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the hydride. Measurement:; on samples whose H/C atom ratio is 
less than 2.7 show an increase of resistivity with temperature charac- 
terist ic of metallic behavioi- as seen in Figure 2. 
increase in resistivity with temperature for the higher composition 
samples (CeH2.2) is indicative of a degenerate semiconductor in which 
the Hall mobility decreases nonlinearly with temperature . Resis- 
tivity measurements on a sample of CeH2.85 revealed the linear 
increase with reciprocal temperature typical of semiconductors as 
seen in Figure 3 .  

the presence of oxygen impurity. ) 

The nonlinear 

7 

5 (The two activation energies may be explained by 

In this paper the behavxor of samples whose compositions a r e  in 
the neighborhood of the compositional transition is examined. 

Resistivity Measurements 

2.77 and Resistivities of two single crystals, of compositions CeH 
were measured a,s a function of temperature in an inert CeH2.74' 

atmosphere glove box using the four-point probe technique. 
imental details a r e  describled elsewhere . 
a r e  shown in Figure 4. 
two separate parts of the crystal. 
from room temperature (-:10O0K), the resistivity changes only slightly 
with temperature, at f irst .  
in temperature indicative of a transition. With further cooling, the 
resistivity peaks out and appears to decrease at lower temperatures. 
Above 220°K, the curve is fairly reproducible. 
ature, however, there is a great deal of scatter in the data. 

Exper- 
The results for CeH2.77 

Th'e two curves represent measurements on 
As the temperature is decreased 

8 

At about 247'K there is a sharp increase 

Below this temper- 

Similar results were obtained for the crystal  of CeH2.74 as  illus- 
trated in Figure 5a. 
there is much scatter of the data at lower temperatures. 
run on a different portion of the CeH2.74 crystal, the temperature was 
lowered and raised through two cycles and the change in resistivity was 
carefully followed. The results,  shown in Figure 5b, suggest that 
some so r t  of hysteresis mechanism is responsible for the scatter in 

The transition occurs at about 245'K, and again 
In another 
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Fig. 5. (a)  Resistivity a s  a function of tempera ture  for  a CeH2.74 
single c rys ta l .  
measurements  were  taken during two cycles  of temperature .  

(b) A different portion of the same crys ta l  on which 
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the resis t ivi ty  data below 235%. 
f rom the four res is t ivi ty  curves  shown is 245'K. 

The average transition temperature  

9 Bieganski, Fesenko, and Stalinski observed a specific heat 
anomaly at  255'K in a sample of CeH2.86. 
sample was annealed at  3OO0C for severa l  days. 
to the data of Hardcastle and Warf", the equilibrium p r e s s u r e  of 
CeH2.86 at 3OO0C is about 80 atm. Therefore ,  it is likely that the 
hydrogen content of Bieganski _ -  e t  al's sample was considerably l e s s  
than H/Ce = 2.86. 

The authors s ta te  that the 
However, according 

Thus, it is quite possible that specific heat anomaly 
served  by these authors corresponds to  the transition discussed in 

th i s  paper. 

NMR Studies 

Measurements  of the temperature  dependence of the nuclear  mag-  
netic resonance line widths and amplitudes of the hydrogen peak were  
made on powdered samples  of CeH2.75, CeH2.92, and CeH2,50. The 
amplitude of the hydrogen resonance peak of the CeHZ.75 sample de- 
c reased  sharply a t  about 250°K a s  shown in Figure 6. N o  significant 
change of line amplitude with temperature  was observed with the other 
samples .  
to the transition shown in F igures  4-5. 

The transition shown in Figure 6 undoubtedly corresponds 

Neutron Diffraction Investigation 

N o  significant changes in magnetic susceptibility or x- ray  diffrac- 
tion pat terns  were observed9 at  the transition temperature  (245-255'K), 

u s  precluding a magnetic transition or a phase transition involving 
e rearrangement  of cer ium atoms. 

At H/Ce = 2.75, 75 percent  of the octahedral inters t ices  in the 
fluorite lattice a r e  occupied by hydrogen atoms and 25 percent a r e  
vacant. 
the excess  hydrogen atoms (above H/Ce = 2.0) are randomly distributed 
over the octahedral inters t ices .  In order  to determine i f  the transition 
were  due t o  order ing of the hydrogen atoms in the octahedral inters t ices  

Room temperature  neutron diffraction studies' indicate that 
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2.75 below 245'K, a neutron diffraction study of polycrystal l ine CeD 
w a s  c a r r i e d  out. Diffraction pa t te rns  w e r e  obtained above (-3000K) 

and below (210'K) the  t ransi t ion tempera ture .  A s  seen  in F i g u r e  7, 
the  pa t te rns  are identical a t  the two t e m p e r a t u r e s ,  and they contain 
only the peaks t o  be expected f o r  the f luori te  la t t ice  with randomly 
occupied oc tahedra l  in te rs t ices .  Thus ,  t h e r e  does not appear  t c  be 
any o r d e r i n g  of the hydrogen a t  the lower tempera ture .  

The possibi l i ty  was  considered that the super - la t t ice  peaks due to  
The  der ing  of the  hydrogen a toms m a y  be too weak t o  be observed.  

o m o s t  l ikely c a s e s  of hydrogen order ing  would be (1) the body- 
centered  position in  the unit cell is regular ly  vacant leading to  a 
pr imi t ive  cubic la t t ice  o r  (2)  a layered  s t r u c t u r e  in which the body- 
centered  position is occupied by hydrogen, but the o ther  oc tahedra l  
sites in that  l a y e r  on the cube edges a r e  vacant ,  leading t o  te t ragonal  
s y m m e t r y .  
c a s e s ,  and it was  found that  s o m e  of the peaks in each o r d e r e d  s t r u c -  
t u r e  should be of sufficient intensi ty  t o  have been observed  in the 
p r e s e n t  investigation. Consequently, it  can be concluded that  the t r a n -  
s i t ion is not due t o  a n  o r d e r - d i s o r d e r  t ransi t ion of hydrogen atoms.  

Theore t ica l  intensi t ies  w e r e  computed f o r  each  of these  

Conclusion 

Electrical res i s t iv i ty  and NMR studies  in the present  investigation 
have disclosed a t ransi t ion a t  about 9 and a previous spec i f ic  heat  study 

245-255OK in c e r i u m  hydride of composition n e a r  CeH2.75. 
ansi t ion is not due to a s t r u c t u r a l  phase change n o r  t o  magnet ic  

order ing ,  it m u s t  be  concluded that  it is a tempera ture  dependent 
metal- to-semiconductor  t ransi t ion corresponding to  the compositional 
t rans i t ion  shown in Figure 1. 

cons idered  an example of the Mott transition". The  composition CeH3 
would be  an insulator  since the valence of t r ivalent  cer ium i s  com- 

pletely sat isf ied.  
t r ihydr ide ,  donor leve ls  are formed in the band gap and the m a t e r i a l  
becomes  a semiconductor .  

Since the a 
T h e  metal- to-semiconductor  t ransi t ion in c e r i u m  hydride m a y  be 

It is proposed that as h y e o g e n  is removed from the 

F u r t h e r  removal  of hydrogen with the 
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c o m m e n s u r a t e  i n c r e a s e  in donors  l eads  t o  ove r l ap  of the  wave functions 

of the e l e c t r o n s  a s soc ia t ed  with the donor l eve l s  a t  H/Ce 2.8, and to  
fo rma t ion  of a "defect band" (analogous t o  an impur i ty  band),  in which 
me ta l l i c  conduction occur s .  
at r o o m  t e m p e r a t u r e .  A s  the t e m p e r a t u r e  is lowered,  s e p a r a t e d  donor  
s t a t e s  "condense" f r o m  the e l ec t ron  gas  and the m a t e r i a l  b e c o m e s  a 

semiconduc to r .  

For CeH2.75, the defect band is n a r r o w  

F u r t h e r  e l ec t ron ic  and NMR invest igat ions a r e  being c a r r i e d  out 
t o  obtain a b e t t e r  understanding of the e l ec t ron ic  s t r u c t u r e  of t h i s  

m poun d. 

R e f e r e n c e s  

1. G. G. Libowitz,  B ina ry  Meta l  Hydrides ,  W. A.  Benjamin,  New 
York,  1965. 

2. C. E. Holley, R. N. R. Mulford,  F. H. E l l inge r ,  W .  C. Koehler ,  
and W. H. Zacha r i a sen ,  J.  Phys.  Chem. 59, 1226 (1955);  
I. Kar imov ,  M. G. Zemlyanov, M. E. K o x ,  V. A .  Somenkov, 
and N. A. Chernoplekov, Soviet  P h y s i c s  - Solid State  - 9, 1366 
(1967).  

3. D. S. S c h r e i b e r  and R. M. Co t t s ,  Phys.  Rev. 131, 1118 (1963). 

4. G. G. Libowitz and J. B. Lights tone,  P r o c .  Sixth R a r e  E a r t h  
R e s e a r c h  Conf. ,  Gatlinburg, Tenn . ,  May, 1967, pp. 132-44. 

G. G. Libowitz and J .  G. Pack ,  J .  Chem. P h y s .  22, 3557 (1969).  

R. C. Heckman,  3 .  Chem. Phys.  40, 2958 (1964). 

5. 

6. 

S. K. Bahl  and K. L. Chopra,  J.  Appl. Phys . ,  t o  be published 
A p r i l  1970. 

8. J.  G. P a c k  and G. G. Libowitz,  Rev. Sci.  In s t r .  40, 420 (1969) 

9. Z. Bieganski ,  W. Fesenko ,  and B .  Stal inski ,  Bull. Acad. Polon.  
S c i . ,  S e r .  Chim. c, 227 (1965). 

10. 

11. 

K. I. Hardcas t l e  and J. C. Warf ,  Inorg.  Chem.  2, 1728 (1966). 

N .  F. Mott ,  P r o c .  Phys .  SOC. (London) e, 416 (1949);  ~ Phil .  
Mag. 6, 287 (1961). - 

-321- 



ELECTRICAL RESISTIVITY 
O F  DEFINITE FOM- - - 

Annick P E R C H E R O F  

32-BELLEVUE - FRANCE 
Labora to i re  des  T e r r e s  R a r e s  du  C. N. R. S 

P. LETHUILLIER, J .  L. FERON 
Labora to i re  d 'E lec t ros ta t ique  e t  Physique du Me/tal 

du C .  N. R. S. -38-GRENOBLE - FRANCE 

0. GOROCHOV 
Labora to i re  de Chimie Minkrale 

Facult: de Parmztcie - PARIS - FRANCE 

ABSTRACT 

Elec t r i ca l  res i s t iv i t ies  of polycrystall ine definite compounds in  the 
t i n - samar ium sys t em,  SmSn3, Sm,Sn3, and Sm5Sn3 have been measu red  
between 7 7 "  K and room tempera ture .  
with samar ium and tin res i s t iv i t ies .  

The t empera tu re  dependence o f  the e lec t r ica l  res i s t iv i t ies  can  be expressed  
by the following equations: 

These  values have been compared  

-6  Fsmsn3 = 11. 5 t 0. 054 T 10 A c m  

:280 + 2. 18 T - 2.  51. TZ c m  P SmzSn3 

The magnetic behavior of these  compounds has  been investigated over  
the t empera tu re  range 2"  to  9 0 0 °  K. 
observed .  
respectively,  at 9 and 11 K.  Sm5Sn3 showed a n  anomaly of 
susceptibil i ty between 120 and 160° K. 
ceptibility of the th ree  compounds dec reases  with tempera ture  with 
a minimum nea r  400" K. 

CURIE WEISS behavior was  not 
NEEL points were  observed for  SmSn3 and SmzSn3, 

Above 300"  K, the sus -  
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We have studied the t e m p e r a t u r e  dependence of the e l e c t r i c a l  r e s i s t i v i ty  
and the magnet ic  suscept ibi l i ty  of some  compounds in  the t i n - s a m a r i u m  
s y s t e m  to define the na tu re  of bonding i n  the investigated compounds.  
In f a c t ,  the  v a r y  exo the rmic  enthalpy of fo rma t ion  (1 )  of t hese  compounds 
has  indicated ve ry  s t rong interact ions between tin and s a m a r i u m  a t o m s  
and a s t rong  covalent o r  polar  c h a r a c t e r  of the bonding. 

We invest igated he re  among the definite compounds of the s y s t e m  
( 2 )  only SmSn3, SmzSn3, and Sms Sn3. 

Alloys w e r e  p repa red  f r o m  s a m a r i u m  of 99. 9% purity and of 99. 99% 
purity.  They w e r e  me l t ed  under  pu re  a rgon  a tmosphe re  and annealed a e m i c a l  ana lys i s  and X - r a y  diffraction. The definite compounds a r e  

obtain a good homogeneity.  The i r  s toichiometry w a s  checked by 

v a r y  r eac t ive  and m u s t  be handled unde r  a n  a rgon  a tmosphe re .  

The c r y s t a l  s t r u c t u r e s  and la t t ice  p a r a m e t e r s  of t hese  compounds a r e :  

SmSn3 cubic AuCu3 type 

Sm2Sn3 te t ragonal  

Sm5 Sn3 hexagonal M g  Si3 type a = 9.089 A 

c = 6.6lOA 

a = 4 , 6 7 7  6: 
a = 9.1; ; c = 1 5 . 4 1  

0 

0 

ELECTRICAL RZSISTIVITY 

The var iable  t e m p e r a t u r e  appa ra tus  used  for  this investigation is 
shown in  Fig.  1 ( 3 ) .  Liquid ni t rogen w a s  used as a cooling agent 
between 77  and 300 '  K. T e m p e r a t u r e s  w e r e  changed by using pulses  
of e l e c t r i c a l  power in  the hea te r  coi l  to obtain the t empera tu re  d e s i r e d .  
T e m p e r a t u r e s  of the sample  w e r e  m e a s u r e d  with a copper-constantan 

The measu r ing  device was  maintained under  a hel ium 
e rmocoup le ,  and t ime  allowed fo r  t h e r m a l  equi l ibr ium a t  each  
e a s u r e m e n t .  

The sample  r e s i s t ance  was  de t e rmined  by the usua l  fou r  probe method 
using c u r r e n t  r e v e r s a l ,  desc r ibed  by PISTOULET (4 ) .  A constant  
c u r r e n t  power supply was  u s e d  and potential  was  m e a s u r e d  by a 
potent iometr ic  method. 
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We have obtained an absolute value of the electr ical  resistivity 
p= Ff  where f (5) is a correctivefactor depending on dimensions of 
samples  and character is t ics  of apparatus. 

A l l  of the samples were machined in parallelepiped form with the 
following dimensions: 

8 < length <20 m m  
2 < width <4 m m  They were polished on diamond paste 
1 < thickness <4 m m  before measurements .  

The electr ical  res is t ivi t ies  observed on samar ium,  tin and the various 
compounds a r e  shown on fig. 11-1, 2 ,  3 ,  4 and a r e  discussed below: 

temperatures  and we obtain: Po = 11.. A c m  with a thermal  co- 
efficient of res is t ivi ty  equal to 4. 4 ~ 1 0 - ~  K-'  . This resul t  i s  in good 
agreement with values of PIETENPOL (6). 

Tin - The electr ical  resistivity of tin was measured at  various 

Samarium (fig. 11, 1) - The electr ical  resistivity of samar ium 
changes almost  linearly with temperature  below 300" K. 
110 ' K,  the resistivity decreases  much more  rapidly with decreasing 
temperature. This behavior suggests ( 7 )  that above 110" K,  the mag- 
netic moments, resulting f r o m  the localized 4 f e lectrons in  samar ium 
a r e  disordered and give r i se  to considerable moment disorder  resistivity 
P m d .  

At about 

The electr ical  resistivity a t  room temperature  i s :  
p300 = 86*10-6-n- cm 

Po t p m d  = 46 ~n c.m 

The present  measurements  agree satisfactorily with known previous 
values (8-10). 

SmSn, (fig. 11 ,2)  - The electr ical  resistivity of this compound 
changes l inear ly  with tempe.rature between 77 and 300" K.  
can be expressed by the equation: 

The curve 

p= 11.5 t 0.054 T 1 0 - ' - L c m  

This variation with temperaeure follows MATHIESSEN'S rule ( l l ) ,  and 
the specific value a t  room temperature  p300 2 7 0 1 0 - ~  L c m  i s  the same 
order  of magnitude a s  the one for  metals. 

SmzSn, (fig. 11, 3 )  The electr ical  res is t ivi ty  of SmzSn3 did not follow 
a l inear  relationship with temperature  between 80 and 300"  K. 
can be expressed by the equitions: 

The curve 

Sample 1. P= 320 t 2.21 T - 2.16 10-3 T' I O - ' L C ~  

Sample 2. f'= 258 t 2.15 T - i , 5 8  T' l O - ' A c m  
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I The difference between res idua l  res i s t iv i t ies  of samples  was due to  
imperfect ions.  In fact ,  these compounds were  v e r y  br i t t l e ,  and we 
had encountered g r e a t  difficulties in  obtaining a sample  without c r a c k s .  
But the dependences of tempera ture  w e r e  a lmost  the same.  

Room tempera ture  res is t ivi ty  was  found to be g r e a t e r  than f o r  any of 
the investigated compounds, and i t  was  a t  the upper  l imi t  i n  the range 
of magnitude of metal l ic  res i s t iv i t ies  p300 = 715*10-'-cm. 

These resu l t s  w e r e  significant of par t ia l  localization of conduction 
e lec t rons .  

Sm SmsSn:, SmzSn3 SmSn:, 
45 2 10 289 11,5 
82 270 6 92 26 

a 10- ' -cmo- '  0, 14 0.22 2, 18 0,054 
p 1 0 - ' ~ c r n 0 - 2  1,87?10- '  - 

T e m p e r a t u r e  -1 0,0017 0,00085 0.00262 0,00207 

SmsSn2 (fig. 11, 4)  
The s a m e  sample  was  used for  the three  runs.  The e lec t r ica l  

Sn 

11 
0,049 

0,0044 
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MAGNETIC SUSCEPTIBILITY 

The magnetic susceptibility measurements  have been performed by 
means of translation balances of Weiss -Forrer  type. 
300 Kelvin, the strength of the magnetic field applied on the sample 
is 12,  000 Oe; a t  high temperatures ,  i t  is 9,650 Oe. 
susceptibilities of the studied samples  a r e  quite small .  
tu res  the paramagnetism of oxygen may per turb our resul ts ;  we must  
get a secondary vacuum of 

The values of the molar  reciprocal  susceptibilities of the compounds 
SmSn3, SmzSn3, and Sms Sn3 ;are plotted versus  temperature  on the 
figures I11 1, 2 ,  3 .  F o r  the compounds SmSn, and SmzSn3, the presence 
of a quite large minimum on the curves (X- '  , T )  i s  character is t ic  of an 
antiferromagnetic order  a t  h w  temperatures .  The NEEL temperatures  
TN of these compounds a r e  respectively 9 Kelvin and 11 Kelvin. 
Sm5 Sn3, we did not observe .I minimum in the reciprocal  susceptibility 
curve until 2 Kelvin. F o r  this compound, we observe,  between 120 
and 160 Kelvin, an anomaly of the susceptibility curve; we may compare 
this anomaly to the one observed on the susceptibility curve of pure 
samar ium measured by LOCK (12) .  F o r  a l l  the studied compounds, 
we never  observed a l inear  behavior of the reciprocal  susceptibility 
versus  temperature ,  a s  predicted by the Curie-Weiss law, 

The high temperature  magnetic behavior of our  samarium-tin 
compounds i s  the same as the magnetic behavior of other samar ium 
intermetallic compounds (13), (14).  
temperature ,  exhibits a flat minimum around 400 Kelvin, and increases  
slowly af terward (4).  

In the pure metal  o r  in  intermetallic compounds, samar ium i s  in  a n  
ionic s ta te  Sm3 t a s  most  r a r e  ear th  elements. 

Between 2 and 

The magnetic 
At low tempera-  

t o r r  inside the balance. 

F o r  

The susceptibility decreases  with 

The energy separation between the ground J = 5 / 2  and the f i r s t  excited 
J = 7 / 2  multiplet s ta tes  of S m 3 +  ion i s  only I ,  000 Kelvin. 

F o r  the other  r a r e  ear th  elements (except europium), this energy 
separation is two o r  three t imes higher. 
factor gJ of the ground state multiplet (J  = 5/2)  i s  only 2 / 7 .  
reasons make the temperatu re-independent VAN VLECK-type para-  
magnetism (15) of considerable magnitude relative to the Curie type 
paramagnetism of the ground s ta te  multiplet J = 5 / 2 .  

On the other hand, the LANDE 
These two 
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The crystal  field, acting on the Sm3’ ions,  splits the manyfold ground 
s ta te  multiplet; in  particular in SmSn3 the crystal  field i s  cubic and the 
ground s ta te  multiplet i s  split in  a doublet and a quadruplet. 
separation between the levels, belonging to the ground s ta te  multiplet 
is quite small .  F o r  temperatures  higher than 300 Kelvin, the contri- 
bution due to the c rys ta l  field effect may be neglected. 

The thermal  variations of atomic susceptibilities of SmSn3, SmzSn3, 
and S q  Sn3 compounds and these of pure metallic samar ium measured 
by ARAJS (16) a r e  shown on figure IV .  
thermal  variation for two values of the screen  constant D = 35 and 
0 = 3 6 ;  the corresponding energy separations between the ground J = 

The energy 

We also reported the theoretical 

2 and the f i r s t  excited J = 7 / 2  multiplet s ta tes  a r e  respectively 1,  160 
lvin and 1, 020 Kelvin. The agreement  between the theoretical 

curves  relative to Sm3 + ions and the experimental susceptibility 
variations i s  quite good. This fact confirms, in  par t icular ,  that 
samar ium i s  in the Sm” ionic state in investigated compounds. 

We have not taken into account the exchange interactions between Sm3 
ions. 
a t  low temperatures ,  a long range magnetic order .  
bet ter  fit between experimental and theoretical curves  if we take into 
account these exchange interactions. 

t 

They surely exist in SmSn3 and Sm2Sn3 compounds which exhibit, 
We may have a 

’ Magnetic measurements  permi t  us  to conclude that the samar ium is 
in  the trivalent ionic state. in  the investigated compounds. 

F r o m  electr ical  res is t ivi t ies  we can deduce the metallic nature of the 
bonding i n  the f i r s t  compound SmSn:, and for  SmzSn3 and Sm Sn3, the 
par t ia l  localization of conduction electrons by sharing in covalent 
bonding that could be expected by strong electrochemical factor. 

These conclusions were in  agreerrient with previous determinations 
Fig. I V  shows high values of melting points, enthalpies of 

ormation, and electr ical  res is t ivi t ies  of compounds which a r e  a lso 
. 

cr i te r ia  of the localization of electrons. 

REFERENCES 

1 - Al P E R C H E R O N ,  J. C. MATHIEU, F. TROMBE 
C. R. Acad. S c . ,  2 6 6 ,  sgrie  C,  1968, p. 2150.  

- 3 2 7 -  



2 - A. PERCHERON 
Colloque Internat ional  du C. N. R. S. s u r  l e s  E lgmen t s  d e s  
T e r r e s  R a r e s ,  P a r i s ,  Mai 1969. 

3 - 0. GOROCHOV 
Contribution B 1'6tude de quelques combinaisons sulfure 'es ,  
sgle/niges et  e l l u r e s  de l ' a rgen t  et des  Qle'ments du groupe 
IV.b, Thes i s  Fac. Sc. Paris (1968). 

4 - B. PISTOULET 
L'onde g l ec t r ique ,  334, 1955, p. 71. 

$ - J. LAPLUME 
L'onde glectr ique,  335, 1955, p. 113, 

6 - PIETENPOL et MILEY 
Phys.  Rev. ,  34, 1929, p. 1588. 

7 - S. ARAJS, G. R. DUNMYRE 
Z .  Naturforschg,  21  a ,  1966, p. 1856. 

8 - M. A. CURRY 
E l e c t r i c a l  r e s i s t i v i ty  of S m ,  Eu, T m ,  Yb and Lu,  M. S. Thes i s  
Iowa State  Universi ty  of Science and Technology, Ames  Iowa, 
U.S.A.  1958. 

9 - C. E. OLSEN 
The E lec t r i ca l  r e s i s t i v i ty  of s a m a r i u m  between 1. 4 "  K and 
300"  K, Repor t  LA-2406 Los Alamos New Mexico U. S. A. 
(1960). 

10.- J. K. ALSTAD, R. V. COLVIN, S. LEGVOLD and F. H. SPEDDING 
Phys.  Rev. 121. (1961), p. 137. 

11 - J. K. STANLEY 
E l e c t r i c a l  and magnet ic  propert ies*of  m e t a l s ,  A. S. M. (1963). 

12 - J. M. LOCK 
P r o c .  Roy. SOC. ,  B. 70, 1957, p. 566. 

13 - H. W. de  WIJN, A. M. VANDIEPEN,  K. H. J. BUSCHOW 
J. Chem. Phys.  50, 1969, p.  142. 

-3 28 - 



14 - H. W. d e  WIJN, A. M. VAN D I E P E N ,  K. H. J.  BUSCHOW 
P h y s .  Rev .  Vol. 161 ,  n " 2 ,  1967, p. 253. 

15 - J. H. VAN VLECK 
T h e  t h e o r y  of e l e c t r i c a l  a n d  m a g n e t i c  s u s c e p t i b i l i t i e s  
O x f o r d  u n i v e r s i t y  press  1932. 

16. S. ARAJS 
P h y s .  Rev .  120 ,  1960, p. 756. 

-329-  



(ch.11. 1 '2 ' 
Fig. I 

Fig. I - Low tempera ture  heat leak  chamber  

A 

-Fig.  V - Melting point, enthalpy of formation and e lec t r ica l  
res i s t iv i ty  of definite compounds v e r s u s  Sn weight 70. 
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Fig. 11, 1 

100. 

600. 
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Fig.  JI, 4 
Fig.  11: Elec t r ica l  res i s t iv i t ies  v e r s u s  tempera ture  between 

80 and 300 O K. 
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PRESSURE-INDUCED CHANGES I N  THE ELECTRONIC AND 
LATTICE PROPERTIES OF THULIUM MONOTELLURIDE AND 

THEIR SIGNIFICANCE 

by 

A .  Jayaraman,  E. Bucher  and D.  B.  McWhan 
B e l l  Telephone L a b o r a t o r i e s ,  I n c o r p o r a t e d  

Murray H i l l ,  N e w  J e r s e y  

ABSTRACT 

he  m o n o t e l l u r i d e  o f  Tm h a s  been  p r e p a r e d  w i t h  Tin i n  t h e  
d i v a l e n t  s t a t e .  It h a s  t h e  NaC1-type s t r u c t u r e  and a l a t t i c e  
c o n s t a n t  o f  6.34 A .  The magnet ic  s u s c e p t i b i l i t y  measurements 
y i e l d  a n  e f f e c t i v e  moment of  4.96 pg. High p r e s s u r e  X-ray 
s t u d i e s  show t h a t  t h e  mater ia l  undergoes  a n  e l  c t r o n i c  
phase  t r a n s i t i o n  i n  which Tm2+ t r a n s f o r m s  t o  Tm5+, w i t h  no 
change i n  t h e  c r y s t a l  s t r u c t u r e .  The r e s i s t i v i t y  o f  TmTe 
(- 0.75 ohm em) d e c r e a s e s  by a f a c t o r  o f  3 1 0 3  (- 25x10-5 
ohm cm) i n  t h e  1-30 k b a r  p r e s s u r e  r e g i o n  and t h e r e a f t e r  
e x h i b i t s  v e r y  l i t t l e  change.  I t  i s  b e l i e v e d  t h a t  t h e  res is-  
t i v i t y  v a r i a t i o n  i s  due  t o  t h e  e l e c t r o n i c  t r a n s i t i o n  i n  
which e l e c t r o n s  from t h e  4f  s t a t e  are  promoted i n t o  t h e  
c o n d u c t i o n  band, as the e n e r g y  s e p a r a t i o n  be tween t h e m  
d e c r e a s e s  w i t h  p r e s s u r e .  From t h e  s a t u r a t i o n  r e s i s t i v i t y ,  
a n  e n e r g y  s e p a r a t i o n  of  0.21 e v  i s  e s t i m a t e d ,  which i s  i n  
agreement  w i t h  the PAV o f  t r a n s i t i o n  e v a l u a t e d  from h i g h  
p r e s s u r e  X-ray d a t a .  

INTRODUCTION 

The monochalcogenides  o f  t h e  rare ear th  metals 

e x h i b i t  i n t e r e s t i n g  e l e c t r i c a l  and m a g n e t i c  p r o p e r t i e s  and 

f o r  t h i s  r e a s o n  have r e c e i v e d  much a t t e n t i o n  i n  r e c e n t  y e a r s .  

They a l l  c r y s t a l l i z e  i n  t h e  NaC1-type s t r u c t u r e ’  and a re  

e i t h e r  s e m i c o n d u c t i n g  or d e p e n d i n g  on w h e t h e r  

t h e  c a t i o n  i s  d i p o s i t i v e  or t r i p o s i t i v e .  With t h e  e x c e p t i o n  
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of Eu, Yb and Sm a l l  t h e  o t h e r  r a r e  e a r t h  monochalcogenides 

a r e  r epor t ed  t o  be m e t a l l i c . '  I n  t h e  case  of Eu, Yb and Sm 

t h e  s t r o n g  exchange i n t e r a c t i o n  of e l e c t r o n s  i n  t h e  half  

f i l l e d ,  comple te ly  f i l l e l 3  and n e a r l y  h a l f  f i l l e d  4f s h e l l  

l e a d s  t o  s t a b l e  d l v a l e n t  s t a t e .  Hence t h e i r  monochalcogenides 

i n  t h e i r  ground s t a t e  have no e l e c t r o n s  i n  t h e  conduct ion  

band and a r e  t h e r e f o r e  semiconductors.  

There i s  s t r o n g  exper imenta l  t h a t  

i n  t h e  beginning  of t h e  h a l f  pe r iods  t h e  4fx5d0 and 4fX-l5d1 

e l e c t r o n i c  s t a t e s  have e n e r g i e s  q u i t e  c l o s e  t o  each o t h e r  

and can be i n v e r t e d  by e x t e r n a l  c o n s t r a i n t s .  For  t h i s  

r eason  p r e s s u r e  or t empera ture  causes  4f-5d e l e c t r o n  pro- 

motion i n  Ce me ta l .  8'9 

p r e s s u r e  induces  a n  e l e c t r o n i c  t r a n s i t i o n  i n  EuTe6 and SmTe 

i n  which a 4f e l e c t r o n  i s  promoted i n t o  t h e  conduct ion  band. 

A r a t h e r  l a r g e  volume dec rease  and m e t a l l i c  behav io r  accom- 

pan ie s  t h e  t r a n s i t i o n  b u t  t h e  s t r u c t u r e  remains t h e  same i n  

Recent ly  i t  has been shown tha t  h i g h  
7 

t h e  h igh  p r e s s u r e  phase.  Also, r e c e n t  s t u d i e s  on the 

tempera ture  a c t i v a t e d  c o n d u c t i v i t y  loy4 i n  the  monosulfide 

of S m  has been i n t e r p r e t e d  as due t o  t h e  i o n i z a t i o n  of 

e l e c t r o n s  from t h e  4f l e v e l  l oca t ed  a t  only  0.22 ev  below 

t h e  bottom of  t h e  conduction band. 

Thulium occupies  a n  analogous p o s i t i o n  wi th  r e s p e c t  

t o  Yb,as Sm t o  Eu and can t h e r e f o r e  be d i v a l e n t  w i t h  an  

a lmost  f u l l y  occupied 4f s h e l l .  Therefore, t h e  Tm mono- 

cha lcogenides  may be exrlected t o , b e h a v e  l i k e  t h e  Sm compounds, 
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b u t  they  a r e  a l l  repor ted  t o  e x h i b i t  m e t a l l i c  c o n d u c t i v i t y  

and magnetic behavior  c o n s i s t e n t  wi th  a t r i p o s i t i v e  Tm 

I a n d e l l i  and Palenzonal1 ' l2  have, however, noted t h a t  TmTe 

could be non-meta l l ic  and Tm i o n  could be d i v a l e n t  i n  t h e  

t e l l u r i d e .  

We have made TmTe i n  t h e  nonmeta l l ic  s t a t e .  Magnetic 

s u s c e p t i b i l i t y  measurements and t h e  l a t t i c e  cons tan t  i s  

n s i s t e n t  wi th  Tm i o n  i n  t h e  2' s t a t e .  F u r t h e r ,  we have 

c a r r i e d  out  r e s i s t a n c e  and X-ray s t u d i e s  a t  high p r e s s u r e ,  

which show t h a t  t h e r e  i s  an e l e c t r o n i c  phase t r a n s i t . i o n  

i n v o l v i n g  t h e  promotion of a 4f e l e c t r o n .  These w i l l  be 

d i s c u s s e d  i n  t h e  p r e s e n t  paper .  

EXPERIMENTS A N D  RESULTS 

TmTe was prepared by r e a c t i n g  h igh  p u r i t y  Tm chips  

i n  Te vapor ,  f o l l o w e d  by f u s i o n  and a n n e a l i n g .  Fo r  t h i s  

purpose a p p r o p r i a t e  amounts o f  high p u r i t y  Tm and semicon- 

d u c t o r  grade  Te were sea led  i n  an evacuated q u a r t z  tube 

which had p r o v i s i o n s  t o  keep the  Tm c h i p s  separa ted  from 

molten T e .  The q u a r t z  tube was s e a l e d  i n s i d e  a n o t h e r  q u a r t z  

tube  t o  prevent  any oxygen contaminat ion .  The r e a c t i o n  i n  

e vapor w a s  c a r r i e d  o u t  for 72 hours  a t  750°C and then  a t  Gib 
900°C f o r  24 hours .  Although t h e  Te was completely used up, 

t h e  r e a c t e d  m a t e r i a l  a t  t h i s  s t a g e  was n o t  s i n g l e  phase and 

had t o  be melted t o  o b t a i n  s i n g l e  phase TmTe. For t h i s  

purpose t h e  r e a c t e d  m a t e r i a l  was encapsula ted  i n  tan ta lum 

and h e a t i n g  (1600"~ t o  1700°C) was accomplished e l e c t r i c a l l y  

-335- 



by p a s s i n g  c u r r e n t  through t h e  pinched ends of t h e  Ta tub ing .  

A f t e r  me l t ing ,  t h e  sampll- was annealed f o r  s e v e r a l  weeks a t  

450°C i n  a s ea l ed  q u a r t z  t ube .  The i n g o t s  t h u s  obta ined  

were p o l y c r y s t a l l i n e  b u t  t h e  i n d i v i d u a l  c r y s t a l l i t e s  were 

q u i t e  l a r g e  (- 0.5 ern) a n d  t he re fo re  i t  w a s  p o s s i b l e  t o  

c l eave  s i n g l e  c r y s t a l  spscimens f o r  t h e  s t u d i e s .  

X-ray powder photographs showed t h a t  t h e  m a t e r i a l  

0 

was s i n g l e  phase,  and ha13 t h e  NaC1-type s t r u c t u r e  w i t h  a 

l a t t i c e  cons t an t  of 6.34 A .  T h i s  i s  c o n s i s t e n t  w i t h  Tm i n  

t h e  d i v a l e n t  s t a t e .  

i s  g iven  a s  6.042 ;.l3 

For TmTe w i t h  TITI'', t h e  l a t t i c e  cons t an t  

One of our unannealed samples had 
n 

two NaCl phases and t h e  l a t t i c e  c o n s t a n t s  were 6 .30  A and 

6 .19  

Magnetic s u s c e p t i b i l i t y  measurement sI4 were made 

on a s i n g l e  c r y s t a l  sample, down t o  l i q u i d  He t empera tu res .  

The s u s c e p t i b i l i t y  as a f u n c t i o n  of tempera ture  i s  shown i n  

F i g .  1. From t h e  h igh  tempera ture  paramagnetic s u s c e p t i b i l i t y  

t h e  e f f e c t i v e  moment is c a l c u l a t e d  as 4.96 wB. 
Tm t h e  e f f e c t i v e  moment should be 4.5 kB and f o r  t r i v a l e n t  

For d i v a l e n t  

Tm 7.6 K=.  The magnetic measurements a r e  thus  c o n s i s t e n t  

w i t h  t h e  Tm be ing  predominantly i n  the d i v a l e n t  s t a t e  i n  our  

TmTe sample. 

RES IS  TIVI Ty UNDER PREX S URE 

For  r e s i s t i v i t y  measurements f r e s h l y  cleaved 

s i n g l e  c r y s t a l  b a r  samples about  1 mm i n  c r o s s  s e c t i o n  and 

3-4 mm long  were used .  Ohmic c o n t a c t s  were obta ined  w i t h  

-336- 



70 - 
x i '  60 - 

t 50- 
mole 4o 
emu 

- _  
30 - 

2 0  - 

10 - 

3 100 200  

O K  

FIG. 1 
Temperature dependence of t h e  magnetic s u s c e p t i b i l i t y  i n  TmTe. 
Magnetic o r d e r i n g  a t  0.21'K. 

indium (indium s t i c k s  e s p e c i a l l y  w e l l  t o  f r e s h l y  cleaved 

s u r f a c e )  and f o u r  l e a d s  were so lde red  on t o  t h e  b a r .  A t  

a tmospher ic  pressure ,  t h e  room tempera ture  r e s i s t i v i t y  va r i ed  

from 0 . 5  t o  1 ohm em. and the  tempera ture  c o e f f i c i e n t  of 

r e s i s t i v i t y  was n e g a t i v e .  The e f f e c t  of p r e s s u r e  on r e s i s -  

t i v i t y  was i n v e s t i g a t e d  up t o  40 kbar .  

Hydros t a t i c  p r e s s u r e  was genera ted  i n  a p i s t o n -  

c y l i n d e r  dev ice  u s i n g  the  Tef lon  c e l l  t echnique .15  The 

p r e s s u r e  medium was isoamyl a l c o h o l .  The r e s i s t a n c e  measure- 

ments were u s u a l l y  c a r r i e d  ou t  a t  room tempera ture  excep t  

i n  one case  a t  2 6 0 " ~ .  I n  F i g .  2 i s  shown a p l o t  of t h e  

l o g  of r e s i s t i v i t y  a g a i n s t  p r e s s u r e .  The r e s i s t i v i t y  

dec reases  by a f a c t o r  of %lo3 i n  30 kbar  p r e s s u r e  and 
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P kbar 

FIG. 2 
P res su re  dependence of t,he r e s i s t i v i t y  of TmTe a t  room 
tempera tu re .  

t h e r e a f t e r  shows on ly  a s m a l l  dec rease  w i t h  p r e s s u r e .  The 

r e s i s t i v i t y  of  t h e  sample a t  a p r e s s u r e  of about  35 kbar  i s  

about  2 5 ~ 1 0 ~ ~  ohm em. arid t h e  a tmospher ic  p r e s s u r e  r e s i s -  

t i v i t y  of t h i s  p a r t i c u l a r  sample was abou t  0 .75  ohm em. On 

r e l e a s i n g  p r e s s u r e  t h e  I - e s i s t i v i t y  r e t u r n s  t o  t h e  i n i t i a l  

va lue  w i t h  no observable  h y s t e r e s i s .  

X-RAY STUDIES 

X-ray powder p a t t e r n s  were t aken  i n  a h igh  p r e s s u r e  

camera desc r ibed  by McWhan and Bond." 

d i l u t e d  w i t h  boron and mounted i n  a n  epoxy-boron d i s c  which 

served  as t h e  p r e s s u r e  medium. Powder p a t t e r n s  were t aken  

a t  approximate ly  10 kba r  p r e s s u r e  i n t e r v a l s .  From t h e  

observed p a t t e r n  t h e  l a t t i c e  cons t an t  was c a l c u l a t e d  and t h i s  

i s  p l o t t e d  a g a i n s t  p r e s s u r e  i n  F i g .  3. 

The sample was 
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FIG. 3 
P res su re  v a r i a t i o n  of t he  l a t t i c e  cons t an t  of TmTe and YbTe 
f o r  comparison. a/ao i s  p l o t t e d  a s  a f u n c t i o n  of p r e s s u r e .  

The observed change i n  t h e  l a t t i c e  cons t an t  w i t h  p r e s s u r e  

r e f l e c t s  an  abnormally l a r g e  c o m p r e s s i b i l i t y .  

D I S C U S S 1  ON 

The s t r u c t u r e  of TmTe a t  a tmospher ic  p r e s s u r e  and 

a t  40 kba r  i s  NaC1-type, b u t  a t  t h e  high p r e s s u r e  end t h e  

change i n  t h e  l a t t i c e  c o n s t a n t  r e f l e c t s  a s t r i k i n g  i n c r e a s e  

i n  t h e  d e n s i t y .  The c a l c u l a t e d  d e n s i t y  from the  X-ray data ,  

(a  = 6.34 A )  a t  z e r o  p r e s s u r e  i s  7 . 7  gms/cc and a t  30 kbar  
0 

= 5.94  i) 9.4  gm/cc.  This  change r e p r e s e n t s  a A V / v  of 

18% which i s  a t  l e a s t  t h r e e  t imes  l a r g e r  t han  t h e  normal 

c o m p r e s s i b i l i t i e s  quoted f o r  EuTe o r  SmTe; K 5i 10-3/kbar.7’17 

I f  we assume t h e  above va lue  f o r  TmTe t h e  volume change AV 

due to normal compression should be about  54%. When t h i s  i s  

s u b t r a c t e d ,  t he  l a t t i c e  c o n t r a c t i o n  a t  40 kbar amounts t o  a 
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AV/V of l2-l3$. We a s c r i b e  t h i s  l a r g e  volume change t o  an  

e l e c t r o n i c  t r a n s i t i o n  i n  TmTe, of t h e  type  r epor t ed  i n  t h e  

case  of ,e5" and more r e c e n t l y  i n  t h e  case  of EuTe' and 

SmTe.' 

broad p r e s s u r e  range and appears  t o  t a k e  p l ace  cont inuous ly ,  

nea r  room t empera ture .  A s  i n  t h e  case  of EuTe and SmTe, t h e  

t r a n s i t i o n s  involve  t h e  promotion of a 4f e l e c t r o n  i n  which 

t h e  change Tm Te 

e l e c t r o n  goes i n t o  t h e  conduction bands formed most ly  by t h e  

6 s  and 5d s t a t e s .  

s i z e  than  t h e  Tm2+ i o n  and hence t h e  s u b s t a n t i a l  c o n t r a c t i o n  

of t h e  l a t t i c e  upon t r a n s i t i o n .  The observed volume change 

i s  similar i n  magnitude t o  what has  been r epor t ed  for t h e  

analogous e l e c t r o n i c  t r a n s i t i o n  i n  EuTe6 and SmTe. 

However, t h e  t r a n s i t i o n  i n  TmTe i s  spread  over a 

+ l e  occu r s .  The excess  2+ 2- ~ m3+Te2- 

The Tm3+ i o n  i s  cons ide rab ly  sma l l e r  i n  

7 

I n  one of t h e  samples which was quenched from t h e  

m e l t ,  we were a b l e  t o  s e e  two NaC1-type phases o f  which t h e  

one c l o s e r  t o  t h e  Tm3+Te2- was t h e  dominant phase.  

t h a t  Tm3+Te2- can be obta ined  by r a p i d l y  quenching from t h e  

me l t  i n d i c a t e s  tha t  a t  h igh  tempera tures  t h e  Tm i o n  e x i s t s  

i n  t h e  t r i v a l e n t  s t a t e  i n  t h e  compound. The energy d i f f e r e n  

between t h e  e l e c t r o n i c  :states c h a r a c t e r i z i n g  t h e  Tm2+Te2- 

and Tm3+Te2- + l e  must be r e l a t i v e l y  small, so  t h a t  modest 

h igh  p r e s s u r e s  or h igh  tempera ture  i s  a b l e  t o  i n v e r t  them. 

The f a c t  

The promotion of  one e l e c t r o n  i n t o  t h e  conduct ion  

band pe r  TmTe should r e s u l t  i n  a semiconductor-metal  t r a n s i -  

t i o n ,  s i n c e  t h e  number of 4f e l e c t r o n s  promoted i s  of t h e  
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o r d e r  of The r e s i s t i v i t y  v s .  p r e s s u r e  d a t a  

shown i n  F i g .  1 i s  i n  a c c o r d a n c e  w i t h  t h i s .  A s imilar  

change i n  r e s i s t i v i t y  w i t h  p r e s s u r e  h a s  been  r e p o r t e d  i n  

t h e  c a s e  of  EuTe. I n  t h e  c a s e  of TmTe t h e  r e s i s t i v i t y  

d e c r e a s e s  by a f a c t o r  o f  %lo3 i n  30 k b a r  and a t  z b o u t  35 

k b a r  the sample h a s  a r e s i s t i v i t y  of 2 5 ~ 1 0 - ~  ohm em. 

i s  assumed t h a t  t h e  l o g a r i t h m i c  d e c r e a s e  i n  r e s i s t i v i t y  i s  

e t o  a c t i v a t i o n  of e l e c t r o n s  from t h e  4f s t a t e  i n t o  t h e  

I f  i t  

c o n d u c t i o n  band and t h i s  i s  a consequence of d e c r e a s i n g  

e n e r g y  s e p a r a t i o n  between the l a t t e r  w i t h  p r e s s u r e ,  one can 

e s t i m a t e  t h e  z e r o  p r e s s u r e  e n e r g y  s e p a r a t i o n  between t h e  

4f s t a t e  and t h e  c o n d u c t i o n  band from t h e  r e s i s t a n c e  d a t a ,  

u s i n g  

where Psa t .  i s  the s a t u r a t i o n  r e s i s t i v i t y  a t  h i g h  p r e s s u r e  

and po  i s  t h e  z e r o  p r e s s u r e  r e s i s t i v i t y .  

e n e r g y  s e p a r a t i o n  0 . 2 1  e v  u s i n g  3 1 0 3  for t h e  r e s i s t i v i t y  

r a t i o .  I n  t h e  c a s e  of SmS, t h e  e n e r g y  s e p a r a t i o n  between 

We o b t a i n  f o r  t h e  

@e 4f s t a t e  and t h e  c o n d u c t i o n  band has been  determined3’4’10 

as 0 . 2 2  e v  from t e m p e r a t u r e  a c t i v a t e d  c o n d u c t i v i t y  d a t a .  I n  

o u r  samples  no d o u b t  t h e r e  i s  e x t r i n s i c  c o n d u c t i v i t y  w i t h  

much smaller a c t i v a t i o n  e n e r g y .  

The p o s s i b i l i t y  remains  t h a t  t h e  observed  p r e s s u r e  

v a r i a t i o n  of  r e s i s t i v i t y  i n  ”mTe i s  j u s t  due t o  t h e  d e c r e a s i n g  

e n e r g y  s e p a r a t i o n  w i t h  p r e s s u r e  of t h e  c o n d u c t i o n  band from 
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1 

a donor npurity level 0.21 ev below. Howeveu; since the 

X-ray data clearly shows that the electronic promotion occurs 

in the same range of pressure, we are led to believe that 

the resistivity variation is most likely to be due to electron 

promotion. Further we find that PAV of transition evaluated 

at about 35 kbar yields a gain in energy of 4500 cal/gm mol, 

which is = 0.20 ev. This value is in good agreement with the 

gap estimated from the resistivity data. 

The nature of the transition at room temperature 

raises many interesting questions. Firstly, would it become 

a discontinuous transition below some critical temperature? 

Since the transition is also 2 semiconductor-metal transition 

with no change in the long range order of the crystal, what 

model, among the various models currently in vogue f o r  the 

metal-semiconductor transitions,would best describe the 

situation presented in a substance such as TmTe and perhaps 

in other analogous monochalcogenides. More experiments are 

clearly necessary to answer these questions and these are 

presently in progress. 
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J SEMICONDUCTION I N  RARE EAKTH OXIDES 

C.N.R. Rao and G.V. Subba Rao 
Department of Chemistry 
I n d i a n  I n s t i t u t e  of Technology 
Kanpur-16, I n d i a .  

Ab8 t r a c  t 

We have examined t h e  d e f e c t  s t r u c t u r e  and e l e c t r i c a l  
t r a n s p o r t  p r o p e r t i e s  o f  s e v e r a l  r a r e  e a r t h  sesquioxides  and 
non-s to ich iometr ic  oxid s. T e s e  x i d e s  have c o n d u c t i v i t i e s  

t h e  range  10-9 - ohm-? cm-q. The non-s to ich iometr ic  
i d e s ,  LnO,, wi th  1 . 5 0 d x < 1 . 7 5  a r e  p-type semiconductors ,  
i l e  t h e  oxides  w i t h  1.75 (x (2 .@O a r e  n-type semiconductors .  

F u l l y  or p a r t l y  ion ized  c a t  iEn'vacancies-seem t o  be predominant 
d e f e c t s  c o n t r i b u t i n g  t o  the d e f e c t  s t r u c t u r e  i n  t h e s e  oxides .  
On t h e  b a s i s  o f  t h e  c o n d u c t i v i t i e s  and Seebeck c o e f f i c i e n t s ,  
we have expla ined  the mechanism of conduct ion i n  terms o f  t h e  
hopping model and the  polaron  theory .  

We have examined t h e  e l e c t r i c a l  c o n d u c t i v i t i e s  (a6 a 
f u n c t i o n  of tempera ture  and oxygen p a r t i a l  p r e s s u r e )  and 

Seebeck c o e f f i c i e n t s  o f  s e v e r a l  composi t ions o f  the  s o l i d  
s o l u t i o n s ,  Ce02-Y205 and CeO2-NdpOj. 
c o n t r i b u t i o n  t o  the t o t a l  Conduct iv i ty  w a s  n o t i c e d  a t  a l l  
composi t ions ;  t h e  e l e c t r o n i c  c o n d u c t i v i t y  w a s  2- or n-type 
depending on t h e  composi t ion.  Both t h e  i o n i c  and tb- e l e c t r o n i c  
c o n d u c t i v i t y  appear  to  go through a maximum around 30$ Y0le5  
( o r  at 12.56 NdO, ) .  The r e s u l t s  a r e  i n t e r p r e t e d  i n  terms 
o f  ordered  d e f e c t  '2omplexes. 

Considerable  i o n i c  

INTRODUCTION 

R a r e  e a r t t  o x i d e s  w i t h  f i l l e d  o r  p a r t i a l l y  f i l l e d  

n e r  4f -she l l s  of t h e  l a n t h a n i d e  i o n s  a r e  l i k e l y  t o  be narrow 

m a t e r i a l s  and e l e c t r i c a l  conduct ion i n  these o x i d e s  would 

undoubtedly involve  the  4 f e l e c t r o n s ' .  

a r e  a few r e p o r t s  on t h e  e l e c t r i c a l  c o n d u c t i v i t y  of rare e a r t h  

o x i d e s .  Noddack and  walch measured t h e  r e s i s t i v i t i e s  o f  a few 

r a r e  e a r t h  o x i d e s  and found t h e  conduct ion t o  be predominant ly  

I n  t h e  l i t e r a t u r e  t h e r e  

2 

e l e c t r o n i c .  

measurements of t h e  r e s i s t i v i t i e s  o f  a few praseodymium o x i d e s ,  

Eyring and  Baenziger' have r e p o r t e d  p r e l i m i n a r y  



w h i l e  Honig and coworkers" have s t u d i e d  b o t h  t h e  e l e c t r i c a l  

r e s i s t i v i t i e s  and Seebeck c o e f f i c i e n t s  o f  a f e w  oxides .  Some 

evidence  h a s  been p r e s e n t e d  by Tare and Schmalzried5 f o r  t h e  

presence  of i o n i c  c o n d u c t i v i t y  i n  r a r e  e a r t h  sesquioxides .  

We have p r e s e n t l y  examined t h e  semiconduction of  s e v e r a l  

r a r e  e a r t h  s e s q u i o x i d e s  a id  the  non-s to ich iometr ic  ox ides  o f  

praseodymium and te rb ium in some d e t a i l .  We have w a s u r e d  the 

c o n d u c t i v i t i e s ,  6, o f  a :few oxides  a t  d i f f e r e n t  p a r t i a l  

p r e s s u r e s  of oxygen i n  o r d e r  t o  e s t a b l i s h  t h e  d e f e c t  e q u i l i b r i a .  

Seebeck c o e f f i c i e n t s ,  (s, have been measured t o  f i n d  out  t h e  s i g n  

of t h e  charge c a r r i e r s .  We were p a r t i c u l a r l y  i n t e r e s t e d  i n  

s t u d y i n g  t h e  v a r i a t i o n  of  0- and 13 with  

t h e  exper imenta l  C T  and p ,  we have attempted t o  e x p l a i n  t h e  

mechanism of  conduct ion with the a i d  o f  the hopping model and 

the polaron theory .  

i n  LnO,. Employing 

We have  determined the r a n d  13 o f  a few cornpositions 

of  Ce02-Y203 and CeO2-Nd2O3 i n  o r d e r  t o  understand t h e  mechanism 

of  conduct ion and the d e f e c t  s t r u c t u r e  o f  t h e s e  s o l i d  s o l u t i o n s .  

We were i n t e r e s t e d  t o  s e e  i f  t h e s e  s o l i d  s o l u t i o n s  e x h i b i t  

c o n d u c t i v i t y  maxima at composi t ions cor responding  t o  the LnO, .75 

or Ln0,.77. 

RESULTS AND DISCUSSION 

Sesqu iox  id  e s  

The c o n d u c t i v i t i e s  of  rare  e a r t h  s e s q u i o x i d e s ,  Lnp03, 

a t  two tempera tures  along with the  a c t i v a t i o n  e n e r g i e s  for 

conduct ion ,  Ea, are g iven  i n  Table  I. The c o n d u c t i v i t i e s  a r e  

g e n e r a l l y  low p a r t i c u l a r l y  i n  t h e  h e a v i e r  r a r e  e a r t h  s e s q u i o x i d e s .  
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Most o f  t h e  s e s q u i o x i d e s ,  e s p e c i a l l y  t h o s e  of  the h e a v i e r  r a r e  

e a r t h s  show b r e a k s  i n  t h e  log a- E l/T p l o t s  i n  t h e  300-6OO0C 

range .  These breaks  i n  t h e  c o n d u c t i v i t y  c m v e s  do n o t  correspond 

t o  any phase t r a n s f o r m a t i o n s .  Whereas the c o n d u c t i v i t y  decreases  

down the  r a r e  e a r t h  s e r i e s ,  t h e  a c t i v a t i o n  energy above the break  

tempera ture ,  TB, i n c r e a s e s .  

v a l u e s  o f  po 

The change i n  s lope w a s  seen a t  all 

s t u d i e d  (0.10 - 760 mm Hg); f u r t h e r ,  the  a c t u a l  
2 

of  0- were more s e n s i t i v e  t o  po below TB. We t h e r e f o r e  

e l i e v e  that  t h e  change i n  s lope i n  t h e  c o n d u c t i v i t y  p l o t s  does 
2 

n o t  a r i s e  from the  l o s s  o f  oxygen, bu t  i s  l i k e l y  t o  b e  due t o  

the i n c r e a s e d  i o n i c  c o n d u c t i v i t y  around TB. 

In o r d e r  t o  examine t h e  d e f e c t  chemistry o f  t h e s e  

s e s q u i o x i d e s ,  t h e  c o n d u c t i v i t i e s  of  Eu203 and Ho203 were 

measured a t  d i f f e r e n t  oxygen p r e s s u r e s  i n  the  range  2-100 mm Hg 
a t  a few t empera tures ;  was p r o p o r t i o n a l  t o  pA1l6 and po 1/5.3 

r e s p e c t i v e l y  i n  the  two oxides .  Schwab and Bohla have r e c e n t l y  

found p+1/5'5 dependence of c o n d u c t i v i t y  of Eu203 i n  t h e  p r e s s u r e  

r a n g e  that  we have  examined. 

observed a po +1/5*33 dependence o f  c o n d u c t i v i t y .  All t h e s e  

r e s u l t s  show t h a t  r a r e  e a r t h  s e s q u i o x i d e s  a r e  E-type 

26 2 

02 
I n  Y203, T a l l a n  and Vest7 h a r e  

2 

miconductors .  The obsexved oxygen pressure  dependence can be .e 
expla ined  by a mechanism involv ing  c a t i o n  vacancies  most o f  

which a r e  i o n i z e d .  

When oxygen is i n i t i a l l y  l e t  i n t o  the evacuated 

c o n d u c t i v i t y  c e l l  c o n t a i n i n g  the p e l l e t  of Eu203 or Ho203, 

t h e r e  wae a marked d e c r e a s e  i n  t h e  c o n d u c t i v i t y .  It  appems 

t h a t  a t  low po , Eu203 ard Ho20j may act a8 p-type semiconductors .  
2 
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This  o b s e r v a t i o n  is c o n s i s t e n t  w i t h  some of the  l i t e r a t u r e  

Except f o r  hr20jr no Seebeck c o e f f i c i e n t  d a t a  a r e  

a v a i l a b l e  f o r  t he  r a r e  e a r t h  se squ iox ides .  We have p r e s e n t l y  

measured a few sesqu iox idee  in the range 400-800OC at po z 150 mm Hg. 

As expec ted ,  t h e s e  o x i d e s  a r e  p-type semiconductors  i n  this 

t empera ture  range .  The va lues  are small below 6OO0C, bu t  

i n c r e a s e  markedly above t h i s  tempera ture .  

2 

P 
Non-sto i ch  iome t r i c  o x i d e s  

Among the  non-s to ich iometr ic  ox ides ,  t h e  i n t e r m e d i a t e  

phase c l o s e  t o  t h e  composi t ion  Ln0,.75 (Ln = Pr o r  Tb) e x h i b i t s  

the h i g h e s t  6 and t h e  lowes t  Ea. It is  i n t e r e a t i n g  t h a t  the 

c o n d u c t i v i t i e s  of a l l  the LnO, compos i t ions  f a l l  on t h e  (r -E 
c u r v e s  showing maxima a t  2 ~ 1 . 7 5 ,  immater ia l  o f  whether  t h e y  are 

o rde red  (wi th  narrow homogeneity r a n g e s )  o r  d i s o r d e r e d  (and  b i p h a s i c )  

phases .  Apparent ly ,  t h e  main f a c t o r  that  governs  the c o n d u c t i v i t y  

maximum at  ~ ~ 1 . 7 5  is t h e  s to i ch iomet ry  (Ln'j and Ln+4 c o n c e n t r a t i o n s )  

rather than the  d e f e c t  s t r u c t u r e .  Obvious ly ,  t h e  non-s to ich iometr ic  

o x i d e s  a r e  hoppe r s ,  wherein 0- is p r o p o r t i o n a l  t o  the product  

[Ln3+3Ln4+] . Thus, i n  LnO,, (J- should  go through a maximum 

around 5 = 1.75 at a g i v e n  t empera tu re  as found expe r imen ta l ly .  

I n  t h e  o x i d e s  where is n o t  f a r  from 1.5, h o l e s  can  jump 

from one c a t i o n  s i t e  t o  ano the r  of  d i f f e r e n t  va l ency  g i v i n g  rise t o  

p-type c o n d u c t i v i t y .  In composi t ions  n e a r  LnOZ, t h e  charge  c a r r i e r s  

are e l e c t r o n a  and w e  expec t  t h e  m a t e r i a l  t o  be  "-type. 

between Ln01.5 and LnOp we would expec t  a change from E- t o  "-type 

behav io r .  Th i s  p r e d i c t i o n  is  i n  agreement w i t h  the Seebeck 

- 
Midway 
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c o e f f i c i e n t  d a t a  on Pro, r e p o r t e d  by Honig and coworkers4 and on 

TbO, obta ined  p r e s e n t l y .  /3 is p o s i t i v e  f o r  TbOlS5 t y p i c a l  o f  a 

p t y p e  semiconductor and nega t ive  when z> 1.75 i n d i c a t i n g  C-type 

behav io r .  

the P v a l u e  w a s  very small ( - 2  V/"C around 2OO0C), b u t  when 5 

becomes s l i g h t l y  h i g h e r  (1.50( 5 (1.52),  /z i n c r e a s e 6  markedly 

(- 200 V/"C at  200'C). Within exper imenta l  e r r o r ,  /? was 

independent  o f  t empera tu re  f o r  a g iven  composi t ion ;  TbOl .81, however, 

ow8 a slight maximum around 3 5 O o C ,  t h e  cause of which is n o t  clear.  

The v a r i a t i o n  o f  p w i t h  t empera ture  i n  LOO, is similar t o  that  

found in e l e c t r o n - t r a n s f e r  m a t e r i a l s .  

is of the  o r d e r  of  0.2 i n  TbOx; S*/k i n  Pro, h a s  been r e p o r t e d  t o  be 

0.2 by Honig and coworkers4. 

I n  t h e  case o f  "bole5  (when the  a to i ch iomet ry  w a s  e x a c t ) ,  

r 
P 

Gib 
We f i n d  t h a t  t h e  va lue  o f  S*/k 

The composition Ln01.75 can be assumed t o  have a random 

d i s t r i b u t i o n  o f  Ln3+ and Ln4+ ions  with a maximum of e l e c t r o n i c  

d i s o r d e r .  It i s . p o s s l b l e  t o  conce ive  o f  a s l i g h t l y  d i f f e r e n t  model 

acco rd ing  t o  which t h e  c o n d u c t i v i t y  maximum would b e  a t  the composi t ion  

- x = 1.71 i n s t e a d  o f  5 = 1.75. 

c o n s i s t i n g  o f  p a r a l l e l  'strings' o f  i r r e g u l a r  Ln06 o c t a h e d r a  i n  t h e  

(1 1 1> d i r e c t i o n  surrounded by cont iguous  s h e a t h s  o f  seven-coord ina ted  

c a t i o n s  . According t o  this model, t h e  seven-coordinated c a t i o n s  

The phase LnOla7, may be desc r ibed  as 

8 

t h  an  average  charge  o f  +3.5 would be  r e s p o n s i b l e  f o r  t h e  

c o n d u c t i v i t y .  T h i s  would r e s u l t  in t h e  c o n d u c t i v i t y  maximum and 

zero p a t  LnOl 

model appea r s  t o  be r easonab le ,  i t  is d i f f i c u l t  t o  make such  s u b t l e  

d i s t i n c t i o n s  on t h e  b a s i s  of t h e  a v a i l a b l e  expe r imen ta l  d a t a .  I n  

o r d e r  t o  unders tand  t h e  d e f e c t  e q u i l i b r i a  i n  t h e  Pro, sys tem,  G- w a s  

r a t h e r  than at  Ln01,75. Although t h e  second 
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measured at  d i f f e r e n t  po v a l u e s .  PrgOll i t h e  low p r e s s u r e  

range (po = 2-15 mm Hg)  i n d i c a t e d  a p-1/6 dependence o f  

c o n d u c t i v i t y  a t  2OO0C; the p - l l 6  dependence can be i n t e r p r e t e d  

i n  te rms  o f  an ion  vacanc ie s .  The c o n d u c t i v i t y  o f  t h e  non- 

s t o i c h i o m e t r i c  o x i d e s  i n  t h e  composi t ion  range 1.68(~ (1.7‘2, 

on t h e  o t h e r  hand, showed a dependence o f  p+’ l6 ;  t h i s  i s  c o n s i s t e n t  

w i t h  a n e u t r a l  c a t i o n  vacancy mechanism. 

2 

2 02 

02 

02 

S i n c e  the  band wid ths  i n  rare e a r t h  ox ides  a r e  small, 

w e  have  examined t h e  conduct ion  i n  t h e s e  compounds i n  te rms  of t h e  

po la ron  theory”  lo .  

i n  po la ron  m a t e r i a l s  is g iven  by t h e  d imens ion le s s  F r 6 h l i c h  coup l ing  

c o n s t a n t ,  $. We have c a l c u l a t e d  CC;, polaron  m a s s  and dimension, 

t r a n s i t i o n  p r o b a b i l i t y ,  d r i f t  and Low-Pines m o b i l i t y  and o t h e r  

t r a n s p o r t  pa rame te r s .  For TbOl we have  c a l c u l a t e d  the  t r a n s p o r t  

parameters  as a f u n c t i o n  o f  t empera tu re  which p e r m i t s  us to examine 

t h e  a p p l i c a b i l i t y  o f  t he  hopping model more c l o s e l y .  

The measure o f  the electron-phonon i n t e r a c t i o n  

The cha rge  c a r r i e r  d e n s i t y  is h i g h e r  i n  non-s to ich iometr ic  

o x i d e s ;  i n  Tb0,.81 it is a lmost  independent  o f  t h e  t empera tu re  i n  

t h e  r ange  s t u d i e d .  The e f f e c t i v e  mass of t he  charge  c a r r i e r s ,  m*, 

is  u s u a l l y  20 t o  40 t ime  the  f r e e  e l e c t r o n  mass, i n d i c a t i n g  

c o n s i d e r a b l e  i n t e r a c t i o n  between t h e  charge  c a r r i e r s  and phonons; 

m* is  s l i g h t l y  lower  f o r  non-s to ich iometr ic  ox ides .  For  TbOlaB1, 

m* and cf; show d e c r e a s i n g  t r e n d s  w i t h  r i s e  i n  t empera tu re .  

Both r-’ and f D  a r e  g r e a t e r  i n  t h e  non-s to ich iometr ic  

ox ides  compared t o  the s t o i c h i o m e t r i c  ox ides .  In t h e  oxidea  

s t u d i e d  p r e s e n t l y , p D  i s  i n  t h e  r ange  t o  cm2/V.sec, 

which is  in t h e  r e g i o n  normal ly  found i n  ox ide  semiconductors.  
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In TbOl .81, p D  i n c r e a s e s  wi th  tempera ture  e x p o c e n t i a l l y ,  t h e  

a c t i v a t i o n  ecf energy be ing  0.5 eV. T h i s  rconotonic i n c r e a s e  

in m o b i l i t y  can be t aken  t o  i n d i c a t e  hopping mechanism r a t h e r  

t han  ' po la ron  bend' fo rma t ion .  The v a l u e  of 0.5 eV is comparable 

wi th  t h e  0.6 eV ob ta ined  from t h e  c o r r h c t i v i t y  d a t a .  The po la ron  

dimension is of t h e  same o rde r  as t h e  l a t t i c e  parameter  i c d i c a t i n g  

t h a t  t h e  cha rge  c a r r i e r s  a r e  l o c a l i z e d  a t  l a t t i c e  s i t e s .  The 

qo la ron  rcass (m ) is h i g h e r  t han  t h e  e f f e c t i v e  mass of t h e  63 a r g e  c a r r i e r s  (when 6 ; \ ( 6 ) ;  f o r  Tb01.81, m d e c r e a s e s  from 

X I  

** 

44m t o  20m i n  t h e  t empera tu re  range  200-500°C and then  s l r g h t l y  

i n c r e a s e s  t o  24m at 600OC. This  i s  because  o f  t h e  d e c r e a s e  o f  

bo th  mf and g; wi th  t empera tu re .  

by t h e  se l f - ene rgy  o f  t h e  polaron .  These r e s u l t s  a r e  i n  agreement 

wi th  t h e  t h e o r e t i c a l  p r e d i c t i o n s .  

The same behavior  is e x h i b i t e d  

Ce02-Y20g and Ce02-Nd20g 

S t u d i e s  o f  t h e  c r y s t a l l o g r a p h y ,  C (as a f u n c t i o n  o f  

t empera tu re  and oxygen p a r t i a l  p r e s s u r e )  and p of v a r i o u s  

composi t ions  o f  t h e  Ce02-Y20j and Ce02-Wd 0 

t h a t  s i m u l a t i o n  of t he  non- s to i ch iomet r i c  rare e a r t h  oxide  phases  

is n o t  f e a a i b l e  s i n c e  bo th  ca t ion  and an ion  o r d e r i n g  seem t o  be  

systems i c d i c a t e  2 3  

e s e n t .  Cons iderable  i o n i c  c o n t r i b u t i o n  t o  t h e  t o t a l  c o n d u c t i v i t y  

w a s  n o t i c e d  a t  a l l  composi t ions  in t h e s e  mixed ox ides  and t h e  

electronic c o n d u c t i v i t y  w a s  2- o r  E-type depending  on t h e  

composi t ion .  

t o  go through a maximum around 30 mole $ YO,.5 ( o r  a t  12.5 $ NdOle5).  

The r e s u l t s  can be i n t e r p r e t e d  i n  te rms  o f  ' d e f e c t  complex fo rma t ion  

Both the i o n i c  and e l e c t r o n i c  c o n d u c t i v i t y  appear  
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and o rde r ing  o f  t h e  vacan:y s t r i n g s  c o n s i s t e n t  w i t h  t h e  known 

c r y s t a l l o g r a p h y  o f  t h e s e  s o l i d  s o l u t i o n s  . 11,12 

I n  t h e  Ce02-YOl.j system, the  c o n d u c t i v i t g  i n  the 

range  0-57s Y01.5, is  mainly due to the  e l e c t r o n s  r e l e a s e d  by t h e  

i o n i s a t i o n  o f  t h e  vacanc i~ss  which jump f r o m  one s i t e  t o  a n o t h e r  

by a hopping  mechanism. 'The m o b i l i t y  at  700'C c a l c u l a t e d  from 

t h e  dopant  c o n c e n t r a t i o n  (and t h e  known u n i t  c e l l  volume is o f  the 

o r d e r  o f  cm2/V.sec. S i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  

c o n d u c t i v i t y  a l s o  arises ou t  o f  t h e  mig ra t ion  o f  oxygen ions 

an ion  vacanc ie s .  

I n  t h e  r ange ,  75-100$ YOla5 (C-type phase r eg ion  o f  the 

sys  t e m )  t h e  c o n d u c t i v i  is 2-type probably  i n v o l v i n g  an an ion  

i n t e r s t i t i a l  mechanism. 'The h o l e s  c r e a t e d  by t h e s e  an ion  

i n t e r s t i t i a l s  may move from one  c a t i o n  s i t e  t o  a n o t h e r  by a hopping 

pro  c e s s .  

A t  s m a l l  c o n c e n t r a t i o n s  of Y O l a 5 ,  an ion  vacanc ie s  that  are 

c r e a t e d  start i n t e r a c t i n g  w i t h i n  themselves  and around 12% YO, .5, 

d e f e c t  complexation s ta r t s ;  around 30%. the complexation is complete 

and vacancy s t r i n g s  w i l l  be farmed l e a d i n g  t o  long  r ange  o r d e r .  

This produces  a d e c r e a s e  l n  c o n d u c t i v i t y .  A t  higher c o n c e n t r a t i o n s ,  

oxygen may e n t e r  t he  l a t t i c e  t o  f i l l  up t h e  an ion  vacanc ie s  and a t  

75% yo1.5 t h e  an ion  vecanc ie s  w i l l  b e  f i l l e d  almost comple te ly .  

s t i l l  h i g h e r  concent ra t io .oa ,  oxygen rnw go i n t o  t h e  i n t e r s t i t i a l e  

c r e a t i n g  h o l e s  and caus ing  a 2-type behav io r .  We should  expec t  a 

minimum i n  t h e  e l e c t r o n i c  c o n d u c t i v i t y  at t h e  composi t ion  where the 

system changes from 2- t o  2-type behav io r ;  t h e  c o n d u c t i v i t y  d a t a  on 

Ce02-Y01 .5 s o l i d  s o l u t i o n s  appear  t o  conf i rm t h i s  p r e d i c t i o n .  
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TABLE I 

E l e c t r i c a l  c o n d u c t i v i t y  d a t a  of rare e a r t h  s e s q u i o x i d e s  (Ln203)(a)  

Ln TB.’C E l , e V ( b )  E2,eV 5 O O Y  
( T ( T B )  (T)TB) (x109 ohm-’ cm-’) ( ~ 1 0 -  Q ohm-’ cm-’) 

@ ( d )  

Nd 

Sm 

Eu 

Gd 

T b ( d )  

Ho 

Yb 

Y 

270 

32 0 

- 
5 60 

570 

560 

280 

575 

605 
- 

0.7 1.05 

0.4 0.95 

- 1.15 

0 . 6  1 . 2 8  

0 . 6  1.35 

0.5 1.57 

0 . 4  0.95 

0.7 1.61 

0.5 1.61 

- 1.10 

2 70 

300 

2 5  

20 

5 

5 

3 

5 

3 
- 

1700‘ ’) 

3450 

1450 

880 

150 

130 

20 0 

160 

50 

5 5  

02=l5O 
( a )  DC c o n d u c t i v i v  measured a t  p 

( b )  Approximate v a l u e s  o n l y  s i n c e  t h e  c o n d u c t i v i t y  i s  smell at 
T TB. 

@) V a l u e s  a re  for t h e  hexagonal  ( A )  form.  I n  a l l  t h e  o t h e r  c a s e s ,  the 
o x i d e s  are il? t h e  c u b i c  ( C )  fo rm ( d e f e c t  f l u o r i t e  s t r u c t u r e ) .  

( d )  Measured i n  d r y  hydrogen to p r e v e n t  o x i d a t i o n .  
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KONDO EFFECT AND THE ilFLUENCE OF CRYSTALLINE ELECTRIC FIELD 

ON THE ELECTRICAL RESISTIVITIES OF THE DEERMETALLIC 

COhpOUNDS CeAl? AND :e@? . - - / - 
+ M 

V .  U. S.  Rao, W. Suski, R .  S .  Craig and W. E. Wallace 

D n  7 

Ab s t rac t 

A method i s  proposed t o  evaluate t h e  e f fec t  of t h e  crys- 
t a l l i n e  e l e c t r i c  f i e l d  on t h e  spin-disorder r e s i s t i v i t y  of rare-  
ear th  intermetal l ics  and the  procedure i s  used t o  in te rpre t  the 
r e s i s t i v i t y  vs .  temperatur-e behaviour of CeA12. 
measurements performed on CeAl i n  the  temperature range 3 t o  
450'K indicate  a peak at  33°K 3and a broad minimum at  310'K i n  
t h e  r e s i s t i v i t y  vs. temperature curve. The resu l t s  a r e  explained 
as ar i s ing  from the  presence of t h e  Kondo ef fec t  i n  addition t o  
the  influence of the  c rys ta l l ine  e l e c t r i c  f i e l d  on t h e  spin- 
disorder r e s i s t i v i t y  of CeAl 

Res is t iv i ty  

3' 

Introduction 

The ef fec t  of local ized moments on t h e  e l e c t r i c a l  res i s -  

t i v i t y  v i a  t h e  exchange sca t te r ing  of conduction electrons has 

en a subject of considerable i n t e r e s t  i n  recent years .  When 

evaluated i n  the  f i r s t  Born approximation, t h i s  in te rac t ion  gives 

r i s e ,  i n  t h e  paramagnetic s t a t e ,  t o  a temperature independent con- 

t r i b u t i o n  which i s  usually termed as t h e  spin-disorder r e s i s t i v i t y .  1 

* 
On leave from Tata I n s t i t u t e  of Fundamental Research, 

Bombay, India. 

Research, Polish Acadew of Sciences, Wroclaw, Poland. 
On leave from I n s t i t u t e  of Low Temperature and Structure w 
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I f ,  however, t h e  evaluation i s  carr ied out t o  the  second Born 

approximation,* i n  t h e  case when t h e  s-d or s-f interact ion has a 

negative sign, an addi t ional  contribution a r i s e s  a t  temperatures 

below a cer ta in  c r i t i c a l  temperature, giving r i s e  t o  t h e  well-known 

r e s i s t i v i t y  minimum (Kondo 'effect) i n  cer ta in  alloys. Among rare-  

ear th  systems, the  Kondo efEect has been observed i n  a number of 

cerium 

In t h i s  paper we wish t o  idemonstrate t h a t  t h e  spin-dis- 

order contribution cannot be regarded as being independent of 

temperature when the  c r y s t a l  f i e l d  s p l i t t i n g  of t h e  ground m u l t i -  

p l e t  of t h e  rare-earths i s  :omparable t o  t h e  temperatures a t  which 

the  r e s i s t i v i t y  i s  measured. To take a t y p i c a l  example, heat 

capacity measurements on Ce41 performed i n  our Laboratory have 

indicated t h a t  t h e  ground multiplet ( J  = -) of the  Ce3+ ion i n  the  

6 
2 

5 
2 

cubic f i e l d  i s  s p l i t  i n t o  a doublet ( r  ) and a quartet  ( r,) with 

a separation of t h e  order of 100°K. 
7 

We have evaluated the  e f fec t  of 

t h i s  c r y s t a l  f i e l d  on t h e  spin-disorder r e s i s t i v i t y  of CeA12 and have 

been able  t o  explain an unusual feature  i n  the  p versus T behavior 

reported e a r l i e r  by van Daal and Buschow. 7 

Also reported i n  t h i s  paper i s  t h e  r e s i s t i v i t y  measurement on 

CeAl 

i s  provided f o r  the  unusual p versus T curve i n  terms of t h e  Kondo 

ef fec t  and the  influence of the  hexagonal c r y s t a l  f i e l d  on the  spin- 

disorder r e s i s t i v i t y .  

in t h e  temperature range 3 to  450'K. A ten ta t ive  explanation 3 
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Outline of the  Calculation of the  Effect of Crystal Field on 

the  Spin Disorder Res is t iv i ty  of CeM2 

We s h a l l  assume i n  the  usual manner t h a t  the  exchange i n t e r -  

act ion between a conduction electron of spin s at  r and a rare-ear th  
-b 

atom of spin 2n a t  Rn can be wri t ten as 

+ +  

+ + +  + 
'n H = - 2 G 6 ( r  - R ) s  

ere  G i s  a quantity with the  dimensions of e n e r a  times volume. 

A s  a r e s u l t  of spin-orbit coupling, equation (1) can be rewri t ten i n  

terms of t h e  t o t a l  angular momentum Jn as 
-+ 

( 2 )  
+ - +  -* 

Hn = -2'G(g-1)6(? - R ) s  . Jn 

where g i s  the  Lande factor. 

When there  i s  no c r y s t a l  f i e l d  interact ion,  t h e  (2'J+1) 

e igenstates  of t h e  ground J-multiplet a r e  degenerate i n  the  paramag- 

n e t i c  s t a t e  and can be labe l led  by t h e  eigenvalues (m ) of J A J 2' 

conduction electron i n  a s t a t e  k i s  sca t te red  by t h e  poten t ia l  (2)  
-4 

+ 
i n t o  a new s t a t e  k ' .  The sca t te r ing  occurs without spin f l i p  i f  t h e  

i t i a l  and f i n a l  s t a t e s  a re  connected by t h e  term szJz i n  t h e  H a m i l -  

tonian and with spin f l i p  i f  they a r e  connected by t h e  terms s J 

The sca t te r ing  cross-section i s  proportional t o  t h e  square of t h e  . 

relevant matrix element and summing up over a l l  t h e  sca t te r ing  paths 

one obtains for  the spin-disorder r e s i s t i v i t y  

f ?*  

1 
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( 3 )  
2 2  2 6; = (%Nm/2he E f ) G  (g-:L) J(J+l) 

where N is  t h e  number of magnetic centers per  un i t  volume. 

Equation ( 3 ) ,  it can be seen t h a t  6' i s  independent of temperature. 

From 

When t h e  e f fec t  of t h e  c r y s t a l  f i e l d  in te rac t ion  i s  in-  

cluded, t h e  above procedure has t o  be modified i n  the  following 

manner. 

a r e  admistures of them. 

rare-ear th  atom being present In a cer ta in  c r y s t a l  f i e l d  s t a t e ,  i, 

depends on t h e  extent of t h e  c r y s t a l  f i e l d  s p l i t t i n g  and on t h e  

temperature. 

energy of t h e  conduction electron i n  cer ta in  scat ter ings since t h e  

cross-section then depends upon ?;he occupation probabi l i ty  of d i f -  

fe ren t  s t a t e s  i n  t h e  Fermi sea. 

F i r s t ,  t h e  e igenstates  a re  no longer pure mJ s t a t e s  but 

Secondly the  probabi l i ty  ( p . )  of a given 

Finally, cogiiizance must be taken of t h e  change i n  the  

The eigenfunctions of tha ground mult iplet  ( J  = 5, of the  2 

Ce3+ ( f l )  ion a r e  given by3 t h e  following l i n e a r  combinations of 

t h e  unperturbed mJ s t a t e s .  

With t h e  above considerations i n  mind, it can be eas i ly  shown 

t h a t  t h e  spin-disorder r e s i s t i v i t y  now becomes 
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9 where t h e  f i i ,  a re  given by 

2 

11' l+exp( -Eii,/kT) 
f.. = (5)  

with Ei i ,  = Ei - E i , ,  and pi = exp(-Ei/kT)/C exp(-Ei/kT). In the  
i 

gh temperature l i m i t ,  p s ( T )  becomes equal t o  P O  of equation (3) .  

In Fig. 1, the  r a t i o  p s ( T ) / p E  has been p lo t ted  as a function of kT/E, 

t h e  r a t i o  of t h e  temperature t o  t h e  c r y s t a l  f i e l d  separation E between 

t h e  doublet and t h e  quar te t .  It i s  seen t h a t  when the doublet i s  

lower p , (T)  approaches a much lower value as T 4 0 than when t h e  

quartet  i s  lower. 

The experimental p versus T curve obtained by van Daal and 

Buschow' i s  shown i n  Figure 2. 

i n  our laboratory and were found t o  be i n  sa t i s fac tory  agreement with 

those of the  above authors. 

Measurements on CeA12 were repeated 

The upturn i n  the  p-T curve a t  low 

'temperatures i s  now regarded as  due t o  a Kondo 

of i m e r e s t  t o  us i s  t h e  unusual broad "knee" i n  t h e  p-T curve a t  

The point 
, .  

~ 

out 70°K. We ascr ibe t h i s  behaviour t o  t h e  influence of t h e  c r y s t a l  

f i e l d  on t h e  spin-disorder r e s i s t i v i t y .  

p-T curve is  well predicted by our analysis  as  may be seen by a com- 

parison of Figures 1 and 2. To make a quant i ta t ive comparison be- 

tween theory and experiment one would have t o  subtract  the  l a t t i c e  

contribution ( T )  from the  observed r e s i s t i v i t y .  If one assumes the  

The general shape of the  

L 
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a. Doublet Lower 
b. Quartet  Lower 

0.2 - 

I I 
0- 0 0.5 1-0 1.5 

kT/ E 
Fig. 1. Theoretical  curve:; for t he  va r i a t ion  of spin-disorder 
r e s i s t i v i t y  of CeA$ with -8;emperatm-e under the  influence of  a 
cubic c r y s t a l  f i e l d  for ( a )  doubl-et lower and ( b )  quartet  lower. 

( T )  and p; a re  given by equations ( 3 )  and ( 4 ) .  

I I I 1 
50 I O 0  150 200 250 

T "K 
0 

Fig. 2. Temperature va r i a t ion  of t h e  r e s i s t i v i t y  of CeA12. (Ref. 7)  
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p L ( T )  of CeAl 

contribution i s  found t o  f a l l  by a fac tor  of a t  l e a s t  th ree .  This 

should be considered a lower l i m i t  for p (T=o)/po since the  residual 

r e s i s t i v i t y  has not been subtracted from t h e  measured r e s i s t i v i t y  

of CeA12. A second complication i s  the  Kondo anomaly below about 

15°K. 

r e s i s t i v i t y ,  the  spin-disorder par t  might well f a l l  t o  .e3 of i t s  

t o  be similar t o  t h a t  of U2, the  spin-disorder 2 

In view of these undetermined contributions t o  the measured 

'gh temperature value as  predicted when the  doublet i s  lower, ra ther  0 
than t o  a f rac t ion  of .61 which i s  predicted when t h e  quartet  is  

lower (see Fig. 1). The conclusion i s  therefore  t h a t  t h e  doublet i s  

lower i n  agreement with t h e  recent heat capacity r e s u l t s  of H i l l  and 

da Silva'' i n  the  temperature range 0.5 t o  1 5 ° K .  

3 Resis t iv i ty  of CeAl 

Experimental Results 

The r e s i s t i v i t y  of CeA13 was measured i n  t h e  temperature range 

3 t o  450°K using a conventional four  probe technique. 

T curve i s  shown i n  Fig. 3. 

maximum a t  33°K and a broad shallow minimum near 310°K. 

The p versus 

3 exhibits a 
The p-T curve of CeAl 

scussion 

The c r y s t a l  s t ructureu of CeAl i s  of t h e  hexagonal N i  Sn 3 3 
type with a = 6.545 w and c = 4.609 A. 

suscept ib i l i ty  with temperature was studied e a r l i e r  by Mader and 

Swift.= 

The var ia t ion  of magnetic 

The x versus T var ia t ion  was found t o  deviate appreciably 
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'*r Ce AI, 

1 I 1 

200 300 400 
L 

Temperature variation of the resistivity of CeAl 3' 

100 
T O K  

*OO 

Fig. 3. 

I I I 

0 I 2 3 4 
kT/E, 

I) 

3 

Fig. 4. 
disorder resistivity of  CeAl under the influence of a hexagonal 
crystal field splitting of 

Theoretical CWE f o r  the temperature variation of  the spin- 

3the type shown in the inset. 
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from free-ion behaviour especial ly  a t  low temperatures. No evi- 

dence f o r  a magnetic t r a n s i t i o n  was found down t o  a temperature of 

2.2"K. Mader and Swift interpreted t h e  X-T behavious on t h e  bas i s  

of the  e f fec t  of t h e  hexagonal c r y s t a l  f i e l d  poten t ia l  or' t h e  form 

(6) 
0 0  0 0  Vcf = B202 + B404 

which s p l i t s  the  ground mult iplet  of Ce3+ in to  three doulilets as  

cf Fig. 4. ( i n s e t ) .  Since the  operator equivalent form of V 

terms involving only powers of Jz2, there  i s  no admixture 

of t h e  pure mJ s t a t e s .  

(see Fig. 4) they were able t o  f i t  t h e  X-T curve with El/k 2: 

Taking BE/Bi z 30, which y ie lds  E2/E1 'X 4 

56°K. 

We have evaluated t h e  e f fec t  of the  above type of c rys ta l  

f i e l d  on t h e  spin-disorder r e s i s t i v i t y  using t h e  procedure described 

e a r l i e r .  The calculat ions predict  a var ia t ion  of p s ( T ) / p z  with T as  

shown i n  Fig, 4. It seems reasonable t o  a t t r i b u t e  the  precipitous 

f a l l  of the  measured p with decreasing T below 33°K t o  an ef fec t  of 

the c r y s t a l  f i e l d .  

The decrease of p with increasing T above 33°K and t h e  

minimum a t  310°K may be due t o  the  formation of a Kondo s t a t e .  I f  

h i s  be t h e  case, it would mean 2 very high Kondo temperature (- 300°K) 

This i s  not impossible since TK depends sensi t ively on f o r  CeA13. 

both G and N ( O ) ,  the  density of s t a t e s  at  t h e  Fermi leve l  through t h e  

well-known expression T K %  TF exp[-1/3 \ G I  N(O)]. 

above in te rpre ta t ion  should be regarded as  ten ta t ive  and i t s  confirma- 

t i o n  must await heat capacity measurements on CeA13, now underway i n  

our laboratory. 

However, the  
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ABSTRACT 

Techniques  of the p r e p a r a t i o n  of divalent  and monovalent  r a r e  e a r t h s  i n  ionic  
h o s t  c r y s t a l s  a r e  d e s c r i b e d .  
the divalent  s t a t e  i n  a l k a l i  e a r t h  ha l ides  by g a m m a  rad ia t ion  l e a d s  t o  the 
product ion  of uns tab le  d e f e c t  c o m p l e x e s ,  which upon heat ing,  give r i s e  to 
mul t ipeak  t h e r m o l u m i n e s c e n t  glo c u r v e s .  
r e v e a l s  that  the  oxidat ion of the divalent  ion  o c c u r s  th rough t h e r m o e x c i t a t i o n  
of a n  f e l e c t r o n  to  the  d band.  
o r  so l id  s t a t e  e l e c t r o l y s i s  g ives  r i s e  to  R.  E. 2f ions  t h a t  a r e  opt ica l ly  and 
t h e r m a l l y  s t a b l e ,  bu t  o t h e r w i s e  ident ica l  i n  s p e c t r o s c o p i c  p r o p e r t i e s .  The  
reduct ion  of R.  E. " to the monovalent  s t a t e  i n  a l k a l i  ha l ides  y ie lds  unexpected 
r e s u l t s ;  while  Sml t  ions  i n  KC1 obtained b y  g a m m a  rad ia t ion  give r i s e  to  
b r o a d - b a n d  opt ica l  s p e c t r a  which have b e e n  ident i f ied a s  4fb6S' - 4f56SZ 
t r a n s i t i o n s ,  those  obtained through p r e s s u r e - a d d i t i v e  t r e a t m e n t  with liquid K 
give r i s e  to n a r r o w  l ines ,  4 .  Z o  K s p e c t r a  which a r e  m o s t  l ikely of d - f 

Reduct ion of t r i v a l e n t  r a r e  e a r t h s  (R. E. 3 f )  t o  

An a n a l y s i s  of t h e s e  g lo  c u r v e s  

Reduct ion of R .  E. 3f th rough addi t ive t r e a t m e n t  

r ig in .  
e e m a n  and  a n i s o t r o p y  f l u o r e s c e n c e  s p e c t r o s c o p y  i s  d e s c r i b e d  i n  connect ion 

with the n u m e r o u s  sol id  s t a t e  c h e m i c a l  t r a n s f o r m a t i o n s  of the r a r e - e a r t h  ions .  

Determina t ion  of s y m m e t r y  of the  r a r e - e a r t h  ion  s i t e s  th rough 
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STUDIES OF THE DIVALENT OXIDES OF THE RARE EARTHS J by 

Gregory J .  McCarthy, W i l l i a m  B. White and Rustum Roy 

S k  Pennsylvania S t a t e  Univ- 
J 

-21 

Abstract 
7- 

The s t a b i l i t y  of d iva len t  compounds of t h e  r a r e  ea r ths  a re  examined 
i n  r e l a t i o n  t o  t h e  c r y s t a l  chemical parameters of f i e l d  s t r eng th  and elec- 
t ronega t iv i ty .  
range of e l ec t ronega t iv i ty  but oxides @d f luo r ides  of Sm a r e  
des t ab i l i zed .  Ternary compounds of Eu form over t h e  f u l l  range of f i e l d  
s t r eng th  and e l ec t ronega t iv i ty  d i f fe rence .  Divalent samarium and y t t e r -  
bium a r e  s t a b i l i z e d  only by covalently bonded anions of high f i e l d  s t rength  
and low e l ec t ronega t iv i ty  d i f fe rence .  

Europium compounds of  AX stoichiometry foW over t& f u l l  
and Yk 

In t roduct ion  

The r a r e  ea r th  elements which have t h e  bes t  documented examples of 

t h e  d iva len t  oxidation s t a t e  i n  compounds a re  europium, samarium, and 

ytterbium. Each forms d iva len t  ha l ides ,  s u l f i d e s ,  se len ides ,  t e l l u r i d e s ,  

s u l f a t e s ,  and carbonates (1). S i l i c a t e s  of each have a l so  been repor ted  

(2).  
During t h e  l a s t  few yea r s ,  hcwever, s eve ra l  i nves t iga to r s  (L,z) have 

There a re  many binary and t e rna ry  oxides of d iva len t  europium (2). 

questioned t h e  existence of  t h e  lower oxides of samarium and ytterbium 

as s t a b l e  s o l i d  phases. I n  our s tud ie s  of t h e  te rnary  oxide systems 

R.E.-Ti-0 (&l,g) we found f i v e  d iva len t  europium t i t a n a t e s  but  no 

analogous d iva len t  samarium cir ytterbium t i t a n a t e s .  I n  (g) we proposed 



t h a t  no t e rna ry  oxides" containing d iva len t  samarium could be prepared. 

I n  t h i s  r epor t  we descr ibe  seve ra l  o ther  attempts t o  prepare d iva len t  

samarium and ytterbium oxides and exmine  t h e  parameters which might 

explain why these  oxides cannot be prepared. 

Search f o r  Lower Oxides of Sm and Yb 

The method described by Shafer (3)  f o r  t h e  preparation of EuO w a s  

ployed i n  an attempt t o  prepare SmO and YbO. It involves t h e  reduc- 

on of t h e  sesquioxide by t h e  metal  according t o  t h e  r eac t ion :  

RE + RE203 + 3REO . 

A l a r g e  excess of metal w a s  added t o  allow f o r  some oxidation and hydra- 

t i o n  of t h e  metal during handling. Pressed p e l l e t s  of t h i s  mixture were 

placed i n  a tantalum capsule in s ide  a s i l i c a  tube and opened t o  vacuum 

of 

depending on the  melting poin t  of t h e  r a r e  e a r t h ,  and he ld  the re  for  12 

hours. 

lowered t o  10  E u O  w a s  

r ead i ly  prepared, but t he  products from t h e  attempted SmO and YbO prepa- 

r a t i o n s  jrere grey-white and gave X-ray powder pa t t e rns  of B-type Sm 0 

t o r r .  The temperature was slowly r a i sed  t o  BOO0 - 1000°C, 

The temperature w a s  then r a i s e d  t o  1200° - 130OoC and t h e  pressure  

-4 t o r r  i n  order t o  vaporize off  t h e  excess metal. 

2 3  

d C-type Yb203 respec t ive ly .  Thus very l i t t l e  or no reduction had 

place.  The r eac t ion  l i s t e d  above t h e r e f o r e  , represents  a metastable 

*In c a l l i n g  a t e rna ry  compound an oxide we nean not only t h a t  it contains 

oxygen as one of i t s  components bu t  a l so  t h a t  t h e  bonding throughout i s  

predominantly ion ic .  Thus SmTiO is  an oxide and SmSOq i s  a s u l f a t e .  3 
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equilibrium at  t h e  temperature of these  experiments. The oxygen fuga- 

c i t y  i n  t h e  system is extremely low. 

R .  Va l l e t t a  (9) has descrlbed another unsuccessful attempt t o  pre- 

pare SmO. 

and Sm 0 a t  1000° - l l O O ° C  i n  a taritalum cruc ib le  sea led  by a rc  welding. 2 3  

He heated p e l l e t s  of a s to ich iometr ic  mixture of Sm metal 

Only Sm203 and Sm metal were Pound i n  t h e  products.  

The S i l i c a t e s  of Divalent Sm and Yb 

Shafer (2) and Bondar, To.ropov and Koroleva (2,101 have described 

the  preparation of s i l i c a t e s  of d iva len t  europium. Bondar et. (2,x) 

a l so  claimed t o  have prepared s i l i c a t e s  of d iva len t  ytterbium and sama- 

rium. 

oxides of diva len t  samarium o r  ytterbium, the re  was some doubt t h a t  t h e  

s i l i c a t e s  could be prepared. Therefore,  t h e  s i l i c a t e  preparation a s  

described by these  authors was repeated. 

f o r  samarium and ytterbium s i l i c a t e  was chosen f o r  study. 

Since we had been unable t o  prepare any o ther  s ing le  o r  mixed 

A s ing le  composition (RESi03) 

F ine ly  pulverized s i l i c a  g e l  and sesquioxide i n  t h e  molar r a t i o  1:2 

were ground i n  an agate mortar,  pressed i n t o  p e l l e t s  and placed i n  a 

tungsten c ruc ib le .  

r e s i s t ance  furnace,  through which high-purity grade hydrogen w a s  flowing. 

The c ruc ib le  was heated at 130OOC i n  a v e r t i c a l  tube 

The heatings took p lace  f o r  a t o t a l  of f i v e  days with t h r e e  intermediate 

coolings and regrindings.  

operating as expected, a p e l l e t  of 1:2 molar mixture of Eu203 and Si02 

was  heated i n  t h e  hydrogen along with t h e  Sm203'2Si02 and Ybe03'2Si02 

p e l l e t s .  

gen atmosphere by withdrawing them t o  a cold pa r t  of t h e  furnace.  

- 3 6 8 -  

In  order t o  check t h a t  t h e  experiment was  

The p e l l e t s  were quenched while they were s t i l l  i n  t h e  hydro- 



Divalent europium s i l i c a t e  w a s  formed as expected, but t h e  products 

of t h e  samarium and ytterbium mixtures were known t r i v a l e n t  s i l i c a t e s  

Sm4(Si04)3 and Yb2Si207. The s to ich iometr ic  s i l i c a t e  Sm2Si,0 w a s  not 

s t ab le  at 1300°C and d issoc ia ted  i n t o  Si02 + Sn4(Si04)3. The samarium 

mixture p e l l e t  showed no h i n t  of reduct ion ,  but t h e  grey co lor  of t h e  

ytterbium mixture p e l l e t  ind ica ted  some s l i g h t  reduction. 

2 7  

It i s  poss ib le  t h a t  t he  conditions of t he  experiment of Bondar et. 
r e  more reducing than these  conditions j u s t  described, bu t  t h i s  seem5 Q 

unl ike ly  due t o  t h e  care t h a t  w a s  taken t o  keep a t i g h t ,  clean system. 

We the re fo re  doubt t h a t  t h e  s i l i c a t e s  described by Bondar etal. a r e  

s t a b l e  phases a t  t h e  temperatures given. 

S t a b i l i t y  of Halides and Chalcogenides 

Divalent ha l ides  and chalcogenides of samarium, europium and y t t e r -  

bium can be prepared with r e l a t i v e  ease (2 ) .  
d i f luo r ides  of samarium and ytterbium. These tend t o  contain consider- 

ab le  t r i f l u o r i d e .  

found t h a t  t h e  compositions SmF 

cen t r a t ions  of d i f luo r ide .  

Two exceptions a r e  t h e  

In  a recent  s tudy ,  Asprey, El l inger  and S ta r i t zky  (11) 

and YbF2.24 were t h e  l imi t ing  con- 2.29 

Elec t ronegat iv i ty  i s  a measure of an atom’s a b i l i t y  t o  a t t r a c t  elec- sons. The e l ec t ronega t iv i ty  of an anion could a f f e c t  whether an asso- 

c i a t ed  ca t ion  would be d iva len t  o r  would lose an add i t iona l  e l ec t ron  and 

become t r i v a l e n t .  In  Table I a r e  l i s t e d  t h e  e l ec t ronega t iv i t i e s  of 

oxygen, t h e  ha l ides  a rd  chalcogenides. 
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Table I 

E lec t ronegak iv i t i e s  of Some Anions" 

I 

Te i 1 0  F C1 Br I S Se 

1-3.5 4.0 3.0 2.8 2.5 2.5 2.4 2.1 

*From Pauling (3) 

9 Oxygen and f l u o r i n e ,  t h e  two anions with which d i f f i c u l t y  i s  encoun 

t e r e d  i n  preparing d iva len t  samarium and ytterbium compounds, have t h e  

highest  e l ec t ronega t iv i ty .  That t he  d i f l u o r i d e s  and not t h e  monoxides 

of t hese  two elements can be prepared may be due t o  a g r e a t e r  s t a b i l i -  

zat ion of t h e  d iva len t  ca t ions  by t h e  f l u o r i t e  s t r u c t u r e  than  by t h e  

rocksa l t  (SmO, YbO) s t ructurc?.  

Ternary Compounds of t h e  Divalent Rare Earths  

Shafer (2) has shown t h a t  many t e r n a r y  compounds may be prepared 

with d iva l en t  europium as one of  t h e  c a t i o n s .  

we l l  cha rac t e r i zed  t e rna ry  compounds containing d iva len t  yt terbium and 

samarium: carbonates ,  phosphates and s u l f a t e s  (l-,z). 

There are also seve ra l  

Yet i n  e a r l i e r  

s tud ie s  we were unable t o  pr(3pare d iva l en t  samarium or ytterbium t i t a n -  

a t e s .  The determining f a c t o r  appears t o  be t h e  degree of anisodesmicity 

(nonhomogeneity) of t h e  bonding i n  t h e s e  compounds. 

We have made two attempts a t  r a t i n g  "anion r ad ica l s "  ( s u l f a t e s ,  

s i l i c a t e s ,  t i t a n a t e s ,  e t c . )  sccording t o  t h e  degree of  anisodesmicity of 

t h e  bonding when these  " r ad ica l s "  form t e r n a r y  compounds with t h e  dival-  

en t  rare e a r t h s .  One sca l e  starts with ion ic  bonding and adds covalent 
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c h a r a c t e r  t o  t h e  r a d i c a l  according t o  i t s  f i e l d  s t r e n g t h .  

meter  i s  def ined  by t h e  equat ion  F .S .  = Z / A  

t h e  c a t i o n  and A i s  t h e  sum of  t h e  r a d i i  of t h e  c a t i o n  and oxygen (12). 

A l a r g e r  f i e l d  s t r e n g t h  i s  a measure of a g r e a t e r  degree  of covalency 

i n  t h e  r a d i c a l  s i n c e  s m a l l ,  h i g h l y  charged i o n s  p o l a r i z e  3xygen more 

e f f e c t i v e l y  and t h u s  i n c r e a s e  t h e  covalen t  c h a r a c t e r  of t h e  bond. (See 

"Fajans '  Rules" ,  L). 

This  para-  

where Z i s  t h e  charge of 2 

The second r a t i n g  system s t a r t s  wi th  pure covalen t  

nding and adds i o n i c  c h a r a c t e r  by cons ider ing  t h e  e l e c t r o n e g a t i v i t y  

d i f f e r e n c e s  between t h e  two atoms i n  t h e  r a d i c a l  (a). Tne l a r g e r  t h e  

d i f f e r e n c e  i n  e l e c t r o n e g a t i v i t y ,  t h e  g r e a t e r  t h e  tendency of  t h e  e l e c -  

t r o n s  t o  a s s o c i a t e  with one atom, and t h u s  t h e  g r e a t e r  t h e  i o n i c  charac- 

t e r .  Table  I1 l i s t s  a num1,er of common oxygen r a d i c a l s  i n  o r d e r  of 

decreas ing  covalency. This  i s  p r o p o r t i o n a l  t o  t h e  degree of anisodesmi- 

c i t y  when t h e  r a d i c a l s  a r e  i n  compounds w i t h  d i v a l e n t  sam&rium, europium 

and y t te rb ium.  

t e r i a .  The r a d i c a l s  at t h e  t o p  of  t h e  t a b l e  have a d i s t i n c t  i d e n t i t y  

as molecules  whi le  t h o s e  n e a r  t h e  bottom when i n  compounds have n e a r l y  

pure  i o n i c  bonding. 

There i s  r e l a t i v e l y  good agreement between t h e  two c r i -  

Diva len t  europium compounds a r e  known t o  form w i t h  v i r t u a l l y  a l l  

e s e  r a d i c a l s .  However, on ly  when t h e  r a d i c a l s  a r e  q u i t e  covalen t  do 

we f i n d  d i v a l e n t  samarium and y t te rb ium compounds. I n  very  q u a l i t a t i v e  

terms we might s a y  t h a t  t h e  tendency of oxygen t o  "rob" samarium of  i t s  

t h i r d  e l e c t r o n  i s  l e s s e n e d  because t h e  oxygen is  so "tied-up' '  w i t h  t h e  

c o v a l e n t l y  bonded r a d i c a l .  

If we were t o  p r e d i c t  where t o  look f o r  o t h e r  d i v a l e n t  samarium and 

y t t e r b i u m  compounds, t h e  molybdates and t u n g s t a t e s  might be a good 
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Ta.ble  II 

S t a b i l i t y  of  Divalent Rare Earth S a l t s  According t o  

_- Covalency of Anion 

2+ Eu2+ Yb2+ or Sm F i e l d  E lec t ronega t iv i ty  
Strength Difference Anion 

S u l f a t e  

Carbonat e 

Phosphate 

Molybdate 

Tungs t a t  e 

Vanadat e 

S i l i c  at  e 

Tan ta l a t e  

Niobate 

Germanat e 

T i t  an at  e 

A l m i n a t  e 

Zirconat e 

2.29 

1.83 

1.79 

1.60 

1.60 

1.37 

1.32 

1.25 

1.24 

1.23 

1.00 

0.90 

0.88 

1.0 

1.0 

1.4 

1.4 

1.4 

1.7 

1.7 

2.1 

1.9 

1.8 

1.9 

2.0 

2.1 

Yes 

Yes 

Yes 

? 

? 

? 

Yes 

? 

? 

? 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

? 

? 

? 

No 

? 

? 

? 

NO 

? 

? 

p o s s i b i l i t y .  The F.S. and ),e values  f o r  t h e s e  r a d i c a l s  a r e  not t oo  f a r  

removed from those  of t h e  pkaosphate, s u l f a t e  and carbonate.  However, 

t h e  a v a i l a b i l i t y  of lower oxidat ion s t a t e s  i n  these  elements complicates 

t h e  problem. 

tungsten)  t o  a lower oxidat ion s t a t e  could probably be e a s i l y  suppl ied 

by samarium or ytterbium ox id iz ing  from t h e  d iva len t  t o  t h e  t r i v a l e n t  

state.  

w e l l  be unstable  with r e spec t  t o  [Mo4+ + Sm3+]. 

The energy required t o  reduce hexavalent molybdenum (or 

That i s ,  t h e  valences [Mot" + Sm2+] i n  a t e r n a r y  compound could 

S i l i c a  has  no r e a d i l y  
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1 a v a i l a b l e  lower valences and ‘ s i l i c a t e  occupies an intermediate  p o s i t i o n ,  

and thus  t h e  ex i s t ence  of d iva l en t  samarium and ytterbium s i l i c a t e s  can- 

not be ru l ed  out  by t h e s e  c r i t e r i a .  T i t a n a t e ,  with which no d iva len t  

samarium or ytterbium compounds could be formed, f a l l s  near t h e  bottom 

of t h e  l i s t .  
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UN THE EXISTENCE O F  DIVALENT YTTERBIUM 

I N  SOME OXIDE SYSTEMS 

J . C .  ACHARD, 0. de POUS 

L a b o r a t o i r e  d e s  T e r r e s  R a r e s  du C.N.R.S. 

92-BELLEVUE - FRANCE 

ABSTRACT 

No e v i d e n c e  h a s  been  found y e t  f o r  t h e  e x i s t e n c e  o f  

t h e  p u r e  lower  o x i d e  Yb0,and i t s  e x i s t e n c e  w i t h o u t  i m p u r i t i e s  

h a s  been  q u e s t i o n e d .  
CaO has  t h e  same c r y s t a l  s t r u c t u r e  and a l a t t i c e  

p a r a m e t e r  v e r y  c l o s e  t o  t h e  one  e x p e c t e d  f o r  YbO. Consequent ly ,  

we t r i e d  t o  s u b s t i t u t e  Yb i n t o  a m a t r i x  of  t h e  f . c . c .  C a O  i n  

o r d e r  t o  s t a b i l i z e  Yb2+. I n  f a c t ,  by h e a t i n g  m i x t u r e s  of c a l -  
c ium m e t a l  and  y t t e r b i u m  s e s q u i o x i d e  i n c l u d i n g  a d d i t i o n s  o f  

y t t e r b i u m  m e t a l  i n  some e x p e r i m e n t s  we have  found a f . c . c .  
p h a s e .  I t s  l a t t i c e  p a r a m e t e r  changes  w i t h  t h e  Yb c o n c e n t r a t i o n  

and i s  found t o  b e  i n  be tween t h e  v a l u e  f o r  CaO and t h e  one 

e x p e c t e d  f o r  YbO. 

P a r a m e t e r  e q u a l  t o  4 ,875  2 0,003 i w a s  a l s o  o b t a i n e d  by  c a r e f u l  

On t h e  o t h e r  hand ,  a P . c . c .  p h a s e  w i t h  a l a t t i c e  

i d a t i o n  o f  t h e  m e t a l  y t t e r b i u m .  

The v a l e n c e  o f  y t t e r b i u m  i n  t h e  f . c . c .  phase  o f  t h e  

Yb-Ca-0 sys t em i s  d i s c u s s e d ,  and a compar ison  i s  made w i t h  o t h e r  

t e r n a r y  s y s t e m s .  
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AN 1NVESTIGA.TION 0.F THE Eu- Eu2G3 SYSTEM - 
AND THE %$ILIBRIA BETWEEN THE EUROPIUM OXIDES 

AND THE ELI-Pt SYSTEM, WITH RELATED STUDIES 
~ 

O F  THE Sm-Sm2s03 AND THE Yb-Yb2_03 SYSTEMS" 

R. G. Bedford and E. Catalan0 
d a w r e n c e  Radiation Laboratory, University of California 

Liverrjior e, California 94 5 5 0 

The b inary  s y s t e m  Eb.-Eu20 has  been examined in detail over  
the composition range  EuO to E u 2 d 3  a t  1500°C. Only one intermediat  
oxide phase, Eu304, .  was  found. Both EuO and E u g 0 4  exhibit v e r y n a r -  
row composition l imits ,  while the monoclinic sesquioxide is s table  over  
the composition range  EuO1.46 to EuO1.50 a t  1500°C. 

The melting points found foi- the t h r e e  phases  w e r e  190p°C f o r  
EuO, 2000°C for  Eu304 and 2300°C f o r  Eu203. 

Europium was quantitatively extracted f r o m  EuO by react ion with 
P t  in sea led  capsules  a t  1500@C, which resu l ted  in  the formation of an  
intermetal l ic  phase plus a higher oxide of Eu. 
metal l ic  phase found in these  studies, EuPtZ,, h a s  the MgCu2 s t r u c -  
t u r e  and is s table  over  the (composition range  BuPtZ 
1500°C. Th5re may be one additional phase b e s i d e s ' h e  previousIy re-  
ported E u P t  a t  Pt-Eu ra t ios  above 3 : l .  

the Sm-Sm203 o r  the Yb-Yc1209 sys tems.  

The most  Eu-r ich inter-  

to EuPt2.8 a t  

No crystal l ine phases  other  than the sesquioxides w e r e  found in 

INTRODUCTION 
1 Brauer  has  reviewed the s t ruc tura l  and sol id-s ta te  chemis t ry  

2 the lanthanon oxides, and Westrum h a s  reviewed the thermodynamic 
and magnetic propert ies .  

When this  work began, the Eu-Eu 0 s y s t e m  had not been clear ly  
Although the oxides Eu203,  Eug04,  and EuO had been r e -  

2 3  
defined. 
ported and their  s t r u c t u r e s  described, the possibility of other  inter-  
mediate  phases  in the s y s t e m  sti1.l r e m a i ~ d . ~ - ~  It has  s ince been e s -  
tablished, however, that no other  phases exist in this  system. 8 

'Work performed under the auspices  of the U. S. Atomic Energy 
Commission. 



9 Significant ranges of stoichiometry have been reported for  EuO 
Eu203 (cubic)." The resu l t s  reported h e r e  confirm the findings of 
Ref. 8 and present  new data on the composition ranges of these oxides. 

Optical and x- ray  examination of samples  prepared bg metatheti- 

and 

cal synthesis in sealed containers indicated that EuO, Eu304  and 
Eu203  were  the only s table  oxides in the Eu-Eu203 system. 
there  had been some uncertainty about this conclusion due to  interfer-  
ence to Ta contamination in some of our ear ly experiments. 
tigation involving controlled quantitative extraction of Eu f r o m  EuO 

However, 

An inves- 

le  c rys ta l s  was devised which unambiguously established the num- 
of phases present  in the range EuO-Eu203 and provided data on the 

s toichiometr ies  of these phases. 
through the vapor phase by equilibration with Pt in sealed containers at 
1500°C. 
system. 

Europium was removed f r o m  EuO 

These experiments a lso provided new information on the Eu-Pt 

It seemed appropriate to apply the techniques and facilities used 
in studying the reduced europium oxides to investigate the possible s ta-  
bility of divalent o r  other  reduced oxidation s ta tes  of Sm or Y b  in oxide 
systems.  SmO, S m 2 0  and YbO had all been We were  
interested in character iz ing these phases if possible and in comparing 
the Sa, Eu, and Yb systems.  Brauer  have recently published 
resu l t s  that showed reduced oxidation s ta tes  of Sm and Yb could not be 
prepared in binary oxides a t  temperatures  up to 800°C and that divalent 
Sm could not be formed even in  solution with CaO. 
Eyring17 have reported that the substances previously identified a s  

Femlee  and 

0 and SmO were  actually SmHq and SmNl-xOx. McCarthy and co- 
e rs18  have also reported that divalent Sm cannot be formed in 

titanates and is  probably not s table  in any oxide system. 
which include observations f rom react ions car r ied  out a t  temperatures  
up to 2100°C confirm that in the binary oxide systems,  reducing condi- 
tions lead to no new phases in which Sm o r  Yb a r e  in reduced oxidation 
s ta tes .  
Similar reduced lanthanon sesquioxides have been reported and the 

oxygen deficiencies shown to be due to vacancies in the oxygen 

Our resu l t s  

Reduced sesquioxides Sm203-x  and Y b 2 0 3 - x  were  found. 
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s ~ b 1 a t t i c e . l ~  Our measurements  show that the oxygen deficiency in 
Yb203-x i s  approximately the same a s  that reported f o r  the other r e -  
duced lanthanon sesquioxides. 

MELTING O F  E u 2 0 3  
Eu203 was melted in both tungsten and iridium crucibles. 

Our observations of the melt~.ng of Eu203  were  not prec ise  enough 

We 
est imate  the melting point to be in the range 2 2 5 0  to 2350°C. 

to confirm either the value of 2240 i 10°C given by Schneider” o r  of 
2330°C given by Foex.” Schneider determined the melting point in a i r  
using an iridium container. 
a so la r  furnace. 

Foex’s measurement  was also in  a i r ,  using 

Except for  the presence of Eu304 inclusions, the optical proper-  
ties and x- ray  diffraction re,;ults for  the melted E u 2 0 y  were  identical to 
those for  the s tar t ing mater ia l .  
sponded to the ASTM data. 

The x- ray  powder patterns c o r r e -  
2 2  

SYNTHESIS AN13 MELTING OF EuO 

EuO was prepared by reducing E u 2 0 3  with an excess  of E u  metal  
We obtained single crystals  of ap- in sealed, evacuated Mo crucibles. 

3 proximately 1 cm . 

ment with the value suggested by Shafer.’ However, we believe that as 
yet there  is  not enough evidence to conclude that EuO melts  per i tec-  
tically, a s  Guerci and ShaferZ3 suggest, ra ther  than congruently. 

We est imate  the melting point of EuO to be 1900°C * 50, in agree-  

X-ray powder diffraction analysis of this mater ia l  gives a lattice 
parameter ,  a = 5.144 * 0.005 A for the NaC1-type s t ructure ,  in agree-  
ment with pr ior  repor t s .  

EuO crys ta l s  a r e  dark reddish-violet in color and a r e  opaque to 
visible light, even in thin se.2tion.s with the most  intense illumination 
available in our  microscope (a  mercury  discharge lamp). 

SYNTHESIS AND MELTING O F  Eu304 

E u  0 to 2050°C in a sealed Ir container and cooling slowly. The prod- 
uct had completely melted. 
grains  (“1 m m  ) with t races  of Eu,,O 

Eu 0 was prepared by heating equimolar mixtures of EuO and 3 4  

2 3  
I t  consisted of relatively l a r g e  Eu304 

3 concentrated at the grain 
‘2 3 
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boundaries .  
s a m p l e  and the container ,  t h e r e  m a y  have been s o m e  loss  of Eu by 
vaporization, yielding a product  sl ightly m o r e  0 - r i c h  than the s t a r t i ng  
ma te r i a l .  
s ea l ed  I r  capsule;  no s ign of mel t ing was  observed.  
s ea l ed  Mo container  f o r  eight hour s  a t  1625°C had no detectable  effect  
on the sample .  
f r o m  a s l ight  e x c e s s  of 0 in the s a m p l e  r a t h e r  than f r o m  disproport ion 
by a pe r i t ec t i c  react ion.  

Although t h e r e  w a s  no vis ible  s ign of r eac t ion  between the 

P a r t  of the product  was  ground and r ehea ted  to 1920°C in a 
Reheating in a 

These  observat ions indicate that the ELI 0, re su l t ed  2 d  

We e s t i m a t e  the melt ing point of EugOq to be 2000 i 100°C. P a r t  
the uncertainty in  this f i gu re  is because  in s o m e  of the heatings the 

shielding w a s  de l ibe ra t e ly  r e a r r a n g e d  to es tabl ish a l a r g e  t e m p e r a t u r e  
g rad ien t  (-80" f r o m  top to bot tom) to faci l i ta te  c r y s t a l  gro\T\-th. Resul ts  
from prepa ra t ions  in Ta  indicated the possibil i ty of pe r i t ec t i c  melting. 
The expe r imen t s  i n  I r  and Mo do not support  this conclusion, but 
ne i the r  do they provide d i r e c t  con t r ad ic to ry  evidence. 

INVESTIGATION O F  OTHER COMPOSITIONS 
BETWEEN EuO AND E u 2 0 3  

Seve ra l  composi t ions in t e rmed ia t e  between EuO and Eu2O 
heated to 2000°C in sea l ed  I r  o r  M o  con ta ine r s  in conjunction w i h  the 
p repa ra t ion  and s tudy of Eu 04. The x - r a y  powder diffract ion pa t t e rns  
of EugO4 w e r e  ident ical  w i t i i n  our prec i s ion  f o r  s a m p l e s  p r e p a r e d  with 
e i the r  e x c e s s  0 o r  e x c e s s  Eu, as w e r e  the  qual i ta t ive opt ical  p rope r -  
t i e s .  The  x - r a y  powder d i f f r a c t i o n c a t t e r n s  ag reed  with the r e s u l t s  r e -  
ported by Barnighausen and Brauer  and Rau6j24 f o r  Eu O4 (or tho-  
rhombic ) .  The ex i s t ence  of E u g 0 4  in the p r e s e n c e  of eiher EuO or 
Eu2Og and the f a i l u r e  to o b s e r v e  any o t h e r  phases  is in  ag reemen t  with 
o t h e r  r e c e n t  r e p o r t s  on th i s  

w e r e  

The p r e s e n c e  of Eu203  in  s a m p l e s  v e r y  c l o s e  to the ideal  com-  
s i t i on  f o r  EugO4 and the concentrat ion of the EuzOg in the g r a i n  

boundaries  of E u g 0 4  p repa ra t ions  indicates  that  the deviation f r o m  
s to i ch iomet ry  is ve ry  s m a l l  on the 0 - r i c h  side.  
c rys t a l l i zed  s a m p l e s  indicated that  the s t ab le  composi t ion r a n g e  f o r  
EugO Even in the 
rapidfy cooled samples ,  the E u g 0 4  c r y s t a l s  did not appea r  to contain 
inclusions of EuO o r  Eu203 .  

The appea rance  of the 

i s  probably na r row even n e a r  the melt ing point. 
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STUDY O F  THE E u O - E ~ I ~ O ~  BY REMOVAL O F  EU B Y  

P t  FROM EuO AT HIGH TEMPERATURES 

To confirm the absence of compounds other  than Eu 0 between 
EuO and EuaO a s  well  a s  to investigate in m o r e  detail  th2 sjoichiom- 
e t r y  of these th -ee  oxides, we studied the distribution of Eu between 
the oxide phases  and intermetal l ic  phases  in the Eu-Pt  sys t em a t  
1500°C. 

EuO single c rys t a l s  w e r e  sealed by EBW into Mo capsules,  along 
with pieces  of chemically pu re  Pt  wire.  The P t  w i r e  was suspended 
f rom Mo wi re  holders  to avoid physical contact between the P t  and the 
oxide. Subsequently, s e v e r a l  r u n s  were  made with the configuration 
shown in Fig.  1, where  a tungsten--lined Mo cup was used instead'of the 
Mo w i r e  to contain the Pt. 
f o r  about five hours  and then cooled quickly. 

The sealed capsules  w e r e  heated a t  1500°C 

The product oxide phases  w e r e  recovered intact  and had the s a m e  
There  was no evidence of s i ze  and shape a s  the s tar t ing EuO c rys t a l s .  

vapor t ransport  of oxide within the capsules  no r  of mechanical  l o s s e s  of 

oxide in t r a n s f e r s  o r  recovery.  After weighing and examination with a 
low-power microscope,  the uxide products w e r e  cleaved and examined 

fu r the r .  
t he  lower oxidation s t a t e  phase surrounded by an ou te r  shel l  of the 
higher oxidation s t a t e  phase.  
gradation in p rope r t i e s  detectable,  
and outer  phases  for x- ray  aiffraction and examination with the polar-  
izing microscope.  
these experiments  were  identical  to those descr ibed above for E u O ,  
Eu304 and E u z 0 3 .  
one-fourth of the ELI was  extracted f r o m  the oxide, the product was a 
homogeneous, dense, polycrystall.ine c o r e  of h3304 with an outer  l aye r  
of Euz03. However, the ou1.er l a y e r s  w e r e  not pure E u z 0 3 .  Small  r e d  
c r y s t a l s  of Eu30q w e r e  uniformly d i spe r sed  in these l aye r s .  When 
enough Pt  was  added to give a n  oxide product with a n  0 - to -Eu  r a t io  of 
1.46 o r  more,  the E u 3 0 4  c o r e  was absent and the product was EuZO3 
containing s m a l l  c rys t a l s  of Eu304  uniformly d i spe r sed  throughout. 

The two-phase oxide products  consis ted of a central  c o r e  of 

The boundaries were  ve ry  sharp,  with no 
Samples were  taken f r o m  the inner  

The x - ray  and optical  p rope r t i e s  of the products of 

Where the Pt-I.o-Eu0 r a t io  was such that m o r e  than 
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The  r e s u l t s  showed unambiguous ly  tha t  the  only s t ab le  ox ides  in th i s  
s y s t e m  a t  1500°C are  the  t h r e e  ment ioned  above. 

The  me ta l l i c  phase  p roduc t s  w e r e  weighed and examined  with a 

m i c r o s c o p e  and by x - r a y  d i f f rac t ion .  For r u n s  in which the  P t - to -Eu  
r a t i o  of the  product  w a s  3 .45: l  or l e s s ,  t he  s u r f a c e s  of the  products  
w e r e  v e r y  rough, and r e l a t ive ly  l a r g e  (0.05-mm) pla te - l ike  c r y s t a l s  
had  developed. 
P t -phase-Mo o r  \N i n t e r f aces  w e r e  sha rp ,  with the  in t e rac t ion  con- 
f ined  to  v e r y  small r eg ions  a t  the points of contac t  be tween the  s a m p l e  

T h e r e  w a s  no ev idence  of l iquid fo rma t ion  and the  

holder .  The  s a m p l e s  with P t .Eu  of 3.69 and 5.21 had comple te ly  

l ted .  Samples  n i t h  h ighe r  P t - to -Eu  r a t i o s  had only p a r t l y  mel ted ,  
and r e t a ined  the  b a s i c  f o r m  of the o r ig ina l  wi re ,  smoo th  with co i l s  
s tuck  toge the r  by the  c rys t a l l i zed  l iquid phase .  The  l iquid phase  is 
probably  due  to  a b ina ry  eu tec t ic  r eac t ion  below 1500°C be tween P t  and 
t h e  P t - r i c h  in t e rme ta l l i c  compound. 

X- ray  powder d i f f rac t ion  a n a l y s i s  of the  P t - p h a s e  p roduc t s  gave  
the  following informat ion:  
p e r i m e n t s  h a s  the f c c  MgCu2 s t r u c t u r e .  
po r t ed  f o r  E u P t 2  by El l io t tz5  is 7.731 i. 
EuPt2+x odecreases l i n e a r l y  with inc reas ing  P t  concent ra t ion  to  a va lue  
of 7.6Z0 A f o r  EuPt2 .8 .  

3.45 a p p e a r e d  t o  b e  two-phase  m i x t u r e s  of E u P t  and  ano the r  phase  
whose  s t r u c t u r e  and  s to i ch iomet ry  a r e  undetermined .  Powder  d ia -  
g r a m s  of the  p roduc t s  with P t :Eu  r a t i o s  of 3.69 and 5.21 showed ident i -  
ca l  pa t t e rns  of ano the r  unidentified phase  p lus  s o m e  v e r y  weak Pt l i n e s  
' 3  the  5.21 pa t t e rn .  The  s t r u c t u r e  or s to i ch iomet ry  of t he  phase  prod-  a ng t h e s e  p a t t e r n s  h a s  not  been  de te rmined  in th i s  s tudy  e i ther ,  but i t  
is probably  E u P t 5  which h a s  been  p r e p a r e d  by  Bronger." Of the  pos-. 

s i b l e  cand ida te s  f o r  t he  phase  be tween E u P t  and  EuPt3 .69 ,  Eu2Pt7  
s e e m s  to  be  the  m o s t  r easonab le ,  and  p r e l i m i n a r y  s i n g l e - c r y s t a l  r e -  
s u l t s  on s p e c i m e n s  f r o m  the  EuPt3 .45  s a m p l e  a p p e a r  to  h e  cons i s t en t  

with one  of the  Ln2Ni7 s t r u c t u r e  types .  27-29 Resu l t s  f r o m  s ingle-  
c r y s t a l  s t u d i e s  of m a t e r i a l  f r o m  the  s a m p l e s  with P t :Eu  r a t i o s  of 3.69 
and  17.29 w e r e  cons is ten t  with s ing le -c rys t a l  r e s u l t s  f o r  EuP t5  

The  m o s t  Eu- r i ch  phase  f o r m e d  in t h e s e  ex- 
The  l a t t i ce  p a r a m e t e r  re- 
The  l a t t i ce  p a r a m e t e r  of 

Composi t ions  with Pt:Eu r a t i o s  of 3.17 and 

2.8 

2.8 
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r epor t ed  by Bronger." Although we do not have f i r m  evidence, we be- 
l ieve that the r e a s o n  the E ~ l ' t ~ . ~ ~  sample  appeared to be monophasic is 
that the "EuPt5" phase is s table  over  a wide range of s toichiometr ies  
extending f r o m  the ideal  Pt:Eu r a t io  of 5 : l  to compositions which a r e  
substantially Pt-deficient, and that the concentration of Eu2Pt7 in that 
s ample  was too low to be ob.served by x-ray diffraction analysis .  
Products  with Pt:Eu r a t io s  of 9 : l  and 17:l contained mix tu res  of EuPt5 
and Pt.  The P t  l i nes  in these pat terns  w e r e  identical  to those f o r  pu re  
Pt, with no detectable change in la t t ice  pa rame te r .  The d-spacings 
taken f r o m  pat terns  f r o m  the Pt:Eu = 3.45 and 5.21 samples  a r e  l is ted 
in Table I. 

The quantitative r e su l t s  of the equilibrations a r e  analysed by 
plotting the 0 - to -Eu  r a t i o s  for the oxide phases  versus the  Pt-to-Eu 
r a t io s  f o r  the equilibrium metall ic phases .  The l ines  a r e  drawn using 
the information f r o m  optical and s t ruc tu ra l  (x-ray)  examinatlons of the 
samples  a s  well a s  the composition data. 

w e r e  calculated using the assumption that the weight l o s s  of the oxide 
phase r e su l t ed  only f r o m  Eu  loss ,  and that a l l  of this Eu was t r ans fe r -  
r e d  to the P t  phase.  For seve ra l  of these runs,  the composition of the 
oxide-phase product was determined by igniting the sample  in a i r  to 
constant weight (about 6 0  h r  a t  1200 to 1300°C) and measu r ing  the weight 
gained on oxidizing to EuZOZl. 

The product compositions 

A l imi t  to the r ange  of s toichiometry fo r  single-phase EuO a t  
1500°C can b e  established f r o m  the run with the lowest Pt-to-EuO rat io .  
The s tar t ing EuO c r y s t a l s  w e r e  p repa red  in excess  Eu, a s  descr ibed 
above. The run with Pt:EuO = 0.02 gave a product with a uniform l aye r  
of Eu 0 covering the EuO crystal .  The calculated ove ra l l  composition 
of the oxide product, a s suming  a s t a r t i ng  composition of EuO 

EuO1.O1O. 
<0.01. This r e su l t  is contradictory to the findings of Shafer.' The 
la t t ice  p a r a m e t e r  of EuO in  the equilibration products which w e r e  0- 
r i c h  was 5.144, identical  to the p a r a m e t e r  fo r  Eu- r i ch  products.  
color  and appearance in bull; and under the microscope w e r e  also the 
s a m e  fo r  hypo- and hyper-s  toichiometric EuO. 

3 4  
1.000' is 

Therefore ,  the r ange  of  s toichiometry 01 EuO a t  1500°C i s  

The 
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The absence  of d i spe r sed  second-phase precipi ta tes  in the bulk 

ELI 0 
with 0-def ic ient  E u 2 0 3 - x  indicates  that  the composi t ion r a n g e  of 
Eu 0 does not change significantly as t e m p e r a t u r e s  a r e  d e c r e a s e d  
f r o m  1500°C to lower  t e m p e r a t u r e s  w h e r e  diffusion r a t e s  a r e  too slow 

to show disproport ionat ion.  As with EuO, the hypo- and hyper-  
s to i ch iomet r i c  m a t e r i a l s  have ident ical  x - r a y  and opt ical  p rope r t i e s .  
W e  conclude that a t  15OO’C the r a n g e  of s to i ch iomet ry  in Eu304 is v e r y  
sma l l .  
1500°C can be constructed using the above information. 

a f t e r  quenching f r o m  equi l ibrat ions a t  1500°C e i the r  with EuO o r  3 4  

3 4  

A t e r n a r y  d i ag ram f o r  p a r t  of the s y s t e m  P t -Eu  0 -ELI a t  2 3  

THE Sni-Sm,,O3 A N D  Y b - Y b 2 0 3  SYSTEfi‘IS 

Attempts  w e r e  m a d e  to p r e p a r e  SmZO, SmO, Y b 2 0 ,  YbO and 
I 

o t h e r  reduced oxides  of Sm and Yb. 
heated to 2100°C in  sea l ed  fi1o capsu le s  and cooled quickly.  
s a m p l e s  had been completely me l t ed  and cooled to a uniformly d a r k  
g r a y  product .  
showed that .the products  in a l l  c a s e s  w e r e  Sm 0 2 3  Sm meta l .  
pounds s t ab le  only a t  l ower  t empera tu res ,  the s a m p l e s  w e r e  again 
sea l ed  in Mo capsu le s  and heated f o r  eight h r  a t  1500°C. 
of t h i s  r u n  were ident ical  to the  s t a r t i n g  ma te r i a l .  

Samples  of Sm + Sm2O3 w e r e  
A l l  

X- ray  powder diffraction and mic roscop ic  ana lys i s  
with finely d i s p e r s e d  

In o r d e r  to check f o r  t he  possible  exis tence of Sm com-  

The products  

The  r e s u l t s  indicate  that a t  t e m p e r a t u r e s  above 21OO0C, the sys- 
ten1 is one l iquid phase  f o r  composi t ions f r o m  Sm m e t a l  to ones with 
0:Sm r a t i o s  of 1.33 o r  higher  and that 110 c rys t a l l i ne  oxide of Sm o the r  
than S m 2 0 3  exis ts .  

The Yb + Yb203 s a m p l e s  were heated f o r  s e v e r a l  hour s  a t  1800°C 
in sea l ed  Mo capsules .  
and appea red  to cons i s t  of a m i x t u r e  of da rk  r e d  c r y s t a l s  and e x c e s s  
metal .  With the PbO and Yb304 c,ompositions, only the me ta l  phase 
melted.  
d a r k  r e d  c r y s t a l s  about 0.01 m m  a c r o s s .  

The composi t ion Y b Z O  had completely melted 

In these  samples ,  t he  oxide s in t e red  and consis ted of v e r y  

Examinat ion with the polar iz ing mic roscope  showed the m a t e r i a l  
to contain a m i x t u r e  of d a r k  r e d  c r y s t a l s  and co lo r l e s s  c rys t a l s ,  in ad-  
dit ion to the e x c e s s  me ta l .  T h e r e  w a s  no birefr ingence.  X - r a y  powder 
diffract ion ana lys i s  showed only Yb203(bcc)  and Yb(fcc). 

The e x c e s s  m e t a l  was  dissolved f r o m  one sample  with HCB and 
the composi t ion of the oxide phase was  de t e rmined  by ignition in a i r  a t  
12OO0C, as desc r ibed  by Mil ler  and Daane.” The composi t ion of the 
r educed  sesquioxicle was  YbOi ,495 which a g r e e s  wel l  with the 
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composi t ions  of r educed  se squ iox ides  of o t h e r  r a r e - e a r t h  e l e m e n t s  re- 
por t ed  by Mi l l e r  and Daane . l9  

Since o u r  p roduc t s  were obviously two-phase  a t  r o o m  t e m p e r a -  
tu re ,  the  r educed  sesquioxide  appa ren t ly  d ispropor t iona ted  into 
Yb203 t Yb as i t  cooled  f r o m  1800°C. 
f r o m  th is  r eac t ion  is d i s p e r s e d  wi th in  the c rys t a l l i ne  m a t e r i a l  and is 
not d i sso lved  when the  bulk e x c e s s  m e t a l  is r emoved .  
m e t a l  was  l o s t  in t he  HCJ t r t a t m e n t ,  then  the  oxygen deficiency in 
Yb203-x a t  1800°C is somewha t  g r e a t e r  than the  value we  have  r epor t ed .  

Another  s a m p l e  of composi t ion  YbO w a s  hea ted  t o  1450°C f o r  
t h r e e  h o u r s  and cooled  slowly ( t h r e e  h o u r s  to  lO0O'C). 
t e m p e r a t u r e  f o r  t h i s  s a m p l e  w a s  in the  r a n g e  used  by Achard15 f o r  
p r e p a r a t i o n s  of YbO. The  product  w a s  a s i n t e r e d  pe l le t  of ox ide  s i m i -  
lar  to the  prev ious  s a m p l e s ,  but the  e x c e s s  n ie ta l  was  concen t r a t ed  a t  
the  bot tom of the capsu le  r a t h e r  than d i s p e r s e d  through the  oxide  pellet .  

\ Y e  conclude tha t  Yb203 is the  only s t ab le  oxide of Yb and tha t  the 

We have  a s s u m e d  tha t  the  m e t a l  

If s o m e  of th i s  

The  r eac t ion  

m a t e r i a l  Achard15 r e p o r t e d  i s  YbO w a s  probably  a so l id  solution of 
oxygen in YbN s i m i l a r  to  the  S m  oxide-n i t r ide  which had  been  confused 
with Sm0.17  
sesquioxide  with carbon,  a n  ox ide -ca rb ide  is also a poss ib i l i ty .  

Since Achard ' s  p repa ra t ions  w e r e  m a d e  by reducing  the  

CONCL,USIONS 

We have  e s t ab l i shed  that EuO and E u g 0 4  a r e  the  only s t ab le  re- 
duced oxides  of E u  and that they both have  v e r y  n a r r o w  r a n g e s  of s to i -  
ch iometry .  We have  a l s o  Shawn tha t  0 -de f i c i en t  E L I ~ O ~ - ~  is s t ab le  to  
E u 2 0 2  9 2  a t  1500°C. In the E u - P t  s y s t e m ,  the  r a n g e  of s to i ch iomet ry  
fo r  t hd  f c c  (MgCu2) phase  EuPt2.1.x h a s  been  de te rmined  to b e  
E u P t 2  - EuPt2 .8  
obse rved .  

a t  1500°C and two addi t iona l  i n t e rme ta l l i c  phases  w e r e  

In con t r a s t  to t he  f luo r ides  for which t h e r e  is r a t h e r  c l o s e  c o r -  
r e spondence  be tween the  Sm, Eu, ;and Yb sys t ems ,30  t h e r e  are no 
s t ab le  oxides  of S m  or Yb cor re spond ing  to EuO or Eu304.  
tha t  l ead  to  the m a r k e d  d i f f e rences  be tween the  Eu oxides  and the o t h e r  
lanthanon e l emen t  oxide s y s t e m s ,  
tween the  f luor ide  s y s t e m s ,  are s t i l l  not unders tood .  

T h e  f a c t o r s  

i n  con t r a s t  t o  the  s i m i l a r i t i e s  be-  
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u s  to p u r s u e  the  equi l ibra t ion  s tud ie s  and predic ted  f o r  u s  in 1965, be- 
f o r e  any  S m  o r  Eu in t e rme ta l l i c  compounds  with P t  o r  I r  had to our 
knowledge been  r epor t ed ,  
LnM5 f o r  L n  = Sm and Eu and n4 = P t  and  I r .  
the people who r ev iewed  e a r l y  v e r s i o n s  of the  manusc r ip t  a r e  apprec i -  
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Pt:Eu = 3.45  

d-Spacmgs fo r  EuPt3 .45  and EuPt5 .21  
Pt:Eu = 5.21 
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4 . 5 5  
:::4.40 

2.83 
::.2. 6 9 

2.53 
2.40 
2 .31  

::2.29 
2.22 

::: 2 . 1 8 
2 .15  
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::: 1 . 9 1 
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1.58 
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1.52 
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1.47 
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i:: 1 . 4 3 
1.42 
1.36 

:::1.34 
1 .305  

1.173 
::: 1 . 2 8 

1 .145  

1 5  
1 0  
5 

1 0  
5 

60  
100 

1 5  
7 0  
7 5  
1 0  

7 
5 

- 

- 

- 
- 
- 
- 

7 
3 5  
10 

7 
30 
2 0  
15 
7 

40  

- 

4.57 
:::2.66 

2.5 
2.42 
2.26 
2.19 
2.14 
2.06 

1.69 

1.53 

1 .45  

::: i:: 1 . 9 6 

i:: :;: 1 . 3 8 
1.325 
1 .285  
1.27 
1 .255  

::: ::: 1 . 1 3 
1.10 

.#__I_ ,,. ,,. 1 . 18 

10 
1 5  - 
- 
6 5  

100 
- 
- 
- 

5 

- 

1 0  
5 

1 0  
3 5  

5 
- 
- 
10 
1 5  

~~ 

' Spacings corresponding to fcc EuPt2 .8 .  
.,__#_ ,,. ,,. 

Spacings corresponding to Pt. 
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Fig.  1. 

\ 

Mo protective cover 

Mo container for Pt 

Mo w i n  stand 

EuO cryrtol 

I 
I 

Sample configuration for  extract ion of E u  f rom EuO by Pt.  
The  protect ive cove r  p reven t s  R'Io pa r t i c l e s  f r o m  fall ing into 
the container  when the capsule  is  opened. 
m a d e  with Pt w i r e  hung d i r ec t ly  on the Mo w i r e  stand. 

E a r l y  r u n s  w e r e  
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A STUDY OF THMNARY SYSTEMS 

-- S m F y s m F 3 ,  Eii=uF3. AND-&, 

AND THEIR%QLJIILIBRIA WITH CORRESPONDING Ln- P t  SYSTEMS;" 

12. G. Bedford and E. Catalan0 

/ 

Lawrence Radiation Laboratory,  University of California 
L ive rmore ,  California 94550 

ABSTRACT 

Phase relat ionships  in  the binary sys t ems  SmFZ-SmFg, E u F 2 -  
EuF, and YbF2-YhF3 have been investigated using differential  t he rma l  
analysis,  Debye-Scherrer  x - r ay  analysis,  observation of optical  prop-  
e r t i e s  with a polarizing microscope,  and by establishing equi l ibr ia  in 
the t e r n a r y  s y s t e m s  Pt-Ln-LnF3.  Tentative phase d i ag rams  mos t  con- 
s is tent  with the data a r e  given. 

For the th ree  binary s y s t e m s  Pt-Ln with Ln = Sm, Eu, and Yb, 
some  s t ruc tu ra l  information and phase relat ionships  w e r e  der ived f r o m  
x - ray  powder diffraction data obtained on platinum-phase products  of 
the Pt-Ln fluoride equilibrations.  

IIVTRODUC TION 

A number of s y s t e m s  exhibiting non- s toichiometr ic  behavior 
based on f luori te-  s t ruc tu re  E:olid solutions with anion defects have been 

Such solutions a r e  fo rmed  by dissolving a f luoride or an 
oxide of an al tervalent  cation in a n  appropriate  difluoride or dioxide. 
A s i m i l a r  c l a s s  of s y s t e m s  is produced by dissolving lanthanon t r i -  
f luorides  in lanthanon o x y f l ~ o r i d e s . ~ - ~  At high temperatures ,  many 
of t hese  sys t ems  include f luo r i t e - s t ruc tu re  solid solutions which ex- 
tend f r o m  the ideal composition MX2 to  mix tu res  wlth up to 20% anion 
defects.  At  lower temperatures ,  the s y s t e m s  become m o r e  complex. 
Phases  with o rde red  s t r u c t u r e s  closely r e l a t ed  to the f luori te  s t ruc tu re  
become stable,  and the cubic solid solutions become l imited to compo- 
si t ions that do not deviate great ly  f r o m  the ideal  MX2 composition. 

'Work  pe r fo rmed  under  the auspices  of the U. S. Atomic Energy 
Commission. 
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The L n F  - L n F  s y s t e m s  are  uniquely s i m p l e  examples  of the 

g e n e r a l  type desc r ibed  above. Sys t ems  involving L n F  o r  U F 3  dis-  
solved in a lkal ine e a r t h  f luo r ides  ( in t e r s t i t i a l  anions)  and L n 2 0 3  d i s -  
solved in T h o  (anion vacanc ie s )  a r e  complicated by the p r e s e n c e  of 
two kinds of cations.  
complicated by the p r e s e n c e  of two kinds of anions.  
phase  changes involve equi l ibrat ion of t h r e e  different e l emen t s .  The 

n e c e s s a r y  diffusion introduces kinet ic  p rob lems  which m a y  m a k e  ob- 
se rva t ion  of the t r u e  equi l ibr ium si tuat ion ve ry  difficult, if not impos-  

sible.* In t e rp re t a t ion  of the th ree -  e l emen t  s y s t e m s  is COmpliCated by 
the  inc reased  number  of va r i ab le s ,  as well  as by the kinet ic  p rob lems .  
The L n F  - L n F  
and so offer  a m o s t  p romis ing  avenue to begin understanding the in t e r -  

act ions involved. Even the non-cubic s t r u c t u r e s  in these  s y s t e m s  are  
c lose ly  r e l a t e d  to the f luori te  s t ruc tu re ,  and they r e t a i n  nea r ly  ideal  
cation sublat t ices .  
l ikely to r e q u i r e  diffusion only f o r  the anions.  
sublat t ice  can o c c u r  p r i m a r i l y  by diffusionless  r e a r r a n g e m e n t s  and 
c h a r g e  t r a n s f e r s .  

2 3 
3 

2 
The M-0-F s y s t e m s  ( in t e r s t i t i a l  anions)  a r e  

In t hese  s y s t e m s ,  

s y s t e m s  are among the s i m p l e s t  of this  bas i c  type, 2 3 

P h a s e  changes  in the LnF2-LnF3  s y s t e m s  are 
Changes in  the cat ion 

In this  invest igat ion we extend the previous x - r a y  and opt ical  
s tudies  of the s a m a r i u m  and europium s y s t e m s  to include the y t t e rb ium 
 fluoride^.^ We have a l s o  applied the techniques of different ia l  t h e r m a l  
ana lys i s  (DTA) and equi l ibrat ion of reduced f luorides  with platinum to 
d e r i v e  enough information to p r e s e n t  f a i r ly  comple t e  phase  d i a g r a m s  
f o r  the t h r e e  f luoride s y s t e m s .  

EXPERIMENTAL 

A. P repa ra t ion  of Samples .  Samples  w e r e  p r e p a r e d  by sea l ing  
appropr i a t e  m i x t u r e s  of lanthanon e l emen t .me ta1  o r  lanthanon dif luoride 
w'ith the co r re spond ing  lanthanon t r i f l uo r ide  in  c ruc ib l e s  by e l ec t ron  
b e a m  welding (EBW) and heating to about 1600°C. 
b l e s  w e r e  used  fo r  all composi t ions except t h e  f luo r ine - r i ch  Eu 
f luorides  and the p u r e  t r i f luorides .  

Molybdenum c r u c i -  

The l a t t e r  w e r e  p r e p a r e d  in 
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platinum. 
and chemical  analyses  of the products a r e  discussed in Ref. 4. 

The s tar t ing ma te r i a l s  and other  details  of the preparat ions 

B. Differential  The rma l  Analysis. The differential  t he rma l  
analysis  experiments  were  c a r r i e d  out in apparatus  constructed in our 
Labora to ry  fo r  these studies.  
operation in a i r  and another fo r  u s e  with argon around the sample  block. 
The f i r s t  sys t em was  used  fo r  s amples  in Pt  containers .  The reduced 
f luorides  r e a c t  with Pt, so  another sys t em was constructed in o r d e r  to 
run  these ma te r i a l s  in Mo containers.  
s amples  in the DTA capsules: by EBW to prevent composition changes 
due to vaporization or react ion with the environment.  
su l e s  containing A1203 w e r e  used fo r  r e fe rences .  
platinum- 10% rhodium thermocouples were  used f o r  a l l  t empera tu re  
and differential  measu remen t s .  Nearly a l l  of the data w e r e  taken at  
heating and cooling r a t e s  of approximately lO"/min. To avoid frequent 
furnace element  replacement ,  we dec reased  the heating r a t e s  to about 
6"/min at  t empera tu res  above 1400°C in the argon system. Tempera -  
t u re  cal ibrat ions of the thermocouples w e r e  checked by running s a m -  
ples of optical-quality s ingle-crystal  CaF2.  The onset of melting f o r  
CaF2 was observed a t  1392 + 1°C in both the a i r  and argon sys t ems ,  
with a n  apparent  melting range of 6°C in both sys t ems .  

Two DTA s y s t e m s  were  used, one fo r  

It was necessa ry  to s e a l  the 

Identical  cap- 
Platinum v e r s u s  

C. Reactions of Divallznt Fluorides  with Platinum. The d i s t r i -  
butions of lanthanon elements  between a lanthanon f luoride and a 
lanthanon-platinum intermetal l ic  compound or  solid solution were  mea-  
su red  at about 1260°C f o r  Sm, Eu, and Yb. Equilibrations w e r e  c a r -  
r i ed  out in the capsules  shown in Fig.  1 of Ref. 10. Dense pieces  of 
polycrystall ine difluoride w e r e  welghed and placed at the bottom of the 
capsules.  
and weighed. 
vacuum of about 10-5 t o r r  arid heated in an induction furnace a t  1260°C 
fo r  12 to 15 hours.  They w e r e  cooled rapidly by turning off the power 
and quenching with He gas .  After equilibration, the capsules  w e r e  
broken open and the two phas:es w e r e  recovered,  weighed and exam- 
ined by x - ray  diffraction and optical  microscopy. 
tility of the fluorides,  significant vapor t r anspor t  occu r red  inside the 
capsules.  
ditions in the fu rnace  a s m a l l  gradient was established, the top being 
hot ter .  
walls and lid and eliminated d i r ec t  condensation on the cup which held 
the platinum. In spi te  of the precaut ions taken, s o m e  of the f luorides  
w e r e  found condensed in a finely divided s t a t e  on the lower p a r t s  of the 
capsules  and in the in t e r s t i ce s  where  the bottoms w e r e  welded on. 
This  made  quantitative r ecove ry  of the fluorides impossible,  so a l l  
final compositions w e r e  based on weight gains of the P t  phases .  

Appropriate  weights of P t  w i re  w e r e  placed in the Mo cups 
After loading, the capsules  w e r e  sealed by EBW in a 

Because of the vola- 

Since i t  was impossible  to achieve perfectly i so the rma l  con- 

This  reduced the amount of fluoride distributed on the capsule 

D. Crystal lographic  and Optical Examination. The bulk pieces  

These  w e r e  cleaned and examined with a microscope under  
of the f luoride products  re ta ined the f o r m  of the original difluoride 
samples .  
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r e f l ec t ed  l ight.  
pended in i m m e r s i o n  oi l  o r  Canada ba l sam and examined by t r a n s -  
mit ted l ight using a polar iz ing mic roscope .  
amined a t  low power under  r e f l ec t ed  l ight  to de t e rmine  n h e t h e r  a liquid 
phase might  have been present ,  and to e s t ima te  the extent of r eac t ion  
with the container .  
using Cu & radiat ion with a Xi f i l t e r  and F e  
f i l t e r .  

Powdered s a m p l e s  of the f luoride products  w e r e  sus -  

The P t  phases  w e r e  ex- 

Debye-Sche r re r  powder pa t t e rns  m e r e  obtained 
radiat ion with a Mn 

RESULTS AND DISCUSSION 

A. X - r a y  and Optical  P r o p e r t i e s  of Reduced Ytterbium 

F luor ides .  Resu l t s  of the x - r ay  and opt ical  examinat ions of the Yb 
f luorides  w e r e  s i m i l a r  to those f r o m  examinat ion of the Sm and Eu 

2.0 f luo r ides  desc r ibed  in Ref. 4 .  Samples  with composi t ions f r o m  YbF 
to Y b F Z e l 8  had the fcc f luori te  s t r u c t u r e  with l a t t i ce  p a r a m e t e r s  de- 
c r e a s i n g  f r o m  5.5g9 to 5.583 A a s  the f luorine content i nc reased .  X- ray  
diffract ion pa t t e rns  f r o m  s a m p l e s  with composi t ions f r o m  YbF to 

@ 

2.2 
have not been resolved.  P a t t e r n s  f r o m  s a m p l e s  with f luorine 

had l i nes  corresponding to Y b F 3  2.4 

Mate r i a l  with F :Yb  r a t i o s  of 2.0 and l e s s  was  t r anspa ren t ,  d a r k  
green,  and non-birefr ingent .  All s a m p l e s  had s m a l l  br ight ly  b i r e f r in -  
gent  inclusions which looked something l i ke  bubbles.  Samples  with 
F:Yb r a t i o s  below 2.0 contained opaque inclusions,  probably Yb metal .  
Samples  p r e p a r e d  by synthesis  in sea l ed  con ta ine r s  a t  about 1600°C 
with composi t ions f r o m  Y b F Z S O  to YbF2.2 w e r e  non-birefr ingent  with 
br ight ly  birefr ingent  inclusions,  and changed in co lo r  f r o m  g r e e n  to 
g r e e n i s h  yellow to  g r e e n i s h  brown as  the f luoride concentrat ion in- 
c r e a s e d .  Samples  in th i s  composi t ion r a n g e  f r o m  the equi l ibrat ion 

s tud ie s  w e r e  ident ical  to s a m p l e s  of l i ke  composi t ion which had been 
p r e p a r e d  by heat ing to 1600"C, except  that  composi t ions between 
YbF2.05 and YbFZS1 contained a tan, modera t e ly  birefr ingent  phase  not 
s e e n  in  the s a m p l e s  cooled f r o m  above the i r  mel t ing point. 
f r o m  the equi l ibrat ions of composi t ions n e a r  YbF2.25 w e r e  yellow and 
br ight ly  birefr ingent ,  appearing brownish gold unde r  c r o s s e d  polar iz-  
ers, and they appea red  to be  completely homogeneous,  n.ithout the 

contents  g r e a t e r  than that of YbF 

(or thorhombic) ,  plus  unidentified l i nes .  

a 
Samples  
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inclusions seen in the other  mater ia ls .  
trations higher than YbF2.25 were  not obtained from the equilibration 
experiments. Directly synthesized samples  of YbF2.25 and YbF2.30 
appeared to be mixtures  of a greenish yellow non-birefringent phase 
with bright birefringent inclusions and a yellowish brown brightly bire-  
fringent phase. 
and contained inclusions of a different birefringent material. YbF2.38 
was yellow and non-birefringent with very few brightly birefringent .in- 
clusions. 
mixtures of the yellow non-birefringent mater ia l  and color less  brightly 
birefringent mater ia l ,  YbF3. 

Samples with fluoride concen- 

YbF2.35  was yellowish brown, brightly birefringent 

Samples in the composition range YbF2.45 to YbFZa9 were  

B. Differential Thermal  Analysis. A l l  three lanthanon element 
fluoride sys tems examined h e r e  exhibited complex thermal  behavior, 
having thermal  effects indica.ting up to six different solid s ta te  reactions 
in addition to the melting effects. F o r  example, Figs. 1 and 2 a r e  d i -  

r e c t  tracings of thermograms for samples  of SmF 2.40 and YbF2.90* 
P a r t  of the offset between peaks on the heating and cooling curves 

is due to heat t ransfer  effects. The peak shapes a r e  affected by these 
s a m e  effects. However, most  of the samples  showed substantial hys- 
te res i s  due to supercooling, a s  illustrated in Fig. 2.  Therefore, cool- 
ing curves were  used only asi an aid in resolving the number of different 
thermal  effects contributing to the thermograms,  and quantitative data 
were taken from heating cur'Jes. 
thermal  effect i s  taken a s  th,? temperature  a t  which the differential sig- 
nal deviates f rom the baseline, and the end of the effect is taken a s  the 
temperature  a t  which the signal begins to drop back to the baseline. 

The beginning temperature  for  a 

The information derived f r o m  the thermograms is shown a s  
points plotted on the phase diagrams shown in Figs. 3-5. 
a r e  used to indicate the beginning temperatures  of thermal  effects. 
Open triangles a r e  used to indicate beginning temperatures  for  thermal 
effects due to multiple reactions not resolved in the heating curves. 
Crosses  show the end of the effects. 
no reaction has  been attributed to the effects observed in the tempera-  
ture  range 900 to 1000°C. These effects were  very smal l  compared to 

Open c i rc les  

In the samar ium fluoride system, 
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those observed at other  temperatures ,  as  seen in Fig. 1, and did not 
vary in intensity over  the composition range of samples  in which they 

were seen. 
C. Equilibrations of Lanthanon Fluorides with Platinum. The 

DTA data for  the Eu and Sm sys tems in the composition range LnF2.04 
to LnF2.1 showed small  endothermic peaks 50 to 100°C below the melt- 
ing effects, which suggested the possibility of additional phases. In the 
Sm system, dramatic  color changes f rom blue to violet to red  across  
the composition range SmF2.0 to SmF2*25 also indicated the possible 
existence of additional compounds.4 
tribution of the lanthanon element between Pt intermetallic phases and 

fluorides were made for  Sm, Eu, and J'b to gain m o r e  information 
about the number of phases occurr ing in these sys tems at  elevated 
temperatures ,  and about the compositions of the stable phases. The 
experiments and interpretations a r e  s imi la r  to the europium oxide- 
platinum studies described elsewhere." To minimize the t ime r e -  
quired to achieve equilibrium, the temperature  for  the equilibrations 
was chosen to be a s  high a s  possible and s t i l l  not mel t  the fluorides. 

Results f r o m  the equilibration experiments a r e  shown in 

Experiments to determine the dis- 

Figs. 6-8, where the ra t ios  of fluorine to lanthanon element in the 
fluoride a r e  plotted versus  the rat ios  of Pt to lanthanon element in the 
metallic phase equilibrated at 1260°C. The phase diagrams, Figs. 3-5, 
were constructed to be consistent with the equilibration resul ts .  

The optical and x- ray  diffraction analyses of the fluoride products 
of these experiments did not produce resul ts  a s  definitive a s  the resu l t s  
f rom the europium oxide-platinum equilibrations. 
achieve products layered from outside-in with the fluorides a s  we had 
with oxides. 
or intimate mixtures of two phases. 
products was of mater ia l  that had been single-phase at  the equilibration 
temperature, which i s  contradictory to the m a s s  t ransfer  resul ts .  

In no case  did we 

The fluoride products appeared to be ei ther  single-phase 
The appearance of all of these 

In general, the appearance of the equilibrated products under 

microscopic  examination was s imi la r  to that of mater ia l  of the s a m e  

composition from other  preparation^.^ A notable exception i s  the case 
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of samar ium fluorides f rom SmF2 to SmFZmo5.  
which has  been made by heating Sm i SmF3 or SmF2 + S m F  to about 
1500°C in sealed containers, had appeared to be homogeneous single- 
phase mater ia l s  changing in color f rom blue to violet a s  the fluorine 
concentration i n c r e a ~ e d . ~  
equilibrations at  1260°C were  seen to be two-phase mixtures  of blue 
c rys ta l s  and red  crystals ,  bisth non-birefringent. Also, ytterbium 
fluoride products f rom the e,quilibrations with compositions f rom 

YbFZao5 to YbF2. 
observed in the samples  prepared by metathetical reactions. 

Previous samples, 

3 

Products in this composition range f rom the 

contained a tan, moderately birefringent phase not 

The x-ray diffraction analyses were  not as valuable a s  thosefrom 
the europium oxide work since we were  unable to isolate fluoride-rich 
and fluoride-poor samples  f rom the products. In all cases ,  resu l t s  
were  consistent with data f r o m  samples  of s imi la r  compositions pre-  

pared by direct  synthesis (Ref. 4). 

The intermetallic phase in equilibrium with samar ium fluorides 
f rom SmF2 to SmFzSo5 a t  1260°C had the composition approximately 

SmPtleZ.  
ples for  these compositions we did not get mater ia l  f o r  x- ray  analysis. 
Products between SmPt and SmPt2 had partly melted, and gave x- ray  
powder patterns that appeared to resul t  f rom SmPt2 (MgCu2 s t ruc ture)  
with la t t ice  parameter  a = 7.686 * 0.005 A, plus another unidentified 

phase. 
the composition range SmPt,, to SmPt2.75. 
lattice parameter  of SmPt2.r15 is  a = 7 .62  0 

These products had all melted and because of the smal l  sam-  

At 1260"C, the solid solution SmPt2+x was found to exist over 
At room temperature, the 

k 0.005 A. The equilibria 

indicate the existence of a compound with composition near  Sm2Pt7, 

s imi la r  to the Eu compound discussed in Ref. 10, but we do not yet have 
any crystallographic evidence f o r  the Sm compound. 
of phases with Pt  concentrations above that for  SmPt2.75 have not been 

resolved. 
to have lines that can be attributed to a hexagonal phase such a s  SmPt5, 
with a s t ruc ture  related to the CePt5 type. 

Powder pat terns  

Samples with Pt content grea te r  than that for  SmPty.5 appear 

Europium fluorides f rom E u F  2.0 to E u F Z a o 5  a r e  in equilibrium 
with a n  intermetallic wlth cclmposition approximately EuPt a t  1260°C. 5.1 
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The powder pa t t e rns  obtained f r o m  th i s  m a t e r i a l  indicate  a s t r u c t u r e  
c losely r e l a t e d  to the C e P t  
a = 5.36 and c = 4.38 4. The pa t t e rns  did not exactly co r re spond  to 
e i the r  the pa t t e rns  of EuP t5  f r o m  our oxide equi l ibrat ions a t  1500°C o r  
those of Bronge r  ( s e e  Ref. 10). Composi t ions containing m o r e  P t  than 
EuPt5  gave  pa t t e rns  which appea red  to r e s u l t  f r o m  EuPt .  plus f cc  phase 
with a l a t t i ce  p a r a m e t e r  of about 7.72 A. 
s e e n  in  p roduc t s  f r o m  the oxide equi l ibr ia .  Also c o n t r a r y  to the r e s u l t s  
f r o m  the oxide s tudies ,  P t  l i nes  w e r e  not s e e n  in pa t t e rns  f r o m  s a m p l e s  
with Pt:Eu r a t i o s  below 95:l .  

s t r u c t u r e  with hexagonal p a r a m e t e r s  
o 5  

9 5 -  

These  l i nes  had not been 

Ytterbium f luo r ides  f r o m  Y b F 2  to YbF2.05 are  in equi l ibr ium 

A liquid phase  did not appea r  to have been 
with YbPt1.05 and f luorides  f r o m  YbF2.05 to YbF2.1 are  in equi l ibr ium 
with YbPt Ia4  a t  1260°C. 
p re sen t  i n  e i the r  of t hese  ma te r i a l s ,  o r  in any of the  m o r e  platinum- 
r i c h  products .  Our expe r imen t s  w e r e  not p r e c i s e  enough to r e s o l v e  
d i s c r e t e  phases  in e i the r  t he  f luoride or platinum s y s t e m  f o r  m o r e  
f luo r ide - r i ch  and plat inum-rich composi t ions.  
d e r  pa t t e rns  f r o m  the me ta l l i c  products  could be  resolved.  

Q 

None of the x - r a y  pow- 
The pat-  

t e r n s  s e e m e d  to be c h a r a c t e r i s t i c  of t h r e e  different  phases .  One pat-  
t e r n  w a s  obtained f r o m  s a m p l e s  of composi t ion YbPt 
f r o m  s a m p l e s  of composi t ion YbPt  
p l e s  of YbPt4 to YbPt5. 
and YbPt 
gave pa t t e rns  s i m i l a r  to the  Sm-Pt m i x t u r e s  of l ike composi t ions.  

another  
to I 'bPt  and a third f r o m  s a m -  2.2 2.7 

Samples  with composi t ions between YbPt1.05 
appea red  to be m i x t u r e s  of the end-point composi t ions and 2 

CONCLUSIONS 

A s  f requent ly  occur s ,  the number  of new quest ions r a i s e d  as a 

r e s u l t  of t hese  s tud ie s  is l a r g e r  than the number  of quest ions answered .  
However, w e  bel ieve that  w e  have added useful information to the foun- 
dation that will  eventually l ead  to an  understanding of non-stoichiometr ic  
compounds based  on f luo r i t e - s t ruc tu re  s y s t e m s .  
been d rawn  f o r  t h r e e  lanthanon e l emen t  f luoride s y s t e m s  based  on 

t h e r m a l  ana lys i s  data,  equi l ibr ium da ta  at 1260°C, and information 
f r o m  x - r a y  diffract ion and opt ical  examinat ions of s a m p l e s  a c r o s s  the 

Q 
P h a s e  d i a g r a m s  have 
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the composition range LnF2 to LnF3. 

pera tures  i s  needed to m o r e  completely resolve the phase diagrams.  
Electrolytic studies using fluoride electrolytes, vaporization measure-  

ments, and x-ray diffraction data f rom room temperature  to about 
1200°C a r e  the obvious kinds of information that might f i l l  the gaps. 

Equilibration data at lower tem- 

It is noteworthy that the phase diagrams a r e  significantly m o r e  
complex than had been predissted on the basis  of previous x-ray diffrac- 
tion and optical data.4 The reduced fluoride sys tems appear to be more  
closely analogous to the lanthanon oxyfluoride sys tems than would have 
been suspected. 

Information f rom examining the metal l lc  phase products of the 

equilibrations has  shown that the Sm-Pt  system is closely analogous to 
the Eu-Pt  system, a s  expected. Additional evidence supporting the ex- 
istence of a phase between LnPtZ+x and LnPt 
obtained, a s  well as evidence pointing to the possible stability of LnPt  
phases in the Sm- Pt and the Yt-Pt systems.  
ported SmPt to have the F e B  structure .  
of phases in the Yt-Pt system which have s imi la r  compositions to those 
of the lower lanthanon element- Pt compounds, but different s t ructures ,  

was also obtained. 

in these sys tems was 5 

Dwight +.ll have r e -  
Data j.ndicating the existence 
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Fig. 1. Differential  t h e r m o g r a m  for SmF2.40. 
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Fig. 2 .  Differential  thermogram Fig. 3. Phase  d iagram f o r  the 
fo r  YbF2.90.  SmF2-SmF3 system. 
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Fig. 4. Phase  d iagram fo1- the Fig. 5. Phase dlagrarn f o r  the 
EuF2-EuF3 system. Y b F 2 - Y b F  3 sys tem.  
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GROWTH AND PROPERTIES 01” IANTEIANUM OXYSULFIDE C3YSTALS* 
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Palo A l t o ,  Cal i fornia  94304 

Abstract 

I n  order to b e t t e r  detennine the o p t i c a l  propert ies  of the rare 
e a r t h  oxysulfide phosphors anti to lay the  foundation f o r  t h e i r  appl i -  
cat ion i n  s ingle  c r y s t a l  form,, we have grown f o r  the  f i r s t  time s in-  
g le  c rys ta l s  of these materiaLs. A descr ipt ion of the  growth tech- 
niques f o r  lanthanum oxysulfide Kill be presented. Materiels prob- 
lems and our progress towards their solut ions w i l l  be discussed. 
Single c r y s t a l  propert ies  such as o p t i c a l  transmission range, hard- 
ness, indices  of re f rac t ion  and thermal conductivity w i l l  a l so  be 
reported. 

I. Introduction 
Because of t h e i r  exceptional luminescent eff ic iencies ,  the rare 

e a r t h  oxysulfides are  rapidly achieving technological importance. 
Early invest igat ions of  lanthsnuum oxysulfide centered around its use 
88 the host  compound f o r  a v a r i e t y  of infrared-stimulable storage 
phosphors“). 
c ia l ized  f o r  color  te lev is ion  use(2). 

Europium--activated y t t r i u m  oxysulfide has been commer- 
The terbium-activated oxysul- 

f i d e s  of lanthanum and gadolinium both show promise as x-ray conversion 
phosphors (3). 

The oxysulf‘ides me unusual among rare ear th  phosphor systems i n  
t h a t  v i r t u a l l y  all rare e a r t h  act ivators  exhib i t  high luminescent 
e f f ic ienc ies  i n  one o r  another of the  several  host compounds (4). 
are  unusual among r a r e  e a r t h  compounds i n  that all t r i v a l e n t  rare e a r t h  
oxysulfides exist and possess the same crystallographic s t ructure  
regardless of i o n  s ize(5) .  For these reasons the oxysulfides form an 
excel lent  laboratory system f o r  the  invest igat ion of rare ear th  lumi- 
nescence. 

They 

*Work supported i n  p a r t  by the  Division of Biology and Medicine, U. S. 
Atomic Energy Commission and i n  p a r t  by Iockheed Independent Research 
Funds. 
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It i s  also in te res t ing  to think beyond present r a r e  e a r t h  oxy- 

su l f ide  uses to those applications requir ing single crys ta l s -  e.g. 
s c i n t i l l a t o r s  and l asers .  The f i r s t  p r a c t i c a l  s tep  is  to l e a r n  to 
produce single crys ta l s  of the  several host compounds, and then to 
grow crys ta l s  su i tab ly  doped with appropriate rare e a r t h  ions. I n  
t h e  exploratory stage one needs s ingle  c rys ta l s  i n  order to obtain 
the absorption and emission spectra  of selected rare ear th  activa- 
tors complete with polar izat ions and magnetic f i e l d  dependences and 
to obtain other  c r i t i c a l  opt ical ,  thermal and mechanical propert ies .  

imately one needs c rys ta l s  of s u f f i c i e n t  s ize  and qua l i ty  to be e 
useful i n  p r a c t i c a l  device configurations. 

I n  this paper we describe (1) the technique we have developed to 
produce c r y s t a l s  of lanthanum 
in te res t ing  physical propert ies  of the  c rys ta l s  obtained and (3) the 
problems remaining to be solved before materials of the desired qual- 
i t y  can be produced routinely. 

11. 

(2) some of the  more 

Crystallography and Other Background Information 
Before w e  discuss the  c r y s t a l  growth technique, l e t  us review 

sulf ides .  b r i e f l y  what is known of the  rare e a r t h  o 
has been determined by x-ray diffraction" to be D:d - 6. There is 
one formula unit per  unit cell. The s t ruc ture  i s  very c lose ly  r e l a t e d  
to the A - t y p e  rare ear th  oxide s t ructure ,  the difference being tha t  
one of t h e  three oxygen sites i s  occupied by a sulfur ion. 
nation of a model of the s t ruc ture  reveals  the f a c t  t h a t  t h e  s u l f u r  

The space group 

An exami- 

form discre te  planes perpendicular to the c-axis of the  crystal .  8- 
Each m e t a l  ion  i s  bonded to four oxygen ions and three sulfur ions. 

Over the years  a wide v a r i e t y  of tecMques have been developed 
(11 7- 

~ h u s  the 
f o r  the preparation of the rare e a r t h  oxysulfides i n  powder form 
15). Of these only one(l5)involves a l i q u i d  phase reaction. 
chemistry involved i n  this background work on powder preparation has 

l i t t l e  bearing on the l i q u i d  state environment of p r i m  importance i n  

-401- 



crystal  growth. 
studies of the rare earth-oxygen-sulfur system available to guide 
the crystal  growth efforts.  

There are likewise no detailed phase equilibria 

La 0 and La202S both ex is t  as discrete stoichiometric phases. 

In powder preparation work 

2 3  
O u r  present data indicate surprisingly l i t t l e  solid solubili ty between 
these two apparently similar compounds. 
we have been able to vary the sulfur to oxygen r a t io  of La202S by 
l e s s  than 1$ despite wide variations i n  preparation conditions. 

The substitution of one sulfur fo r  an oxygen ion produces marked 
differences i n  the physical and chemlcal characteristics of La202S 
and La 0 

2 3’ 2 3  
remarkably stable by comparison. As we wi l l  note later i n  this paper, 
crystall ine La202S has a much less pronounced cleavage than L a  0 and 
generally exhibits conchoidal fracture. The spectra of given activa- 
tor ions are similar i n  La202S and La 0 but the l ines  are markedly 
broadened i n  the oxide, even when the material has been freshly pre- 
pared and protected from moisture. 
i f i c  rare earth activators appear to be markedly higher i n  La202S 

than i n  La203. 

111. Crystal Growth 

melts at about 2Doo°C with decomposition and sulfur loss when melted 
in a vacuum or ine r t  atmosphere. Given these f ac t s  the most logical 
approaches to crystal  growth seemed to us t o  be: (1) to attempt to 
grow from the m e l t  at appropriate pressures under a suitable atmos- 
phere; (2) to attempt to find a suitable flux from which to grow or  
(3) to look fo r  a vapor transport technique. 
point, the f i r s t  alternative appeared the most straightforward. 
technique we have developed involves melting the oxysulfide i n  sealed 
tungsten crucibles(16), and then growing crystals by the Bridgeman- 
Stockbarger technique. 

Whereas La 0 hydrolyzes rapidly i n  moist air, La202S is 

2 3  

2 3’ 

Luminescent efficiencies of spec- 

Lanthanum oxysulfide oxidizes when heated above h o c  i n  a i r .  It 

Despite the high melting 
The 
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The s ta r t ing  powders are produced by one of the powder prepara- 

t ion procedures referenced earlier.  ID to 30 grama of powder i s  
loaded into the crucible, and the crucible i s  then evacuated and 
sealed by electron beam welding. 
6" i n  length  am^ have a 1/2" inner diameter, a 0.03" WEU thickness 
and a 1/2-inch taper to a point at the bottorn(l7). The crucible i s  
loaded into a graphite holder which i s  then inserted into an Astro 

high temperature furnace. 
packed v l t h  graphite insulation, has a water-cooled shell and can be 

Present crucibles are e i ther  3" o r  

The furnace i s  graphite resistance heated, 

rated either under floving helium o r  evacuated. 
w the furnace assembly and fixturing wed. The combination of 

In  Figure 1 we 

graphite spacers, crucible holder and lower hearth produces the neces- 
sary temperature gradient i n  which the crucible i s  positioned. 
initial crystal  growth attempts the crucible was held from dove and 
lovered slowly through the temperature gradient at a fixed furnace 
temperature setting. 
tionary i n  the gradient and the furnace temperature i s  lowered slowly. 

In 

A t  the present time the crucible i s  held sta- 

We have established the melting point of La202s to be P70 2 WoC. 
The crucible and charge are raised to a temperature somarhat above this 
f o r  about an hour before the programmed lowerin& b r  cooling are started. 
In  the earller arrangement the crucible vas lowered a t  a ra te  of f r o m  
0.5 to 2 cm per hour. In the present method, the temperature is low- 
ered a t  s r a t e  of from 1.0' to POC per hour. 

In e J l  experiments there is evidence of high internal pressure. 
e crucible l i d s  assume a domed shape. Occasionally the side w a l l  of 

the crucible vlll bulge. 
such crucible fa i lures  have been non-violent, tungsten being quite 
ducti le at the melting temperatures of the oxysulfides. 

Very rerely the crucible vill rupture. A l l  

Under the r igh t  conditions - e.g. proper location i n  the gradient, 
proper s ta r t ing  temperature and melting t h e  and proper lowering o r  
cooling rate - clear single crystall ine ingots are obtained. These 
vary in color f r o m  yellowish to nearly colorless. When conditions are 
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not qu i te  r ight ,  polycrystal1:lne ingots  are obtained. Regions of pur- 
p l i s h  discoloration, thought .to be the  r e s u l t  of color  centers  pro- 
duced by small variat ions i n  isulfur content, are observed rarely.  
yellowish-brownish skin and a region of greenish discolorat ion i s  fre- 
quently seen near the upper surface of the c r y s t a l  ( the msniscus of 
the melt). It i s  thought tha't this results from either the sweeping 
of t race  impuri t ies  to the upper surface during c rys ta l l iza t ion  
(zone-refining) o r  from a gross var ia t ion  i n  sulfur content near the  
surface. Bubbles o r  voids arc? occasionally observed. When the  cru- 
c ib le  fa i ls  at high temperature, a black ingot  is obtained. 

A 

Some crys ta l s  show a h q y  grey prec ip i ta te  which has now been 
ident i f ied  as tungsten m e t a l .  
the  melt i s  ra i sed  too high o:r held too long before growth is  star ted,  
tungsten dissolves i n  the oxpul f ide ,  only to prec ip i ta te  out  on cool- 

ing. When viewed under a mic:roscope, the prec ip i ta te  i s  seen to con- 
sist of long strings of beads running along spec i f ic  crystal lographic  
directions, suggesting s t rongly decorated dislocations. 

It appears t h a t  if the temperature of 

I n  summary then we have 'been able t o  produce good single crys ta l -  
l i n e  ingots  up to 1/2" by 1-1,/2", occasionally obtaining discolored o r  
polycrystal l ine materials. 
activated with low concentratlons of various rare e a r t h  ions. The 
c rys ta l s  obtained exhib i t  a var ie ty  of minor defects. 
ing t h a t  the tungsten solut ion and prec ip i ta t ion  problem i s  not ser ious 
provided we do not raise the nelt temperature much above the melting 
point  for  very long. 
control  and possibly a smaller gradient than present ly  used. 
thought should also be given to other  crucible  materials. 

voids can probably be eliminated by using precrystal l lzed s t a r t i n g  
materials rather than powders and by reducing the temperature gradient. 
It i s  also c lear  t h a t  s t a r t i q g  material p u r i t y  should be a8 high as 
possible. 

We have also grown a number of c rys ta l s  

It is our feel- 

This however requires  extremely good temperature 
Some 

Bubbles and 
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V. Physical Propert ies  
Mechanically the c rys ta l s  are r e l a t i v e l y  hardy. They are  i n e r t  

t o  a t tack by atmospheric const i tuents  and show no apparent s o l u b i l i t y  
i n  w a t e r .  They do not exhib i t  QrOM~Ced cleavage and frequent ly  
f rac ture  conchoidally. 
technique is 750. 
s l i g h t l y  lower than the reported value of 8 ~ ,  f o r  quartz. 
c rys ta l s  are  mechanically durable and yet s o f t  enough f o r  easy opt i -  

c a l  working. 

The hardness measured by the diamond pyramid 

!&is translates i n t o  a WOQ hardness of 780, only 
Thus the 

We have prepared a var ie ty  of opt ica l  shapes - e.g. 
i s m s ,  sections, cubes and rods - and have encountered no problems 

e i t h e r  fabr ica t ion  o r  handling. 

We have begun to measure thermal properties. Thermal conductiv- 
i t y  is a very important parameter for laser applications. 
a room temperature conductivity of 350 
direct ion perpendicular to the c-axls of the  c rys ta l .  

compared, f o r  example, with a value of 140 milliwatts/cm°K repor- 

We obtain 

70 m i l l i w a t t s / c m ° K  i n  the 
This is to be 

f o r  laser grade uG:m. Thermal expansion coef f ic ien t  meas- 
urements are now i n  progress. The e f f e c t s  of temperature change on 
other  parameters such as the index of re f rac t ion  are 86 yet unknown. 

Since the appl icat ions of greatest i n t e r e s t  are opt ica l ,  we have 
explored the o p t i c a l  propert ies  most extensively. 
re f rac t ion  have been measured a t  room temperature using s m a l l  prisms 
of Ia202S cut  with the  o p t i c  a x i s  perpendicular to the prism base. 
The two indices  were calculated a f t e r  f inding the angles of minlmum 

v ia t ion  f o r  each of the pr inc ipa l  v i s i b l e  emission l i n e s  of mercury 

The indices  of 

8 and for  the 1.06 micron l i n e  from a YAG:Nd laser. The indices  are 
p lo t ted  as a function of wavelength in F'igure 2. As can be seen the 

c r y s t a l  is o p t i c a l l y  pos i t ive  f o r  wavelengths longer than 5600 A and 
o p t i c a l l y  negative f o r  wavelengths shor te r  than 5600 A. The indices  

are f a i r l y  high, ranging f r o m  about 2.16 at one micron to about 2.3 
a t  4OOO A. 
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Lanthanum oxysulfide i s  inn excellent optical  host, exhibiting 
high transparency from 3500 A in  the ultraviolet  to beyond 8 microns 
i n  the infrared. The absorptlon coefficient, neglecting reflection 
losses, is plotted i n  Figure 3. 

Additional optical  measurements, including detailed absorption 
and emission spectra of Eu3+ and Tb3+ i n  La 0 S, and measurements of 
optical  gain and loss, decay times, and laser  performance fo r  
La 0 S:Nd, have also been made and wi l l  be reported elsewhere 

V I .  Future Uork 

2 2  

(19). 
2 2  h 

Several areas are i n  need of additional effort .  The crystal  
growth procedures need to be developed further to the point where they 
are routine and reproducible. T h i s  means, in part, be t te r  temperature 
measurement and control. It would also be advantageous to be able to 
work i n  an open system. This means considering growth by pulling 
inside of a pressurized furnace or  possibly growth from f lux  if  a 
suitable one can be found. 
ometry and purity of s ta r t ing  materials are also areas of potential 
concern. While rare earth compounds ere available i n  f a i r l y  high 
purity, trace contaminants may s t i l l  affect  crystal  growth. We may 

have to consider subsequent purification of start ing materials as by 
zone refining. A s  mentioned earlier,  the tungsten solution and pre- 
cipitation problem, whlle not severe, forces us agein to work on 
refined temperature control and t o  consider as well alternate crucible 

Better control of oxygen-sulfur stoichl- 

materials. 

Up u n t i l  now we have concentrated almost exclusively on La 0 S. 2 2  
Crystals of the other host compounds, namely Y 0 S, Gd202S and possibly 

Lu 0 S, are also of Interest. 
lar to the ones reported here should apply as w e l l  to the other hosts 
with relatively minor modification. 
earth dopants i n  concentrations up t o  several mole percent, it appears 
that  changing the rare earth activator has relatively l i t t l e  e f fec t  on 
growth conditions except for varying the melting temperature slightly. 
Because of the structural  homogeneity of the en t i re  rare earth sequence 

2 2  
It is  f e l t  t ha t  growth procedures siml- 

2 2  

From our work on selected rare 
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of oxysulfides, any r a t i o  of rare ear ths  i n  the f i n a l  c r y s t a l  seems 

possible. 
ing s t i l l  hlgher concentrations of spec i f ic  act ivators  needs t o  be 
explored fur ther .  
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VACANCY AND CI ARGE ORDERING I THE T h 3 P  STRUCTURE 
/ / 4  
v .4 .  

F o r r e s t  L. C a r t e r  and M a r g a r e t  O 'Hara  
Naval Research  Lab- Washington, D. C. 20390 

09 

.4 €3 ST RA C T 

Vacancy order ing  i n  the lanthanide sesquichalcogenides having 
the Th P s t r u c t u r e  h a s  been a long standing problem. In such 
mater?al$with l / 9  of the m e t a l  s i tes  unoccupied, vacancy pair ing s t a -  
t is t ical ly  h a s  a high probabi l i ty ,  but chemical ly  such pair ing a p p e a r s  
unlikely. Models of the order ing  of vacancies  have been sought which 
cor respond to  t h e i r  maximum separat ion.  Using a Wigner-Seitz cel l  
approach the all space -filling dodecahedron assoc ia ted  with the meta l  
s i tes  in  the Th3P4 s t ruc ture  h a s  been determined.  The linking of 
these  dodecahedron via their  s m a l l e r  t r iangular  faces  cor responds  
to a diamond-like s t r u c t u r e  of ne+-neares t  met_al neighbors  and leads  
to two te t ragonal  space groups ,  I42d-$2 and  14-Si  a s  models  f o r  
par t ia l  vacancy order ing.  The f i r s t  space group is  suggested a s  c o r -  
responding to charge order ing  in  the Sm S and  Eu S4 type s e m l -  3 4  conductors  and the second suggests  new c l a s s e s  of +h P type c o m -  3 4  pounds. 
is lacking,  t ranspor t  phenomena i n  Eu3S4 support a charge  o r d e r e d  
model. Madelung constant calculations for  the var ious o r d e r e d  
s t r u c t u r e s  a r e  in  p r o g r e s s .  

While x - r a y  evidence for  vacancy order ing  i n  Ce2S3 e tc .  

INTRODUCTION 

s p4 The growing l i t e r a t u r e  ,311 r a r e  e a r t h  compounds having the T 

s t ruc ture  tes t i fy  to  the g r e a t  versa t i l i ty  of th i s  high t e m p e r a t u r e  phase 

in  accommodat ing l a r g e  quaqt i t ies  of meta l  s i te  vacancies  and cation 

substitutions. 

v a r i e s  between R X and R X where R r e p r e s e n t s  a light r a r e  e a r t h  

meta l  and X indicates  e i t h e r  su l fur ,  selenium o r  te l lur ium. The 

R X compositions in  the Th3P4 s t r u c t u r e  a r e  insulating o r  s e m i -  

conducting and c o r r e s p o n d  to  a vacancy concentration of 1/54 of the 

meta l  s i t e s  . When these  v,scancies a r e  filled with t r ivalent  m e t a l s  

F o r  the pure  compounds the composition general ly  

1-4 2 3  3 4  

2 3  

5 
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such m a t e r i a l s  as  Ce S Gd Se 

and demonst ra te  no la t t ice  p a r a m e t e r  i n c r e a s e  over  those of the 

R X composition. The vacancies  in the R X composition can 

a l s o  be  wholly o r  par t ly  filled with divalent a lkal ine e a r t h s ,  

divalent t ransi t ion m e t a l s ,  

maintainence of the semiconducting c h a r a c t e r  of the R X 

position all the way to the filled s t r u c t u r e s  including CaCe2S4,  

SrGd2Se4, YbDy S 4 ,  Eu3S4, and Sm3Se4. 

and Nd Te4 a r e  semimeta l l ic  
3 4’  3 4’  3 

6 - 8 , 4  2 3  2 3  

o r  divalent lanthanides” with the 

2 3 com-  

In the l a t t e r  two c o m -  

unds semiconductivity i s  achieved by the localization of the 

nerant  e lec t rons  responsible  for  e lec t r ica l  conductivity in  the 

t r iva len t  compounds to give t r ivalent  and  divalent Sm and E u  

a t o m s  in  the ra t io  of 2:l ( see  Ref. 4) .  

s t r u c t u r e  to  accommodate  a var ie ty  of substitutions and hence 

var ious  electron/atom r a t i o s ,  h a s  encouraged many phase s tudies ,  

especial ly  by Flahaut  and h i s  coworkers ,  as  well a s  many s tudies  

involving t r a n s p o r t  phenomena,  such a s  thermoelec t r ic i ty ,  electron 

mobility control,’ J 8  e lec t ron  t r a n s p o r t ,  
17,18 

and s u p e r c o n d ~ c t i v i t y , ~ ~  as  well a s  optical“ and  magnet ic  effects .  

In the above compounds i t  is genera l ly  considered that the t r i -  

Thus the versat i l i ty  of the 

11,12 

13 I’ 14 
Mossbauer  effects ,  

valent a n d  divalent m e t a l s ,  a s  well a s  the vacancies ,  a l l  occupy 

the s a m e  se t  of crystal lographical ly  equivalent s i tes  on a purely 

s ta t i s t ica l  bas i s .  T h i s  is in  cont ras t  to  the situation involving the 

zSe4 
a v i e r  rare e a r t h  chalcogenides where  such compounds a s  BaHo 

have the s a m e  or thorhombic s t r u c t u r e  type19 a s  CaFe  0 involving 
2 4  ... 

non-equivalent divalent and t r iva len t  s i tes .  AS noted e a r l i e r ,  the 

assumpt ion  of only s ta t i s t ica l  occupancy i s  somewhat m o r e  e x t r e m e  

for  the pure  lanthanide and  act inide sesqui-sulf ides  for  which 

Zacbar iasen  ori.t;inally proposed that 1-1/3 vacancies  a r e  randomly 

dis t r ibuted among the 12 m e t a l  s i tes .  Now, since each m e t a l  a t o m  

h a s  eight n e a r  meta l  neighbors  in  the Th3P4 s t r u c t u r e ,  the 
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probability of the pair ing of vacancies  is sufficiently high (8/81) 

that  pair ing cannot be ignored i n  even a z e r o  o r d e r  discussion.  In 

addition, the absence  of two l a r g e  meta l  a t o m s  assoc ia ted  with a d -  

jacent  vacancies  would lead  t o  ser ious  collapse of the s t r u c t u r e  i n  

that  area and  would a p p e a r  to  be highly unlikely on the scale  cal led 

for  by the s ta t i s t ics  alone. 

not a p p e a r  to  have been d iscussed  i n  the l i t e r a t u r e  a n d  s ince such 

order ing ,  if i t  e x i s t s ,  could have impor tan t  ramif icat ions in  the 

single c r y s t a l  p roper t ies  of 1:hese m a t e r i a l s  the question of vacancy 
t2 t 3  = and charge  order ing  (as in  Eu 

The order ing  of vacancies  among the m e t a l  s i t e s  h a s  been sought by 

considerat ion of a Wigner-Seitz type cel l  about each m e t a l  a tom.  

This  readi ly  leads  to  a model  in  which the vacancies  a r e  no n e a r e r  

than second-neares t  meta l  neighbors  and  could be th i rd-neares t  

meta l  neighbors .  

r e p r e s e n t  success ive  reduct ions i n  s y m m e t r y  f r o m  the cubic T 

s t ruc ture .  

(P) a t o m  i s  considered and  the relat ion of the model  t o  the e x p e r i -  

menta l  evidence i s  examined. 

of order ing  should i n c r e a s e  .interest i n  compounds having the non- 

cent rosymmetr ic  Th3P4 s t r u c t u r e  s ince the possibi l i t ies  for  non- 

:Since the order ing  of vacancies  does 

Eu2 S2 ) is the subject of this  paper .  

The corresponding s t r u c t u r e s  a r e  te t ragonal  and 

s p4 
In addi t ion,  the effect of the order ing on the metal loid 

We a l s o  note h e r e  that occur rence  

l i n e a r  optical and magnet ic  phenomena a r e  expanded by the p r e -  

sence of the uniaxial te t ragonal  s t r u c t u r e s  i n  th i s  s e r i e s  of com-  

pounds of demonst ra ted  versat i l i ty .  

Vacancy Model - In the s e a r c h  for  a possible  order ing  of vacan-  

c i e s ,  use was  made  of a Wigner-Seitz type cel l  about each m e t a l  

a tom followed by the  p a p e r - s c i s s o r s  construct ion of the resulting 

polyhedra. 

follows: 

b i sec tors  of the in te ra tomic  m e t a l - m e t a l  dis tances  f r o m  a single 

These  al lspace-f i l l ing polyhedra a r e  obtained a s  

The in te rsec t ions  of the planes which a r e  the perpendiculak 
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m e t a l  s i te  define a s e r i e s  of polyhedra of increasing volume. The 

smal les t  such polyhedron containing the cent ra l  meta l  s i te  i s  the 

des i red  one. F o r  the Th P s t r u c t u r e  one obtains dodecahedra 

with a volume of 1/12 the unit cel l  and which, when duplicated a t  

each meta l  s i te  with the c o r r e c t  or ientat ion,  fill  a l l  space.  

dodecahedron h a s  eight identical faces  which can be considered a s  

obliquely t runcated i soce les  t r iangles  assoc ia ted  with the n e a r e s t -  

neighbor meta l -meta l  interact ions and  four  additional i s o s c e l e s  

3 4  

Each 

iangles  assoc ia ted  with the next -neares t  meta l -meta l  dis tances .  Q 
These  faces  a r e  a r r a n g e d  to give 4 s y m m e t r y  to  the polyhedra 

( see  F ig .1  ). 

ponding to  the next -neares t  in te rac t ions  only,  one f o r m s  a n  open 

(but d i s tor ted)  diamond-like s t r u c t u r e  (Fig.  2 )  i n  which all .? a x e s  

of the dodecahedra 

cubic a x e s .  

each metal site (or  dodecahedron) h a s  a s  nearest neighbors only 

those dodecahedra with the i r  4 a x e s  perpendicular  to  i t s  own. By 

randomly dis t r ibut ing the vacancies  among the m e t a l  s i t e s  c o r -  

responding to jus t  one of the diamond-like s t r u c t u r e s  (cal led h e r e ,  

D ) one obtains a te t ragonal  s t r u c t u r e  with the space group I42d- 

d 2 .  
2d 

s e a r e s t  meta l -meta l  neighbors .  

By linking together  that set  of dodecahedra c o r r e s -  

a r e  para l le l  to  each other  and to one of the 

T h e r e  a r e  t h r e e  interpenetrat ing networks such that 

In such a c a s e  the vacancies  a r e  no n e a r e r  than second-  

Fur ther  order ing  is  obtained by res t r ic t ing  the vacancies  to  half 

the D s i tes .  This  resu l t s  i n  a wurtzi te- l ike s t r u c t u r e  i n  which each 

s i te  V (for  vacancy) is te t rahedra l ly  sur rounded by four  F (filled) 

s i t e s  and  v ice-versa .  

Aw, B 

Aw - - Bw = J2 a 

vacancy s i t e s  ( V )  a r e  only th i rd-neares t  meta l -meta l  neighbors  in 
- 2  

a s t r u c t u r e  of even lower te t ragonal  s y m m e t r y  (space group 14-S ). 4 

@ 
Z 

T h i s  wurtzi te- l ike s t r u c t u r e  with ce l l  edges ,  

and  C h a s  a s e v e r e  te t ragonal  dis tor t ion such that J2 cw 
W W 

where  a i s  the cubic unit ce l l  edge. Now the 
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t -X 

C 

F i g .  1. 
i n  t h e  Th P s t r u c t u r e  a r e  shown. 
smal l  i s o a c $ l e s  t r i a n g l e s  and have p a r a l l e l  4 axes .  
n e a r e s t  neighbor m e t a l s  have one  of t h e  e i g h t  q u a d r i l a t e r a l  f a c e s  i n  
c o m o n  and have p e r p e n d i c u l a r  5 d i r e c t i o n s .  
a ,  b,  and c a r e  p e r p e n d i c u l a r  t o  t h e  4 o r  z - a x i s  and make an angle  of 
26.56" w i t h  t h e  [ l o o ]  o r  [OlO] d i r e c t i o n .  

Two o f  space  f i l l i n g  dodecahedra about  t h e  twelve meta l  s i t e s  
Next n e a r e s t  m e t a l s  s h a r e  t h e  four  

The dodecahedron of 

The dodecahedra edges marked 

Fig .  2.  
t l l u s t r a t e d  f o r  two u n i t  c e l l s  w i t h  t h e  r e l a t i v e  p o s i t i o n s  of t h e  s i t e s  
marked V and F t h e  same a s  i n  F i g .  1. A charge  ordered  s t r u c t u r e  pro- 
posed f o r  Eu3S4 would have d i v a l e n t  m e t a l  atoms i n  both  t h e  V and F 
p o s i t i o n s  wi th  t h e  t r i v a l e n t  i o n s  i n  t h e  2 f o l d  p o s i t i o n s  ( n o t  shown). 
A h i g h l y  ordered  Ce2S3 s t r u c t u r e  would have t h e  e i g h t  Dx, D s i t e s  and 
t h e  F p o s i t i o n s  f u l l y  occupied wi th  t w o - t h i r d s  o f  t h e  V p o s P t i o n s  vacant .  
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This  s t r u c t u r e  i s  seen in Fig.  2 which shows ne i ther  the filled 

D o r  D meta l  s i tes  nor  the  16 metal loid positions. 
X Y 

The  relat ion between the var ious space groups i s  i l lus t ra ted  

in  Table  I which shows the symmetry  of the s i t e s  germane  to  the 

Th3P4 type s t r u c t u r e  along with the approximate a tomic  pa-  

r a m e t e r s .  

r a m e t e r s  a r e  indicated by 6 t e r m s  assuming z e r o  meta l  shif ts  

but a n  i n c r e a s e d  s ize  for  the occupants of the D s i tes .  In calculat-  

The direct ion of fur ther  shif ts  in the metal loid p a -  

z 
the approximate p a r a m e t e r s  we note that between the Th P Q 3 4  

s t r u c t u r e  type and the te t ragonal  space groups t h e r e  i s  a n  or igin shift 

of 0 ,  1/4, -1,'s. 
T h r e e  possible  models  f o r  the order ing  of vacancies  in  the r a r e  

1) The vacan-  e a r t h  sesquichalcogenides  a r e  now readi ly  descr ibed.  

c i e s  can be dis t r ibuted among the 12a positions of the Th P 3 4  
which include the D , D , and D subs t ruc tures .  In a g r e e m e n t  with 

Z a c h a r i a s e n ' s  proposal ,5  the probability of finding a vacancy i n  a 

meta l  s i te  i s  l / 9  and the probability of finding two adjacent vacancies  

is 8/81. 

142d-D1' 

abi l i ty  of finding a vacancy i n  such a s i te  i s  1/3 for  the R X 

positions and vacancies  a r e  no c l o s e r  than second-neares t  m e t a l  

s t r u c t u r e  

X Y  

2) The vacancies  a r e  dis t r ibuted among the 4a s i t e s  of the 

space group corresponding to  the D s i t e s  only. The prob-  2D 

2 3 com-  

'ghbors .  T h i s  would a p p e a r  to be a reasonable  model  for  the s e s -  

su l f ides ,  a s  usual ly  p r e p a r e d ,  and for  charge  o r d e r e d  s e m i -  

conductors  l ike Eu S a t  low tempera ture .  3 )  By res t r ic t ing  vacan-  

c i e s  to  jus t  one of the 4 s i t e s  in the I i - S 4  s t r u c t u r e  the probability 

of the s i te  being vacant is 2/3;  now vacancies  a r e  no c l o s e r  thanthe  

t h i r d - n e a r e s t  meta l  neighbors .  

the 2c o r  V s i te .  

sesquisulf ide.  

o ther  possible  new semiconducting compounds based on the T 

2 3 4  

In the f igures  the s i te  se lec ted  i s  

Such order ing  might occur  for  a well annealed 

These  examples  a r e  included i n  Table  I1 along with 

h3 p4 
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TABLE I .  BdDY CENTWQ) TETRAGONAL STRUCTUR%¶ AND 
THEIR RELATION ?C THE TH3P4 STRUCTURE 

SPACE GROUP 

133d-T6d 
No. 220 
(Tb3 P4) 

IZ22d-D;: 

No. 122 

IZ-s; 
No. 82 

Metalloid Site 

p o s i t i o n  symmetry " " ua,b 
16c 3 x x x  

- 1  
12 x - -  

16e 1 X . Y . Z  

1 X Y Z  

z Z g - 4 6  

8g'  X'Y'Z' 

Footnotes 
a Typical atomic parameters are  given; equivalent pOSitiOnS are Obtained from the 

b lhen 6 e q u a l s  zero both Th and P type atoms are in the filled Th3P4 structure 
w i t h  x ( P )  = 1/12, The shift 6 (positive) is for large atoms On the D, s i tes .  

""it cell symmetry e l e m e n t s .  

TABLE 11. POSSIBLE ORDERED SEMICONDUCTING 
COMPOUNDS BASKD ON TH3P4-TYPE STRUCTURES 

COMWUND METAL SITES SPACE 
Dz  DX,% GROUP NO. -- 

F V 

Ce2S3 ($e 8 -1-3 , 1 9c1) (%ef3 ,&I (%e+3 ,io) 220 

Ce2S3 (+e+3 ,+) (%ef3 ,io) ~ e + ~  122 

Ce2S3 ~ e + ~  (&e+3,$0) ceC3 8 2  

s m 3 s 4  Smf2 S m f 2  5mf3 122 

EuGdaSe4 Euf2  Gd+3 122 

FeBaLa4Teg Fe+' Ba" ~ a + ~  8 2  

BaTbCeqS8 Baf2 Tbf2  ~ e + ~  8 2  

VCe4Seg v+4 0 ~ e + ~  8 2  

Th" 0 Th+4 82a Th5P4S4 
MnBaTh4P4S4 MIl+2 Baf2  Th+4 8 2 a  

a N o n e q u i v a l e n t  m e t a l l o i d  a t o m s  a r e  p e r m i t t e d  i n  s p a c e  
group N o .  8 2 .  
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type s t r u c t u r e .  Note that some of these  suggest  the possibility of 

both n -  and  p-type conductivity with suitable cationic doping. Re-  

p o r t s  of the  l a t t e r  type conductivity a r e  r a r e .  

Order ing  and  the Chalcogen Posi t ion.  - In the r a r e  e a r t h  chalco-  

genides having the Th3P4 s t r u c t u r e ,  the meta l  s i te  i s  surrounded 

by eight chalcogens i n  the form of two t e t r a h e d r a ,  one which is long 

in  the direct ion of the .? a x i s  and  the second which is quite flat and 

2 

m o s t  l i e s  in the plane normal  to the .? a x i s .  With re ference  to the 

eta1 s i t e s  the chalcogen a t o m  s i t s  on the a x i s  of a twisted t r igonal  

p r i s m  slightly c loser  to  one s e t  of t h r e e  meta l  a toms.  The s y m -  

m e t r y  of th i s  s i te  (P position) in  the Th3P4 s t ruc ture  i s  threefold 

and  h a s  the genera l  coordinates  x ,  x, x ,  where x I - 1/12. A s  x 

i n c r e a s e s  i t  m o v e s  toward  the top t r iangle  of the twisted p r i s m  and  

shor tens  the dis tances  corresponding to  the long te t rahedra  about 

the m e t a l  s i te  while lengthening the chalcogen-metal  dis tances  of 

the base  t r iangle  corresponding to the flat t e t rahedra .  ( F o r  m o r e  

complete descr ipt ions of the s t ruc ture  with a valence bond i n t e r -  

pretat ion s e e  Refs. 7 and 20). 

If the  semiconducting Sm3S4 compound w e r e  to have a n  o r d e r e d  

s t r u c t u r e  with the divalent ions in  the D s i tes  (4a positions of the 

I42d-DZd space group)  then each sulfur  a t o m  would be adjacent  to  
12 

o Smt2 ions ,  one each i n  the t r iangular  base  a n d  top of the t r i -  

p r i s m .  The cation a r r a n g e m e n t  would d is tor t  the threefold 

s y m m e t r y  of the sulfur a t o m ;  however ,  crystal lographical ly  t h e r e  

is s t i l l  only one kind of metal loid in  the o r d e r e d  te t ragonal  Sm S 3 4  
s t r u c t u r e  as  is indicated by the 16e positions for  the space group in 

Table I. 

I f ,  for  the sesquisulf ides ,  the vacancies  were  s ta t is t ical ly  dis- 

t r ibu ted  over  all the D s i t e s ,  the above discussion f o r  Sm S would 3 4  
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be appl icable;  i f  however ,  they w e r e  r e s t r i c t e d  to  the V s i tes  then 

two t h i r d s  of these positions; would be vacant. 

were  random among the V s i t e s ,  then the 14-S4 space group would 

apply and there  would be equal n u m b e r s  of two different kinds of 

sulfur a t o m s ,  with the  vacancy in  e i ther  the base  o r  top t r iangle  of 

meta l  s i tes .  

the V positions so that e v e r y  th i rd  V s i te  along a s tack  of t r igonal  

p r i s m s  ([111] 

then t h e r e  a r e  six kinds of chalcogens,  four of them with five m e t a l  

neighbors and two of them with s ix  neighbors .  

tween them involve the i r  dis tance f r o m  a n  occupied V s i te  and 

whether the vacant V s i te  is in  the top t r iangle  (long te t rahedra)  o r  

in  the bottom t r iangle  (flat t e t rahedra) .  F o r  the originally p r o p o s e d  

s ta t is t ical ly  dis t r ibuted vacancies  in  Ce S t h e r e  a r e  a l a r g e  number  

of var ious  kinds of S - a t o m s ,  with fair f ract ion of them (16/81) having 

a p a i r  of vacancies  i n  a single t r iangular  base.  

If the  vacancies  
2 

Going beyond Table I and  order ing  t h e  vacancies  i n  

direct ion in  Th P ) i s  occupied by a m e t a l  a t o m ,  3 4  

Other  differences b e -  

2 3  

F o r  the sake  of completeness  we note that  the space-filling cel l  

was  obtained f o r  x = l f l 4  f o r  the s ixteen metal loid positions i n  Th P 3 4  
and is  a t r igonal  hendecahedron composed of two equi la te ra l  t r i -  

angles  and t h r e e  s e t s  of t h r e e  quadr i la te ra l  faces .  

Experimental  Evidence.  - The exper imenta l  evidence for  the o r d e r -  

ing of vacancies  o r  charge  i n  the Th P 

authors  know of no la t t ice  p a r a m e t e r  o r  s ingle  c r y s t a l  x - r a y  s tudies  

suggesting order ing.  The observat ion of vacancy order ing  would a p -  

p e a r  t o  be m o s t  likely i n  the  light r a r e  e a r t h  sesquisulf ides  grown a t  

the  lowest  possible  tempera ture .  One of u s  ( F L C )  h a s  grownz1 tiny 

c r y s t a l s  of Ce S While the s ize  of the 

c r y s t a l  ( l e s s  than 0.1 m m )  prevented a definitive study t h e r e  w e r e  

no obvious intensi ty  o r  space group violations of the  Th3P4 s t ruc tu%e.  

On the o ther  hand the e f r a c t o r y n a t u r e  of these  m a t e r i a l s  a n d  the 

s t r u c t u r e  is m e a g e r .  The 
3 4  

by I - t ranspor t  a t  925°C. 
2 3  2 
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l ack  of la t t ice  p a r a m e t e r  var ia t ions f r o m  cubicity suggest that  the  

single c r y s t a l  could have a n  equal  number  of te t ragonal  domains 

with the i r  c a x e s  dis t r ibuted along the "pseudo" cubic ce l l  edges.  

A v e r y  careful  x - r a y  study involving s ta t i s t ica l  ana lys i s  of equi-  

valent ref lect ions m a y  be requi red  and/or  d i s o r d e r  s tudies  m a y  be 

indicated. 

Recent t ranspor t  s tudies  in bulk Eu S provide some evidence 

The presence  of local ized 
3 4  

for  charge  order ing  in  these  compounds. 

- and divalent cat ions in the rat io  of 2 to  1 i n  s a m a r i u m  a n d  y. 
europium chalcogenides with the T 4 P 4  s t r u c t u r e  h a s  s ince been e s -  

tabl ished by magnet ic  susceptibility m e a s u r e m e n t s  and by t h e i r  s e m i -  

conducting proper t ies .  

Malamud,  and  Shtr ikman show the exis tence of Eu 

the expected ra t io  below 210°K but above that t e m p e r a t u r e  the i s o m e r -  

shift peaks  broaden and then m e r g e  into a single in te rmedia te  peak 

consis tent  with a hopping e lec t ron  t ranspor t  model  involving E u  

Mgssbauer  studies14 in  1967 by Berkooz,  
t 3  

and  Eutz ions  in  

i 2  

"extra"  e lec t rons .  In the s a m e  m a t e r i a l  Bransky ,  Ta l lan ,  a n d  Hed 

have observecf2  a n  e lec t r ica l  t ransi t ion a t  about 175°K a s  a n  abrupt  

change i n  activation energy f r o m  0.16 t o  0. 21 ev. , i n  reasonable  

a g r e e m e n t  with 0.24 ev. obtained by Berkooz & a .  

The l o s s  of s y m m e t r y  f r o m  4 to 2 fold o r  to  none in  two-thirds 

the m e t a l  s i t e s  suggests  the observat ion of charge  o r  vacancy 

der ing might  be  possible  via EPR, opt ical ,  o r  NMR exper iments  

on single c r y s t a l s .  

m a y  be r a t h e r  small .  

is appreciable .  

s t r u c t u r e  t h e r e  would be many kinds of S in Eu3S4, corresponding 

to  the var ious  combinations of distributing Eu 

the c o r n e r s  of a twisted t r igonal  p r i s m .  In the o r d e r e d  s t r u c t u r e ,  

a t  low t e m p e r a t u r e ,  only one kind of sulfur i s  p r e s e n t  a s  indicated 

However ,  the  loca l  dis tor t ions f r o m  4 s y m m e t r y  

On the o ther  hand,  the effect on the chalcogen 

4 p4 For  example ,  in  the d isordered  Zachar iasen  T 

t3 and Eut2 ions a t  
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i n  T a b l e  I. 

T h  P 

is involved. 

s y m m e t r y  changes  a r e  highly r ecommended .  F ina l ly  we note that  
23 

the calculat ion of the Madelung cons t an t s  by the method of B e r t a u t  

a r e  in  p r o g r e s s  f o r  the va r ious  m o d e l s  of o r d e r i n g  a n d  wil l  be  c o m -  

p a r e d  to  the above expe r imen ta l  r e s u l t s  a s  we l l  a s  t o  that  obtained 

previously" f o r  the a v e r a g e  Z a c h a r i a s e n  s t r u c t u r e .  T h e  r ece ip t  of 

a p r e p r i n t  
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Abst rac t  

The y t te rb ium carbon system, YbC,, has been inves t i na ted  
over t h e  composi t ion ranqe 0.33 2 x 2 2.00; samples were ore- 
pared by d i r e c t  r e a c t i o n  o f  t h e  elements i n  sealed tan ta lum 
bombs. Tetraqonal YbC2.00, monoc l in ic  YbCla25 + ,, (0 5 2 0.16), 
YbC0.95, and dimorphic ( f c c  and rhombohedral) YbC0.50 + 2 have 
been i d e n t i f i e d  by X-ray d i f f r a c t i o n  and elemental  anaTysls. A 
l i n e a r  v a r i a t i o n  o f  t he  carbon- r ich  YbC1.25 + , I  nhase boundry 
and t h e  monoc l in ic  6 parameter w i t h  temperature have been 
observed. The e q u i l i b r i u m  vapor pressure o f  gaseous y t te rb ium 
i n  t h e  YbC1.25 + L, - YbC2.0'0 two-phase reg ion  has been measured 
by a t a r g e t  c o l l e c t i o n  Knudsen e f f u s i o n  techniaue. 
phase diaaram f o r  t h e  Yb-C system is nroposed, t h i r d  law entha loy  
da ta  f o r  YbC1.25 + ,, a r e  presented, and t h e  v a r i a t i o n  of 
composi t ion and l a t t i c e  parameter i s  discussed. 

A p a r t i a l  

I n t r o d u c t i o n  

From a s t r u c t u r a l  I nves tJqa t lon  of t h e  lanthanide carbides, 

Speddinq 

metal  monocarbide, and "an in te rmed ia te  carb ide"  of undetermined 

composltlon. 

concerned w l t h  t h e  carbon-r ich phases. 

I nves t i ga ted  t h e  dicarbide-carbon e u t e c t i c  and searched f o r  a 

te t raqona l -cub ic  d l ca rb lde  t r a n s i t i o n .  

d.* repor ted  f o r  y t te rb ium t h e  d icarb ide ,  a t r i -  

More recen t  s tud ies  on t h i s  system have been 
3 K r i k o r i a n  et d. 

4 Haschke and E i c k  
/ 
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presented evidence f o r  a two-phase reg ion  between YbClSS and 

YbC2, and consequent ly f o r  t h e  ex is tence o f  a sesauicarblde. 

The present  i n v e s t i g a t i o n  was i n i t i a t e d  t o  examine t h e  metai-  

r i c h  p o r t i o n  o f  t h e  yt terbium-carbon system, and i n  p a r t i c u l a r  

t o  cha rac te r i ze  t h e  phase near t h e  sesqulcarblde composi t ion.  

Experimental 

Y t te rb ium metal  (Research Chemicals, Phoenix, Ar iz . ,  99.95, 

Ca, Mg and Cu each < 0.01%) and CP g r a p h i t e  (F isher  impur i t i es :  

l e n t i f i c  Co., P l t t sbu rg ,  Pa.) which had been degassed i n  

cuum a t  i800°, were comhined i n  t h e  des i red  s t o i c h i o m e t r i c  

r a t i o s  and sealed i n t o  outgassed tantalum ampoules by a rc  welding 

i n  an argon atmosphere. 

0.33 2 X.2 2.00, were heated a t  1400-1500' by i nduc t i on  f o r  

2-3 h r s  i n  a 10-6-10-7 t o r r  vacuum. The samDles were then 

annealed a t  800-1100° f o r  approximately I h r  be fore  beina 

quenched. The sur face  temperature o f  t h e  ampoules was measured 

w l t h  a NBS-calibrated Leeds and Northrup disappear inq f l l a m e n t  
pyrometer, and was co r rec ted  f o r  t h e  e m l s s i v l t y  o f  tan ta lum 

(0.49). A s e r i e s  o f  p repara t ions  w l t h  x = 1.50 were reac ted  a t  

t h e  h lgher  temperature, and then annealed for I h r  a t  a c a r e f u l l y  

measured lower temperature (817-1457') p r l o r  t o  quenchlnq. 

M ix tu res  o f  t h e  s to i ch iomet ry  YbC,, 

5 

The produc ts  were analyzed mic rochemica l l y  for bo th  metal  

and carbon conten t  by convers ion  t o  t h e  sesquloxlde and carbon 

d lox lde .  The C02 was determined g r a v l m e t r l c a l l y  by c o l l e c t i o n  

asca r l t e .  Samples were a l so  examined by X-ray f luorescence 0 
for p o s s l b l e  tan ta lum contamlnat ion.  

X-Ray powder d i f f r a c t i o n  p a t t e r n s  were ob ta ined w l t h  a 

Haegg-type Gu ln le r  camera, Samples, which were prepared i n  an 

i n e r t  atmosphere g love  box purged o f  water and oxyqen, were 

coated w l t h  a t h l n  layer  of p a r a f f l n  o i l  t o  p revent  h y d r o l y s i s  

du r lng  t r a n s f e r  and exposure. 
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The vapor l za t l on  r e a c t i o n  f o r  t h e  in termediate carbide, 

YbC1.25 + !,, was character ized by X-ray examinat ion of t he  

vapor l za t i on  residues and by mass soect rometr ic  ana lys i s  o f  

t h e  e f f u s a t e  species. The vapor species emanatinq from a 

sample contained In a molybdenum c e l l  a t  90O-Q5O0 were examined 
w l t h  a Eendlx t i m e - o f - f l i q h l  mass spectrometer (Model 12-107) 

w i t h  a 1q-70 eV i o n i z i n q  e l e c t r o n  beam. Tarqet c o l l e c t i o n  

Knudsen e f f u s i o n  measurements were made as described p rev ious l y  . 
Molybdenum e f f u s i o n  c e l l s  w i t h  o r i f i c e  areas o f  8.7 X 

( run  E 1, 21.4 X ( runs A, B >, 42.6 X ( run  0 1, 
and 60.4 X 

YbC1.25 + !! and n.05-0.10 g YbC2. 

were made a t  successively increas inq and decreasina temperatures 

i n  the  ranqe 763-1064', were conducted t o  75': samoie deplet ion.  

The condensed ef fusates,  which were co l l ec ted  on aluminum tarqets ,  

were analyzed q u a n t l t a t i v e l y  bv X-ray fluorescence. 

6 

( run  F ) cm;' were charqed w i t h  0.3-0.4 q o f  

Pressure measurements, which 

Resu I t s  - 
The f o u r  ytterbium-carbon phases: YbC,, YbC1.75 + , I ,  

YbC0.95, and YbCO.50 + z ,  which were observed by a n a l y t i c a l  

and X-ray d i f f r a c t i o n  technlques, a r e  considered i n d i v i d u a l l y  

below. 

YbCz-,,. The golden-colored d i ca rb ide  was present I n  a t  I 
reac t ton  products I n  which 1.50 2 X 2 2.00, b u t  a m ix tu re  o f  

d i ca rb ide  and a s i l ve r -g rey  phase was always present  f o r  

x 2.00. Recause o f  t h e i r  c o l o r  d i f ference,  these phases 

could o f t e n  be separated p h y s i c a l l y  f o r  elemental analys is .  

Samples w i t h  x = 1.5 which were quenched from var ious temoeratures 

were also mlxtures o f  d l ca rb lde  and qrey phase. The composi t ion 
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of  t h e  d i ca rb ide  separated from a X = 1.50 m ix tu re  quenched from 

1475' was YbC2.003 0.005. The te t raaona l  l a t t l c e  parameters 

( a  = 3.639 2 0.003, C = 6 .  I I O  2 0.008 8 )  remained i n v a r i a n t  w i t h  

temperature and b u l k  s to lch lomet ry .  

YbC, 25 + ,4. The composi t lon o f  t h e  p rev ious l y  mentloned 

s l l v e r - q r e y  phase va r ied  from YbC1.25 t o  YbC1.41 (55.5-55.5 
a t  5 C ) .  The In te rp lana r  d-spacinqs o f  a p repara t ion  quenched 

from 1450'K were Indexed on monoc l ln lc  symmetry (U = 7.070 

0.005, b = 7.850 + 0.004, c = 5.623 + 0.005 A, and B = 90.99 2 - - 
09').. I n  t h e  YbC1.25 t r! - YbC2 two-phase reolon, t he  com- 

s i t l o n  and t h e  monoc l ln lc  b parameter o f  YbC1.25 + ,I va r led  

l n e a r l y  w l t h  quenchlng temperature (F lqure  I ) .  The r e f i n e d  c e l l  

parameters and composl t ions o f  c r y s t a l l o q r a o h i c a l  Iv oure 

YbC1.25 + y samples a r e  I l s t e d  I n  Table I .  
YbC1.25 + ,, two-phase reqion, 

7.75 2 0.01 A (estimated e r r o r ) .  Since t h i s  parameter a l s o  

v a r i e s  l i n e a r l y  across t h e  v a r i a b l e  composi t ion reqion, t h e  
I n t e r s e c t i o n  of a qraph o f  t h l s  parameter v 6 .  composl t lon w l t h  

the b = 7.75 

I n  the  YbCO.95 - 
t h e  h parameter was i n v a r i a n t  a t  

l i n e  i nd l ca tes  t h e  lower phase houndry i s  

YbC1.25 f 0.01. 

YbC0.95, A second Intermedfate, s i  Iver-grey ca rb ide  has --- 
been observed near the  monocarblde composition. The X-ray 

d l f f r a c t i a n  data (Table I I )  i n d l c a t e  a complex s t r u c t u r e  whlch 

we cou ld  n o t  Index on e l t h e r  orthoqonal  or t r i q o n a l  symmetry. 
d l f f r a c t l o n  p a t t e r n  was Independent o f  bo th  anneal ing 

pe ra tu re  and b u l k  canpos l t lon .  Ana lys ls  of a c r y s t a l l o -  

graphically pure produc t  from a x = 0.90 s to i ch lomet ry  Ind i ca ted  

a composl t lon o f  YbC0.95 ~ 0 . 0 2 .  
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YbCo.50 ~ z .  The lowest observed ca rb ide  possesses a 

m e t a l l i c  l u s t e r  and appears i n  a reg ion  a t  t h e  d i y t t e r b i u m  

monocarbide (hypocarbide) composi t ion.  The X-ray d i f f r a c t i o n  

da ta  were i n te rp re ted  on t h e  basis o f  a d iphas ic  m ix tu re  o f  f c c  

( a  = 5.001 0.003 A )  and hexagonal (a = 3.541 0.004, 
c = 17.46 + 0.02 A )  s t ruc tu res .  When the  l a t t e r  s t r u c t u r e  i s  

de f ined on rhombohedral symmetry, i t  y i e l d s  a = 6.167 A and 

a = 33.33'. Both phases were observed i n  a l l  samples con ta in inq  

t h e  hypocarbide. 

was n o t  determined, bu t  a c r y s t a l l o q r a p h i c a l l v  pure carb ide  

fran a x = 0.33 m ix tu re  quenched from 1000°l< i nd i ca ted  

C:Yb = 0.43 2 0.02. 

was i n  e q u i l i b r i u m  w i t h  unreacted metal .  

- 

The composi t ion ranqe (22) o f  t h e  hypocarbide 

A t  t h e  x = 0.33 composition, t he  carb ide  

The P h e  D L a g m .  The r e s u l t s  o f  t h e  phase i n v e s t i g a t i o n  

can be presented g r a p h i c a l l y  i n  a temperature-composition phase 

diagram (F igure  2) .  

Yb2C and YbC1.25 + q demonstrate v a r i a b l e  composition, t h a t  

about YbC0.95 i s  on l y  i n d i c a t i v e  o f  t h e  unce r ta in t y  i n  c m -  

p o s i t i o n  o f  t h e  phase. The experimental data p o i n t s  a r e  

i nd i ca ted  by open c i r c l e s ;  t he  data f o r  so l i d ,  l i q u i d ,  and 

gaseous y t te rb ium a re  from t l u l t g ren  . 

Whereas t h e  cross-hatched reg fons  about 

7 

Vapohizdon.  The combinat ion o f  X-ray and mass spectro' 

m e t r i c  r e s u l t s  i nd i ca tes  t h a t  YbC1.25 vapor izes according 

t o  r e a c t i o n  one. 

8YbC1.25 + y (SI -+ ( 5  + 4y)YbCz 

X-Ray d i f f r a c t i o n  da ta  f o r  t h e  so 

o f  only YbC1.25 + and YbC2, and 

only  Yb . + 

S )  + ( 3  - 4y)Yb (g )  ( 1 )  

i d  residues showed the  presence 

the  mass sDectrum conta i ned 

The log  P U6. I /T r e s u l t s  o f  f i v e  independent vapor i za t i on  

experiments a r e  presented I n  F igu re  3. Since a t  each temperature 

a d i f f e r e n t  composi t ion of YbC1.25 + i s  i n  e q u i l i b r i u m  w i t h  
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t he  d icarb ide ,  t h e  data were t rea ted  by t h i r d  law c a l c u l a t i o n s .  

For each vapor i za t i on  temperature, t h e  composi t ion o f  YbC1.25  + ,, 
was determined from t h e  c o r r e l a t i o n  o f  quenchinri temperature and 

composi t ion.  

est imated by a mod i f i ed  Kopp's Rule procedure8 

capac i t y  da ta  f o r  y t te rb ium sesquioxide . A f r e e  energy func t i on  

f o r  each YbC1.25 + 
heat  capac i t y  f u n c t i o n  w i t h  an est imated SO298 (10 eu), which was 

assumed cons tan t  over t h e  composi t ion range (YbC1.37 - YbC1.41). 

e c a l c u l a t i o n s ,  which were e f f e c t e d  w i t h  f r e e  enerqy func t i ons  

r the  d l c a r b l d e  

The heat capac i t y  equat ion  f o r  each composi t ion was 

9 
employinn heat  

composi t ion was ob ta ined by combinat ion o f  t he  

4 
and gaseous y t te rb ium7 show t h a t  AIi'79g f o r  

r e a c t i o n  one va r ies  rnonotonical l y  from 114 kcal /qfw f o r  YhC1.,+, 

(105O0K) t o  106 kcal /qfw f o r  YbC1.37  (1337OK). Entha lp ies  of  

fo rmat ion  were ca l cu la ted  f o r  each composi t ion from the  t h i r d  law 
7 

r e s u l t s  and t h e  en tha lp ies  o f  fo rmat ion  o f  YbC2(sI4 and Yb(g) . 
These AH0f  298 values, which were averaqed over composi t ion 

increments o f  t h e  order  o f  magnitude o f  a n a l y t i c a l  u n c e r t a i n t y  

fo l l ow :  

YbC1.390 - YbC1.399, AHo+ 2 9 8  = -15.87 L O . 2 3  kcal /cfw; YbC1.380 - 
YbC1.389, AHof 298 = 15.39 2 0 . 2 0  kcal /gfw; and YhC1.370 - YbC1.379. 

AHof = -14.30 2 0.15 kcal /gfw. 

vapor i za t i on  o f  YbC1.25 t !, per mole of aaseous y t te rb ium I s  

e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  observed per mole f o r  YbC, ( 2 5  eu) , 
t h e  f o l l o w i n g  A G O f  298 values were est imated for several  com- 

n o s i t i o n s  from t h e  t h i r d  law en tha lp ies  and the  f r e e  energ ies  o f  
7 

YbCl.,,oO - YbC1.409, AHo+ 2 9 8  = - 1 G . 1 1  5 0 . 1 5  kcal/ofw; 

Dy assuming t h a t  t h e  entropy Of 

4 

rmat ion  o f  YbC2(sI4 and Yb(g) ; AGof 298YbC1.41 =, -16.8 kcal /qfw; e, 
AGof 298YbC1.39 = -16.2 kcal/gfw; and AGof 298YbC1.37 = -14.7 

kcal /gfw. 
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Discuss ion  

The y t te rb ium carbon system I s  very  d i f f e r e n t  from those o f  

l l g h t e r  lan than ide  elements which e x h l b l t  we l l  de f ined d icarh ldes ,  

Pu2C3-type sesquicarbides, and f c c  hypocarbides . Only t h e  

te t ragona l  d i ca rb ide  has been observed across t h e  e n t i r e  lanthanide 
s e r I e ~ * ’ ~ ’ ~ ~ ,  and f o r  y t te rb ium,  appears t o  occupy a narrow 

composi t ion range up t o  1750’K. 
y t t e rb ium forms an in te rmed ia te  carbide, b u t  apparent ly  no t  a t  t he  

Yb2C3 composi t ion.  The YbC1.25 + ,,phase occurs i n  t h e  same 

reg ion  as t h e  55-58 a t  g s o l i d  s o l u t i o n  repor ted  f o r  t h e  y t te r i um-  

carbon system 

a composi t ion v a r i a t l o n  w i t h  temperature, and the  X-ray data 

suggest t h a t  it i s  no t  i s o s t r u c t u r a l  w i t h  YbC1,25 + q .  

2 

A 5  Spedding et d.’ have noted, 

I1  . The Y-C phase boundry apparent ly  does n o t  e x h i b i t  

An i n t r i g u i n g  fea tu re  o f  t h e  Yb-C system i s  t h e  apparent regu la r  

v a r i a t i o n  o f  t h e  monoc l in ic  b parameter and o f  t he  composi t ion o f  

YbC1.25 + w i t h  anneal ing temperature. I t  i s  i n t e r e s t i n g  t o  

specu la te  concerning t h i s  behavior. The in te rmed ia te  carb ides  

(sesqu lcarb ldes)  o f  t h e  heavy lanthanides (Er-Lu) a r e  no t  o n l y  

s t r u c t u r a l l y  d i f f e r e n t  from those o f  t h e  I i q h t e r  elements , bu t  

have d i f f e r e n t  h y d r o l y s i s  products’ ’  (equimolar m ix tu res  o f  methane 

and propyne and e s s e n t i a l l y  no C 2  hydrocarbons). 

h y d r o l y s i s  data a r e  a v a i l a b l e  f o r  YbC1.75 + y, it would be expected 

t o  hydro lyze  l i k e  t h e  carb ides  o f  Tm and Lu. The h y d r o l y s l s  r e s u l t s  

suggest t h a t  carbon I s  p resent  i n  t h e  l a t t i c e  as an e s s e n t i a l l y  

equimolar r a t i o  o f  C-4 and C3-4  ions; even I f  t he  propyne arose 

from assoc la t i on  o f  C-4  and C2-* du r inq  hydro lys ls ,  r e l a t i v e l y  

la rge  amounts o f  ace ty lene should a l s o  have been observed. 

t r i v a l e n t  y t te rb ium,  an equimolar m ix tu re  o f  e i t h e r  methanide and 

propynlde o r  o f  methanlde and a c e t y l i d e  Ions g l ves  t h e  sesquicarbide 

s‘tolchiometry. I f  t h e  a lkyne bond ( C r C )  of e i t h e r  C 3 - 4  o r  C2-2  i s  

c o l i n e a r  w i t h  t h e  6 ax ls ,  replacement o f  t h e  polyatomlc group w i t h  

a methanide Ion  (C3-4  replaced by 

2 

Althouqh no 

For 

i n  one case, and C2-2 

6 

e 
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rep laced by C - 4  i n  the  o t h e r )  would account f o r  both t h e  v a r i a t i o n  

o f  composi t ion and l a t t i c e  parameter. An increase i n  t h e  f r a c t i o n  

o f  C - 4  groups requ i res  t h a t  t he  s to ich iomet ry  s h i f t  t o  a more 

metal r i c h  composi t ion and t h a t  t h e  b parameter decrease. The 

v a r i a t i o n  o f  methanide t o  a l kyn ide  r a t i o  w i t h  temperature cou ld  

e a s i l y  a r i s e  from a s h i f t  i n  thermodynamic s t a b i l i t y  o f  t h e  carb ide  

ions. Th is  i n t e r p r e t a t i o n  i s  cons i s ten t  w i t h  the  invar iance o f  

a, c and 8 ,  whereas one employing d i - t r i v a l e n t  s u b s t i t u t i o n  o r  a 

v a c a n c y - i n t e r s t i t i a l  model would p r e d i c t  v a r i a t i o n  of these 

parameters. 

A unique fea tu re  o f  t h e  Yb-C system i s  the  ex is tence o f  a phase Q near t h e  monocarbide composi t ion.  A n a l y t i c a l  r e s u l t s  and 

p repara t i ve  data suqqest t h a t  t h e  phase has a C:Yb r a t i o  < 1.00. 

Since t h e  s t o i c h i o m e t r i c  I : I  phase would be expected t o  e x h i b i t  

t h e  f c c  l a t t i c e  c h a r a c t e r i s t i c  of o the r  monocarbldes13, t h e  

YbC0.95 composi t ion i s  reasonable. I t  i s  poss ib le  t h a t  t he  phase 

i s  e i t h e r  an ox ide  ca rb ide  o r  an y t te rb ium tan ta lum carbide, bu t  

I n  a I I cases t h e  sum o f  y t te rb ium and carbon percentages 2 99.85% 

and tan ta lum cou ld  no t  be detected by X-ray f luorescence. 

Th6 d iphas ic  m ix tu re  observed a t  t he  hypocarbide composi t ion 

i n d i c a t e s  t h e  y t te rb ium phase i s  dimorphic, and i s  cons i s ten t  w i t h  

r e s u l t s  repo r ted  f o r  corresponding y t t r i um14  and holmium15 phases. 

As A t o j i  and Kikuchi14 have noted f o r  t h e  y t t r i u m  system, t h e  

h igh  temperature cub ic  phase o f  v a r i a b l e  composi t ion and t h e  low 

temperature rhombohedral YbzC phase always coex is t .  The l a t t i c e  

parameter f o r  t h e  EIaCI-type phase agrees w i t h  t h e  va lue  repor ted  

@or Yb3C2; however, t h e  composi t ion I s  more cons is ten t  w i t h  t h a t  

repor ted  f o r  y t t r i u m  . The rhombohedral anti-CdC12-type s t r u c t u r e  

f o r  YbZC i s  cons is ten t  w i t h  t h e  data f o r  t h e  E1,C phases o f  o the r  

heavy lanthanides (Gd, Dy, Ho, t r ) ,  y t te r ium,  and scandium . 

16 

14 
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No evidence was observed f o r  t h e  cub ic  YbCI-, (4.85 < U 5 4.97 A )  
phase repor ted  r e c e n t l y  by Laplace and Lorrenzel  I i "r Since these 

workers prepared t h e i r  samplcs by reac t i nq  Yblip w i t h  ( I - X )  moles 

o f  carbon a t  600°, t h e i r  phase i s  prohably an y t te rb ium ca rb ide  

hydr ide.  

The v a r i a t i o n  o f  t h e  YbC1.25 i l ,  composi t ion w i t h  temperature 

has prov ided a unique oppor tun i t y  t o  c o l l e c t  thermodynamic data 

across a wide composi t ion req ion .  The anomolous increase i n  the  

e q u i l i b r i u m  y t te rb ium pressure w l t h  temperature i s  i n  agreement 

w i t h  t h e  s h i f t  i n  t he  YbC1.25 

composi t ions a t  h igher  temDerature, and t h e  thermodynamic data 

a re  c o n s i s t e n t  w i t h  t h e  r e s u l t s  f o r  y t te rb ium d i ca rb ide .  The 

r e l a t i v e  s t a b i l i t y  o f  t he  carb ides  requ i res  t h a t  t h e  enthalpy o f  

vapor i za t i on  o f  YbC1.25 

t h a t  f o r  the  d i ca rb ide  (54.3 k ~ a l / g f w ) ~ ;  f o r  YbC1.25 + 

AH0298 v a r i e s  from 41.9 kca l /q fw t o  4 8 . 3  kcal /ofw. 

phase boundry t o  more me ta l - r i ch  
+ J  

,, per mole o f  Yb(q) must be less  than 

t h i s  

Al though numerous quest ions alioul t h e  y t te rb ium carbon system 

remain unanswered, t h i s  i n v e s t i q a t i o n  has Ind ica ted  c l e a r l y  t h a t  

I t s  behavior i s  markedly d i f f e r e n t  from t h a t  o f  t h e  l i g h t  lanthanides. 
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Tables and Flgures 

Table I :  L a t t i c e  Constants and Composltlon of  YbC1.25 + I4 Samples 
Quenched from Various Temperatures ( e s t .  e r r o r  *+ 0.01 A ,  
"'0.005 A )  

Quench 

1091 6.067 7.910 5.621 90.88 
I183 6.070 7.889 5.621 90.88 
I285 6.065 7.869 5.620 90.88 
I398 6.065 7.858 5.621 90.97 

6.070 7.854 5.624 90.94 

Temp. ( O K )  a(A)**  b ( A ) *  C ( A ) * *  6(') 

6.073 7.801 5,624 91.18 

Yb:C 
- 
1.389 + 0.015 

1.360 2 0.015 

1.319 + 0.006 

- - 
- 

- 
Table 1 1 :  Observed d-values and R e l a t l v e  l n t e n s l t i e s  of YbCo.95 

I 
w-m 
w-m 
w -m 
W 
W 
W - m  
W 

m-s 
m 
S 

d(f l )  
9.460 
6.529 
4.742 
3.893 
3.859 
3.524 
3.295 
3.091 
2.990 
2.970 

I 
S 
S 
S 
m 
W 
S 
W 

W- l l l  
W 
m- s 

F lgure  I: V a r l a t l o n  of b Parameter and Composition of YbC 
wl th  Quenchlng Temperature 

d(A)  
2.822 
2.744 
2.609 
2.596 
2.504 
2.491 
2.465 
2.436 
2.382 
2.342 

w.. 
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i l q u r e  2 :  The Ytterbium-Carbon Phase Diagram 

F igu re  3: The Vapor Pressure o f  Y t te rb ium I n  E q u i l i b r i u m  w i t h  
YbC, and YbC1.25 t 
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MEASUREMENTS I N  THE SmC2-C AND TmC2-C SYSTEMS 

p---------______/ - 

Robert L .  Se iver"  
and 

Harry A .  Eick* 
5b 2") 

Abst rac t  @- AX& thz;ur., E d  
Samarium 7 nd t ulium dLcarbi e s  have been prepared by d i r e c t  

r e a c t i o n  of t h e  elements i n  sea led  tantalum bombs and an  ex tens ive  
s tudy  of t h e i r  vapor i za t ion  behavior has been completed. 
i n t e r a c t i o n  which w a s  observed was demonstrated t o  have n e g l i g i b l e  
e f f e c t  on t h e  measured decomposition p res su res .  The cause of t h e  
l a r g e  d i sc repanc ie s  i n  prev ious  r e p o r t s  of t h e  SmCg decomposition 
p res su re  w a s  found t o  be  oxygen contamination; most workers inad- 
v e r t e n t l y  have been s tudying  t h e  r eac t ion :  

Container 

Sm203(s) + 3 C(s) + 2 Sm(g) + 3 CO(g) (1) 
The oxide probably r e s u l t e d  from hydro lys i s  by atmospheric water 
vapor.  Samples i n  t h i s  l abora to ry  were observed t o  hydrolyze s i g n i -  
f i c a n t l y  even i n  a Pg05 charged glove-box. 
necessary t o  prevent t h i s  hydro lys i s  a r e  d i scussed .  The c o r r e c t  
va lue  of t h e  decomposition pressure  of samarium i n  equi l ibr ium wi th  
SmC2(s) i s  

Handling procedures 

and t h a t  of thulium i n  equi l ibr ium wi th  TinC2(s )  is 

Resul t s  of second- and th i rd- law d a t a  r educ t ions  a r e  r epor t ed ,  and 
AH:298 is  1 8 . 4  f 1 . 3  kcal/gfw f o r  SmC*(s) and, 20.0 ?r 2.0 kcal/gfw 
f o r  TmCg(s). 
vapor i za t ion  of t h e  l an than ide  d i ca rb ides  and vapor p re s su re  of t h e  
pure  meta l .  

The d a t a  extend t h e  c o r r e l a t i o n  between en tha lpy  of 

In t roduc t ion  

I n  r ecen t  years  a number of i n v e ~ t i g a t i o n s l - ~  of t h e  samarium- 

carbon system have been r epor t ed .  All workers ag ree  t h a t  t h e  most 

* D e p a r t m e n t  of C h e m i s t r y ,  Michigan  S t a t e  Un ive r s i ty ,  Eas t  Lans ing ,  
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c a r b o n - r i c h  phase  is t h e  d i c a r b i d e ,  and t h a t  i t  h a s  a v e r y  narrow 

composi t ion  r a n g e  and v a p o r i z e s  e x c l u s i v e l y  by r e a c t i o n  one .  

SmCZ(s) * Sm(g) + 2C(s) (1) 
However, t h e  r e p o r t e d  v a l u e s  of t h e  e q u i l i b r i u m  samarium decomposi t ion  

p r e s s u r e s  v a r y  wide ly ,  even among d i f f e r e n t  groups  i n  t h e  same l a b o r a -  

t o r y  . For example, a t  1850 K r e p o r t e d  p r e s s u r e s  v a r y  from 1.0~10-~ 

t o  6 . 4 ~ 1 0 - ~  atm. 

1-3 

Close  examination of t h e  d a t a  r e v e a l e d  a t r e n d  w i t h  amount of 

f r e e  carbon p r e s e n t ,  as shown i n  F igure  1. Comparison w i t h  Storms'  
r k  on  t h e  uranium-carbon system7 g i v e s  t h e  f o l l o w i n g  i n t e r p r e t a t i o n .  

The " d i c a r b i d e "  s i n g l e  phase  r e g i o n  ex tends  t o  a C/Sm atom r a t i o  of 

about  2 . 3 ,  beyond which t h e r e  i s  a two phase r e g i o n  t o  C/Sm = 5. 
E i t h e r  t h e r e  e x i s t s  a compound SmC5 o r  up t o  20 mole per  c e n t  samarium 

d i s s o l v e s  i n  g r a p h i t e .  This  i n t e r p r e t a t i o n  i s  i n c o n s i s t e n t  w i t h  d i r -  

e c t  o b s e r v a t i o n s  on t h e  system. 
6 Haschke and Eick have r e p o r t e d  a c o r r e l a t i o n  of t h e  e n t h a l p y  and 

mode of  v a p o r i z a t i o n  of t h e  l a n t h a n i d e  and a l k a l i n e  e a r t h  d i c a r b i d e s  
w i t h  t h e  vapor  p r e s s u r e s  of t h e  pure  m e t a l s  a t  a f i x e d  tempera ture .  

S i n c e  samarium and thulium have t h e  lowes t  vapor  p r e s s u r e s  of t h e  

metals whose d i c a r b i d e s  are expected t o  decompose a c c o r d i n g  t o  

r e a c t i o n  one ,  a c c u r a t e  v a l u e s  f o r  t h e  e n t h a l p i e s  of decomposi t ion  of 
t h e s e  c a r b i d e s  would b e  v e r y  u s e f u l  i n  ex tending  t h i s  c o r r e l a t i o n .  

The p r e s e n t  i n v e s t i g a t i o n  w a s  i n i t i a t e d  t o  e x p l a i n  t h e  a p p a r e n t  

composi t ion  dependence of e n t h a l p y  i n  t h e  Sm system and t o  p r o v i d e  

a n i n g f u l  v a l u e s  f o r  t h e  c o r r e l a t i o n  mentioned above. 

Samarium o r  thu l ium metal (Michigan Chemical Corp.,  S t .  L o u i s ,  

Michigan, 99.9%) w a s  combined w i t h  CP g r a p h i t e  ( F i s h e r  S c i e n t i f i c  C o . ,  

P i t t s b u r g h ,  Pa. ,  degassed  in vacuum a t  2000' b e f o r e  use)  i n  s t o i c h i o -  

metric d i c a r b i d e  composi t ion  and s e a l e d  i n t o  outgassed  tan ta lum ampou- 

les by arc welding i n  a n  a rgon  atmosphere.  Mixtures  were hea ted  t o  
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1400-1600° by induc t ion  f o r  2-6 hours  i n  vacuum. 

opened and t h e  product s t o r e d  i n  an  a rgon  f i l l e d  glove-box. 

The ampoules were 

Samples were analyzed f o r  metal con ten t  bo th  by d i r e c t  combustion 

t o  t h e  se squ iox ide  and by p r e c i p i t a t i o n  as o x a l a t e ,  followed by f i r i n g  

t o  t h e  sesquioxide .  I n  d i r e c t  combustion t h e  Cog w a s  c o l l e c t e d  on 
ascarite and determined g r a v i m e t r i c a l l y .  X-Ray powder d i f f r a c t i o n  

p a t t e r n s  were obta ined  be fo re  and a f t e r  t h e  vapor p r e s s u r e  measurements 

w i th  a Haegg-type Guin ier  powder camera. 

were coa ted  wi th  a t h i n  l a y e r  of p a r a f f i n  o i l  t o  prevent  hydro lys i s  

du r ing  t r a n s f e r  and exposure.  

Samples f o r  X-ray a n a l y s i s  

Vapor p r e s s u r e  measurements were made by t a r g e t  c o l l e c t i o n  
8 Knudsen e f f u s i o n  as desc r ibed  p rev ious ly  . Knife-edged molybdenum 

e f f u s i o n  c e l l s  w i th  o r i f i c e  areas of 7 . 2 ~ 1 O - ~ ( r u n s  1 5 ,  16A, 16B, 16C),  
2 5 . 8 ~ 1 0 - ~ ( r u n s  11, 12,  lMo, 2Mo) and 3 9 . 2 ~ 1 0 - ' ~ ( r u n s  4 ,  6 ,  7) cm2 f o r  

Sm-C measurements and of 1 1 . 8 ~ 1 0 - ~ ( r u n  5 ) ,  1 8 . 1 5 ~ 1 0 - ~ ( r u n  1 2 ) ,  35.8x10-') 
( runs  13 ,  14) and 6 4 . 0 ~ 1 0 - ~ ( r u n s  1, 2, 8) cm2 f o r  Tm-C measurements 

were used. 

s tudy  h igh  carbon compositions,  t h e  d i c a r b i d e  e i t h e r  w a s  mixed wi th  

outgassed  g r a p h i t e  be fo re  it was loaded i n t o  t h e  Knudsen ce l l  ( runs  

11, 15,  16A, 16B, 16C f o r  Sm; 13,  14 f o r  Tm) or  was i n s e r t e d  i n t o  a 

g r a p h i t e  l i n e d  ce l l  ( run  1 2  Sm), and i n  two cases ( runs  lMo and 2Mo) 

a n  equimolar mixture  of SmC2, g r a p h i t e ,  and powdered Mo (325 mesh, 

Fans t ee l  Corp., North Chicago, I l l i n o i s )  was used t o  charge  t h e  ce l l .  

These c e l l s  were charged wi th  0.25-0.65 g samples.  To 

Pressu re  measurements were made a t  success ive ly  inc reas ing  and 

dec reas ing  tempera tures  i n  the  range  1630-2050 K f o r  Sm and 1660-2130 
f o r  7m. Temperatures were measured by s i g h t i n g  on  a black-body h o l e  

i n  t h e  base  of t h e  c e l l  w i t h  an  NBS-calibrated Leeds and Northrup 
d i sappea r ing  f i l amen t  pyrometer. The e f f u s a t e  w a s  condensed onto  

aluminum t a r g e t s  which were analyzed q u a n t i t a t i v e l y  by X-ray f l u o r e s  
cence.  
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R e s u l t s  

All p r e p a r a t i o n s  of  SmC2 y i e l d e d  t h e  golden-colored  t e t r a g o n a l  

form r e p o r t e d  by Spedding," w h i l e  p r e p a r a t i o n s  of  TmC2 y i e l d e d  t h i s  

form when quenched o r  t h e  b l a c k  low-symmetry form r e p o r t e d  by Krupka 

on s low c o o l i n g .  A n a l y t i c a l  r e s u l t s  were g e n e r a l l y  m e t a l - r i c h ,  r a n g i n g  

from C/M = 1 . 7 8  t o  2.02. 

ence ,  was t y p i c a l l y  around 0.8% by weight .  

11 

Oxygen c o n t a m i n a t i o n ,  de te rmined  by d i f f e r -  

The v a p o r i z a t i o n  behavior  of samples  w i t h  l i t t l e  e x c e s s  carbon 

was q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  r e p o r t e d  p r e v i o u s l y .  No unusual  

e h a v i o r  w a s  no ted  f o r  samples  w i t h  C/M < 3. Metal  r i c h  samples  Q 
showed h i g h  e r r a t i c  p r e s s u r e  a t  f i r s t ,  t h e n  s t a b i l i z e d .  C a l c u l a t i o n  

from weight  l o s s  d a t a  showed t h a t  s t a b l e  p r e s s u r e s  were achieved  v e r y  

c l o s e  t o  t h e  MC2.00 composi t ion .  

When e x c e s s  g r a p h i t e  w a s  added t o  t h e  e f f u s i o n  samples ,  however, 

b e h a v i o r  was q u i t e  d i f f e r e n t  from t h a t  r e p o r t e d  by e a r l i e r  workers .  

P r e s s u r e s  were f i r s t  h i g h ,  t h e n  decreased  s h a r p l y  a f t e r  2-3 hours  

h e a t i n g .  The f i r s t  p a r t  showed a lower tempera ture  dependence,  as 

p r e d i c t e d  i n  F i g u r e  1, b u t  not t h e  lower p r e s s u r e  t h a t  w a s  a l so  

r e p o r t e d .  The second p a r t  of  t h e  r u n ,  however, gave p r e s s u r e s  iden-  

t i c a l  t o  t h o s e  measured w i t h  l i t t l e  e x c e s s  carbon p r e s e n t .  A t y p i c a l  

example of  s u c h  a r u n  i s  shown i n  F i g u r e  3a. The d a t a  p o i n t s  a r e  

numbered i n  t h e  o r d e r  i n  which t h e y  were taken .  F u r t h e r  exper iments  

showed t h a t  t h e  b e h a v i o r  was dependent  on  e l a p s e d  t ime,  n o t  a s c e n d i n g  

o r  descending  tempera ture .  

Two o t h e r  f e a t u r e s  were observed  a b o u t  t h e  f i r s t  p a r t  o f  s u c h  e uns .  F i r s t ,  r e s i d u a l  p r e s s u r e  i n  t h e  vacuum sys tem was somewhat 

h i g h e r  t h a n  expec ted .  Second, f o r  TmC2-C samples ,  t h e  d u r a t i o n  of  t h e  

f i r s t  p a r t  of  t h e  r u n  w a s  r e l a t e d  t o  t h e  d u r a t i o n  of  s t o r a g e  of t h e  

sample,  and t h i s  i n i t i a l  h i g h  p r e s s u r e  b u r s t  c o u l d  n e a r l y  be  e l imina-  

t e d  by u s i n g  f r e s h l y  p r e p a r e d  TmC2(s) and g r a p h i t e .  

s e r v e d  t h a t  TmCz(s) is n o t  q u i t e  as s u s c e p t i b l e  t o  h y d r o l y s i s  as 

SmC2 (s)  . 
It had been ob- 
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To check f o r  poss ib l e  con a i n e r  i n t  rac ion ,  an  e f fus ion  experi-  
ment w a s  e f f ec t ed  i n  a ce l l  f i t t e d  with a g r a p h i t e  l i n e r  ( run 12 ) .  

The behavior w a s  almost i d e n t i c a l  t o  t h a t  of run 11 (Figure 4a ) .  The 

two experiments i n  which molybdenum powder was added t o  t h e  sample did 

not  show t h e  i n i t i a l  high pressures .  Careful  examination of t h e  X-ray 
d i f f r a c t i o n  p a t t e r n s  of t h e  samples a f t e r  e f fus ion  showed i n  two 

ins t ances  t h e  t h r e e  s t ronges t  l i n e s  of t h e  Mo2C p a t t e r n ,  but  even when 
50% of t h e  sample had been depleted these  were among t h e  weakest l i n e s  

observed. Thus, con ta ine r  i n t e r a c t i o n  does not a f f e c t  t h e  vapor pres- 

s u r e  of t h e  metal s i g n i f i c a n t l y .  

I n  one experiment with a high carbon content  sample, a Tesla c o i l  

w a s  used t o  e x c i t e  a discharge i n  t h e  r e s i d u a l  gas. 

discharge w a s  a l i g h t  blue--a co lo r  a t t r i b u t e d  t o  a carbon monoxide 

discharge . 

The co lo r  of t h e  

I n  experiment 16, a sample of SmCZ(s) w a s  mixed with g raph i t e  and 

vaporized (16A) i n  t h e  normal manner. It was then s to red ,  using 

handling techniques described below, f o r  only t h e  time required t o  

prepare t h e  apparatus  f o r  a new run (16B). 

using t h e  same precaut ions,  but  with 1 7  mg calcined Sm203 added be fo re  

t h e  next  run (16C). 

It w a s  then s to red  aga in  

The drybox w a s  modified f o r  t h i s  la t ter  experiment so that t h e  

argon atmosphere was r e c i r c u l a t e d  through columns of a c t i v a t e d  alumina 

regenerated a t  425 ' ,  i n s t ead  of being exposed t o  open d i shes  of phos- 

phorus pentoxide. Oxygen w a s  removed using t h e  c a t a l y s t  BASF R3-11. 

Also, t h e  Knudsen ce l l  w a s  bathed i n  a d ry  argon stream during t h e  

t r a n s f e r  t o  t h e  t a r g e t  c o l l e c t i o n  apparatus.  

16A and B, and between 16B and C ,  was less than 4 hours. 

The t i m e  between runs 

The r e s u l t s  are shown i n  Figure 4b,c,d.  Run 16A gave t h e  expected 

behavior;  although t h e  s c a t t e r  w a s  somewhat higher  than usua l ,  po in t s  

5 ,  6, 7 and 8 are wi th in  2.50, o r  99% confidence l e v e l ,  of t h e  l i n e  

f i n a l l y  assigned t o  condensed SmC2. Po in t s  1, 2, 3 and 4 are high by 
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3.5-4.50. A high system pressure was observed during the exposure of 

targets 1-4. Run 16B did not show this initial behavior, although 

there was a brief pressure surge as the cell was being heated. The 

pressure was high throughout run 16C, and all points from it are high, 

five of them by >2.50. Thus the effect noted in the first part of the 

high-carbon experiments is identical to that which results from addi- 

tion of oxide. In view of the known hydrolysis behavior of the dicar- 

bides it can be concluded that traces of oxide caused the anomalous 

behavior in the high carbon content runs. 

All SmC2 data points where oxygen contamination was absent are @ 
shown in Figure 2. The linear least-squares equation describing the 

62 data points in the temperature range 1630-2050 K is 

In PSm(atm) = [(-32,740 ?r 460)/T] + (8.84 ? 0.25) (2) 
where the uncertainties are calculated standard errors. Likewise for 

TmC2, as shown in Figure 3, the linear least-squares line through the 

46 data points in the temperature range 1660-2130 K is 

In PTm(atm) = [(-35,570 ? 31+0)/Tl + (8.98 * 0.18) ( 3 )  

From these equations, the following thermodynamic data, together with 

their standard deviations, are calculated: For SmC2, (reaction one), 

AH7840 = 65.07 f 0.91 kcallgfw, AST840 = 17.57 f 0.50 eu; and for TmC2 

in the analogous reaction 4 ,  AHT895 = 70.68 f 0.68 kcallgfw, AS;e95 = 

17.85 * 0.36 eu. 
using published heat content and entropy data I3-l5 and the following 

assumptions. 

for the tetra- f CaC2 of the same crystal modification. 

onal to cubic conversion (1.33 kcal/gfw)14 of CaC2 at 720 K was used 

These second-law values have been corrected to 298 K 

The heat content of SmC2 and TmC2 was assumed to be that 

The ‘*trans 

but correction was made for the fact that the transition occurs at 

1170 K for SmC2 and 1355 K for TmC2I6. 

tion with the listed error indicating the composite of standard devia- 

tion and estimated error in thermodynamics values are: AHt298 (Sdz) = 

The results of this data reduc- 
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= 68.4 f 1 . 3  kca l /gfw;  ASG298 (SmC,) = 22., f l., eu;  

77.7 f 1 . 3  kca l /gfw,  ASG298 (TmC2) = 26.2 t 1 . 2  eu.  
AHG2g8 (TmC?) = 

Third  l a w  AH0298 h a s  been c a l c u l a t e d  u s i n g  f r e e  energy f u n c t i o n s  
15 ,17 ,18 ,  . fef),c2 = fe fCaC2 - approximated f o r  I l C 2 ( s )  as f o l l o w s  

fe fCa  + f e f M .  
t i o n s  f o r  g r a p h i t e ,  gaseous  samarium, and gaseous  thul ium to o b t a i n  

Afef v a l u e s  f o r  r e a c t i o n  one. - 67.2 * 1 . 2  kca l /gfw and A11'298 (TmC?) = 73.3 f 1.2 kcal /gfw.  No 

tempera ture  t r e n d  w a s  observed  f o r  e i t h e r  t h i r d - l a w  t r e a t m e n t .  The 

second- and t h i r d - l a w  e n t h a l p i e s  f o r  TmC2 a r e  n o t  i n  p a r t i c u l a r l y  

good agreement .  It i s  n o t  known whether t h i s  l a c k  of agreement i s  due 

t o  f a i l u r e  t o  c o n s i d e r  t h e  low tempera ture ,  l o w  symmetry m o d i f i c a t i o n  
11 of TmC2 r e p o r t e d  by Krupka, e t  a l .  

These w e r e  combined w i t h  publ i shed  f r e e  energy  func-  

The t h i r d  law v a l u e s  are AH:298 (SmC2) 

The averaged  v a l u e s  of AHG298 have been combined w i t h  t h e  e n t h a l p y  

of f o r m a t i o n  o f  t h e  gaseous  metals a t  298 K t o  g i v e  AH.298 (SmC2) = 

la.,, t 1 . 3  kca l /gfw and AH;z98 (TmC2) = 20.0 +_ 2.0 kcal /gfw.  

Discuss ion  

f 

It is proposed t h a t  t h e  c a u s e  of anomalous behavior  i n  high-  

carbon samples  is o x i d e  contaminat ion .  

s t u d i e d  is 

The r e a c t i o n  a c t u a l l v  be ing  

Sm2Og(s) + 3 C ( s )  -+ 2Sm(g) + 3CO(g) (5) 
or a similar r e a c t i o n  i n v o l v i n g  a n  o x i d e c a r b i d e ,  which Rives  a h i g h e r  

samarium p r e s s u r e  and a l s o  a c c o u n t s  f o r  t h e  h i g h e r  r e s i d u a l  system 

p r e s s u r e .  Vickery h a s  used12 a s i m i l a r  r e a c t i o n  (6) t o  p r e p a r e  con- 

densed SmC2; 

Sm203(s) + 7C(s) + 2Smc,(s) + 3CO(g) 

he s t a t e s  t h a t  e l e m e n t a l  samarium was observed  upon microF,raphic  

examinat ion  o f  quenched r e a c t i o n  mixtures .  

p roceeds  i n  t w o  s t e p s ,  t h e  f i r s t  of which is r e a c t i o n  f i v e .  

o b s e r v a t i o n  of t h e  CO color i n  t h e  d i s c h a r g e  s u p p o r t s  t h i s  h y p o t h e s i s .  

T h i s  r e a c t i o n  probahly  

The 
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Runs 1Mo and 2Mo did not show initial high pressures probably 

because the oxygen was lost as volatile molybdenum oxides. 

All reported lower pressures and enthalpies of vaporization 

from high carbon content samarium dicarbide samples have concerned 

experiments conducted with a mass spectrometer. Because of the 

speed with which mass-spectrometric measurements can be made, the 

experiments were probably complete before residual oxygen had been 

evolved completely as CO(g), and the change in pressure v7as not 

observed. Likewise, absolute pressure measurements with a mass 

pectrometer are at best uncertain; and without the above mechanism 8 it is very difficult to rationalize higher Sm pressures over Sm- 
depleted samples. 

this effect. This weighting yielded as a result the very high 

pressures reported for stoichiometric samples. 

Calibration data were probably weighted to remove 

There is only one value for the vapor pressure of Sm and Tm 

in the entire two-phase MC2-C region. 

very close to that reported by Faircloth3, whose work was done by 

target collection on almost stoichiometric samples. Our work extends 

and confirms his data. 

both in Faircloth's work and in the portions of this study done on 

nearly stoichiometric samples, but its effect was masked by the similar 

effect of sesquicarbide usually present in dicarbide preparations. The 

failure to observe an oxide species in X-ray diffraction patterns is 

not disturbing. First, it would not be present after a vaporization 

xperiment; second, run 16C shows that the sesquioxide contamination 

equired is so small it would be unobservable by X-ray diffraction; 

The value for samarium is 

Oxygen contamination was probably present 

and third, oxide formed by hydrolysis has very poor crystalline struc- 

ture and would have to be annealed before it could be observed, even 

if it is present in large amounts. -- 
The values of AHqg8 for vaporization of SmC2 and TmC2, when 

plotted against the pure metal log P1500 of -1.60 and -2.36 respectively, 
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extend  v e r y  w e l l  Haschke 's  c o r r e l a t i o n '  f o r  t h e  l a n t h a n i d e  and a l k a l i n e  

e a r t h  d i c a r b i d e  e n t h a l p i e s  o f  v a p o r i z a t i o n .  
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Figure 1. Apparent Dependence 
of Enthalpy on Bulk Composition 
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FIGURE 4 .  Vaporization Behavior of High Carbon Content Samples 
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vISOTOPIC ENRICHMENT O F  THE PRi DUCT OF A LANTHANIDE 

David 0. Campbell 
Oak Ridcle National La- 

M-RAse,.Tenna&e 

ABSTRACT 

A procedure i s  described which results in a substantial enrichment of the 
product isotope resulting from neutron capture by a lanthanide isotope. The lan- 
thanide i s  loaded by ion exchange into a faujasite zeolite (Linde X or Y), given an 
appropriate heat treatment, irradiated in a nuclear reactor, and f inal ly eluted with 
a concentrated salt solution. Typically, the eluate contains about 50% of the neu- 
tron capture product and less thon 1% of the target isotope. The reaction has been 
demonstrated with praseodymium, neodymium, erbium and thulium, as well as with 
zeolites containing two rare earths. 

INTRODUCTION 

The motivation for this work was the need to prepure multigram amounts of 
247c 

isotopes l ike 

low concentrations in products frorn high exposures in nuclear reactors. The work 

reported here i s  primarily concerned with studies of lanthanide elements, which were 

used as stand-ins for actinides during in i t ia l  studies. The lanthanides, however, are 

of interest in themselves, and they also offer potential large scale applications. For 

example, I7OTm and I7'Tm have been considered for heat sources. 

rn and others which may have great value but which exist only in 

*Reseoxh sponsored by the U. S. Atomic Energy Commission under contract with the 

Union Carbide Corporation. 
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For several decades there has been research directed toward the separation 

and enrichment of the product isotope resulting from a nuclear reoction, with re- 

spect to the target isotope. The well-known Szilard-Chalmers reaction’ presented 

o solution to the problem, but there are cases in which application of this reaction 

i s  diff icult. In particular, i f  significant production of o nuclear reaction product i s  

desired, as compared to tracer levels, then radiation damage may seriously l imit 

application of this method. 

Such an enrichment reaction i s  necessary only i f  the product and target ore @ otopes of the xlme element, as in o neutron capture (n,y) reaction, since a chemi- 

tal separation i s  possible i f  they are different elements. If they are isotopes of the 

same element a chemical separation i s  generally not practical, and separation de- 

pends on the physical effects of the nuclear reaction which created the product, or 

on a physical method such os electromagnetic separation. 

The physicol effects result from recoil of the nucleus. In the case of neutron 

capture by a lanthanide or actinide the recoil energy arises from prompt gamma 

emission following neutron capture. Although the total energy dissipated i s  in the 

region of 5 to 10 MeV, the product nucleus receives only 100 to 200 ev a t  most. If 
there are two or more gammas emitted, the product may receive very much less recoil 

energy. 

In the Szilard-Chalmers reaction the recoil energy breaks a chemical bond; 

the product i s  ejected from a molecule in which i t  was bound and with which i t  

ill not readily recombine (for example, iodine in ethyl iodide). In the cose of Q anthonide elements such a reoction is  less available because these trivalent metals 

do not readily form covalent compounds like ethyl iodide. They do form some rather 

stable chelates, however, and such compounds are being studied elsewhere. Such 

chelates are organic, and organic compounds are not suited for extended irradiation 

in nuclear reactors. 

In view of these factors we considered the possible behavior, under irradiation, 

of various inorganic materials which could contain lanthanides or actinides. Certain 
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zeolites were selected for study because of their promising combination of both 

chemical ond physical properties. Zeolites are inorganic, so they might have 

adequate radiation stabil ity to permit significant production. They are composed 

of aluminum, silicon and oxygen, 0 1 1  of which have small neutron capture cross- 

sections. They contain exchongeoble cations which permit one to introduce various 

metals into the structure. Finally, they contain a remarkable system of intercon- 

nected pores. 

2 

ZEOLITE PROPERTIES 

One class of zeolites was selected for in i t ia l  study, consisting of the mineral 

faujasite and the structurally similar synthetic zeolites, Linde X and Linde Y. All  

experiments to date hove been done with Linde X or Y. The sturcture of this zeolite 

i s  known (see reference 2 for review), and the important feature i s  the dual pore 

system, consisting of two sizes of interconnected pores (Fig. 1). Zeolites consist of 

tetrahedra formed by the four oxygen atoms coordinated about a central metal atom, 

silicon or aluminum; these S i 0 4  and A104 tetrahedra are interconnected by the 

oxygen atoms, each of which i s  shared between two such tetrahedra. In Fig. 1, 

each intersection of lines represents a metal atom, S i  or AI, and the lines represent 

the bridging oxygen atoms about each metal. 

The small pore system (shaded in  Fig. 1 )  consists of truncated octahedra, culled 

sodalite cages, interconnected a t  alternate hexagonal faces by hexagonal prisms. The 

octahedra are approximately 6.5 b in free diameter--large enough to contain four 

water molecules; and the hexagonal foces hove a free diameter of about 2.5 1, near 

the size of many ions. This network of small pores also defines a second system of 

much larger pores, called supercages. The supercages are about 12 1 in free diam- 

eter and interconnected by 12-sided openings of 8 to 9 d diameter. The supercages 

and the smll pore system communicate via the hexagonal faces with 2.5 1 free 

diameter. 
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The ion exchange property arises from the presence of aluminum in the 

structure, in  place of silicon. Aluminum lacks one positive charge to satisfy the 

four shared oxygens around it, so there i s  one equivalent of some cation in the 

v ic in i ty of eoch A I 0  tetrahedron in the structure. 4 

Commercial Linde X or Linde Y consists of small crystals of this structure, 

usually agglomerated into larger shapes with a c lay and alumino-silicate binder. 

The resulting material has an ion exchange capacity of a few rnilliequivalents 

g a m  of zeolite, depending on the p r t i cu la r  material. 

Lanthanide exchanged Types X and Y zeolites are valuable catalysts for 

certain industrial chemical processes, and as a result they have received consider- 

able study during the last few years. When these zeolites ore contacted with an 

aqueous lanthanide solution the lanthanide ions are strongly absorbed, readily 

displacing alkal i  and alkaline earth ions.3 The lanthanide ions enter the large 

supercages. When such an exchanged zeolite i s  heated to dehydrate the system 

(350 to 700OC) the lanthanide ions move into the small pore 

are not readily exchanged bock out of the crystal. 

and they 

This structure offers the possibility for separation of the product of a nuclear 

reaction. The target material, lanthanide or actinide, i s  fixed in the small pore 

structure, and the large pores are essentially unoccupied. Gamma recoil w i l l  eject 

product atoms from the small pores, and some fraction of them should end up in the 

supercages where they may be accessible to exchange. 

EXPERIMENTAL 

Nearly a l l  work has been done with Linde 13X zeolite exchanged with several 

lanthanides, including praseodymium, neodymium, erbium and thulium. The prepara- 

tion of a praseodymium loaded zeolite (PrX) i s  typical: contact 1 gram Linde 13X 

for 15 minutes with excess P r (N0  ) solution (the pH should be near 5), repeat, 

wash, dry, and ignite to 5 O O O C  to drive the lanthanide into the small pore structure; 
3 3  

-45 1 - 



repeat the looding procedure to assure a high degree of exchange; after ignition 

elute (or leach) the zeolite several times with 10% LiCl solution to remove any 

lanthanide which i s  readily exchangeable; contact with C O ( N O ~ ) ~  solution to dis- 

place most of the lithium ions, wash, dry, and again ignite to 500' to yield a dry 

product for reactor irradiation. 

The zeolites were irradiated in a pneumatic tube fac i l i t y  in the Oak Ridge 

Research Reactor at  a thermal flux of 4 to 5 x IOl3 n/cm2.sec for times from a 

few seconds to ten minutes. The irradiated zeolites were eluted by contacting with 

10 M or 1 1  

the neutron capture product was determined from the intensity of the characteristic 

gamma ray in both the zeolite and the eluate, measured with a 3 x 3 in. Na l  

crystal spectrometer with 512 channels, or, for low energy gammas, a 5 cm3 lithium 

drifted germanium detector with a 400 channel analyzer. Conditions were chosen 

to provide adequate resolution to crvoid interferences such as manganese, copper, 

sodium and chlorine. The amount of target material eluted along with the product 

was determined by activation analysis; the product was recovered by precipitation 

with aluminum carrier and reirradioted, generally for a time longer than the in i t ia l  

zeolite irradiation. Appropriate corrections were made for decay. 

L iCl  solution (or other concentrated salt solutions). The yield of - 

RESULI'S AND DISCUSSION 

Typical results are shown in  Table 1 for Linde X zeolite exchanged with 

natural praseodymium, neodymium,, erbium, and thulium, respectively. Generally, 

40 to 60% of the neutron capture product was eluted, olong with about 1% of the 

target material. Thus, enrichment factors (the ratio of specific act iv i ty of the ' 

eluate to the average specific act iv i ty of a l l  material) are in the v ic in i ty of 50. 

In two cases (A and C) the target zeolite was recovered after the first 

irradiation, reirradiated, and eluted again. Yields were similar in the second 

cycle, showing that the same zeolite may be re-used, a t  least with short irradiations 

such as these. 
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There were several variations in elution procedure. Sodium sulfate was 

generally a somewhat less effective eluant than lithium chloride. Similar results 

were observed at  temperatures of 25' and 9OOC. Time of elution i s  clearly an 

important variable, but i t  was not studied systematically. Most of the product 

recovered was eluted in the first fraction, even with elution times of f ive minutes 

or less (C). Subsequent elution, even for hours, removed l i t t le  product (Tables 1(D), 

2 and 3). 

These results indicate that both light and heavy rare earths may be used, 

i th results which are generally similar. There appears to be some difference in 

yields, with praseodymium usually giving higher yields than the others. This 

could result from physical effects (the recoil energy distribution of the product) 

or from chemical effects (the extent and nature of loading with different rare 

ea rths). 

The amount of stable target moterial in the activated product was usually 

less than 1%, but sometimes more. High values would result from inadequate elution 

of the zeolite before irradiation, or from entrainment of some of the zeolite with 

the eluate. However, we have been unable to reduce target elution to less than a 

few tenths of a percent, and this places an ultimate l imit on attainable enrichment. 

The effect of partial exchange (or loading) of the zeolite i s  shown for two 

different loadings in Table 2. On ly  enough praseodymium was used to exchange 25% 

or 40% of the total zeolite capacity; the rest of the exchangeable ions were calcium 

nd a l i t t le sodium and lithium. A t  the lower loading the yield was only a few per- @ ent, even after elution over a weekend. A t  40% loading the yield was much 

higher, but s t i l l  less than that of highly loaded zeolites. In both cases, what did 

elute was enriched. These results show that yield depends markedly on the extent 

of loading of lanthanide in the zeolite. 

A high yield i s  obtained, however, i f  the total lanthanide looding i s  large; 

not necessarily just the target element. This i s  shown in Table 3 for three zeolites, 
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a l l  partially loaded to the some praseodymium content. When the rest of the 

exchange capacity was calcium, the yield was low as in Table 2. When the zeolite 

was highly loaded by adding erbium or yttrium the yield was high. In fact, the 

142Pr yield from the PrYX zeolite was the highest we have obtained. 

With the PrErX zeolite i t  was practical to determine the behavior of both 

142Pr and 171Er. It i s  interesting that the yield of erbium was lower; and, in fact, 

both elements behaved very much 13s they do alone. Perhaps the lower yield of 

erbium in this case reflects a lower fraction of neutron capture reactions in 

which the product atom has enough recoil energy to be freed. 

Similar studies are being made with actinide elements, particularly 

americium and curium. In general, results are similar, and best results have been 

obtained with Linde X partially loaded with actinide and then subsequently loaded 

with excess yttrium or praseodymium. There is  a tendency for elution of target 

actinides to be higher than for lanthanides. This may result from damage by the 

alpha radiation of the actinides, but it i s  not related in an obvious way to the 

alpha intensity. 

FUTURE APPLICATIONS 

The isotope enrichment process has been demonstrated for production of 

enriched neutron capture isotopes at  tracer and somewhat higher levels useful for 

many experimental purposes. A yield of about 50% of the neutron capture product 

i s  usually obtained, along with less than 1% of the target isotope. The process 

appears to be applicable generally to trivalent lanthanide and lanthanide-like 

ions. It i s  obviously applicable to reactions yielding a different product element 

from h e  target. 

In regard to production of significant quantities of enriched isotopes, the 

primary uncertainty i s  the effect of high radiation exposures. No  significant effects 

have been observed a t  exposures of ten minutes a t  5 x 1013 n/cm2.set, but pro- 

duction of a heavy isotope like 247Cm benefits from exposures hundreds of times 
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6 greater than this. Long irradiations have not yet been made. Linde X i s  reported 

to maintain i t s  gas absorption and ion exchange properties a t  exposures up to the 

range of IOl9 fast n/cm2, but fast neutron damage w i l l  certainly ploce an ultimate 

l i m i t  on this process. 

The product obtained by conventional neutron irradiation of 246Cm contains 

m a t  equilibrium. With enrichments similar to those reported here 247c about 2% 

for rare earths, one could ideally achieve a product containing about 400/0 247Cm. 

However, i f  one limits the neutron exposure to a fast fluence of in a highly 

hermal reactor (an exposure far below the optimum for 247Cm production), then 

m content of the enriched product would be 10 to 15%. Such a product Q 247c the 

would be vastly superior to any now obtainable as a feed for electromagnetic 

separation. 
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Table 1. Neutron Capture Product Enrichment by Zeolite Elution 

Description Yo of Isotope in Fraction 

(A) Irradiate 100 mg PrX 0.5 min 
Elute with: 

1 m l  1 1  M LiCI, 10 min, 25" 
1 m l  1 1  m LiCI, 15 min, 90" 

Remaining% PrX 
Wash PrX, ignite to 450°, reirradiate 1 min 
Elute with: 

1 m l  sat. Na2SO4, 10 min, 25" 
1 m l  1 1  M LiCI. 15. 90" , .  

Remaining% PrX 

(B) Irradiate 52 mg NdX 15 sec 
Elute with: 

1 ml sat. Na2S04, lOmin, 90" 
1 ml 10 M LiCI, 5 rnin, 90" 
1 m l  1 0 m  LiCI, 5 min, 90" 

Remaining% NdX 

(C) Irradiate 100 mg ErX 15 sec 
Elute with: 

1 ml 10 M LiCI, 5 min, 25" 
1 m l  lOmL iC l ,  lOmin, 90" 
1 mI  1 0 i J  LiCI, 20 min, 90" 

Remaining% ErX 
Wash ErX, ignite to 500°, reirradiate 2 min 
Elute with: 

1 rnl 10 M LiCI, 1.5 min, 25" 
1 ml  10m LiCI, 15 min, 25" 

Remaining% ErX 

(D) Irradiate 50 mg TmX 10 min 
Elute with: 

3 m l  10 M LiCI, 15 min, 25" 
3 m l  l O n  LiCI, 15 min, 25" 
3 m l  l o r n  LiCl, 18 hr, 25" 

Remining% TmX 

~~ ~~ ~ 

'not determined. 
* 
radiwct ive neutron capture product. 
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14' ~r 

0.76 
0.54 

- 

98 

0.52 
0.59 
# 

148Nd 

0.75 
0.8 
0.5 
if 

70Er 

1.5 
0.8 
3.6 

- 

94. 

0.8 
0.6 

# 

69Tm 

# 
# 
# 
# 

14++* 

49. 
13. 
38. 

40. 
18. 
42. 

149Nd* 

17. 
25. 
6. 

52. 

171Er* 

36. 
10. 
8. 

46. 

25. 
11. 
64. 

70Tm * 

36. 
4. 
3. 

57. 



Table 2. 142Pr Yield from Partially Loaded Zeolite 

% of Isotope in Fraction 

Description 14' ~r ' 4 2 ~ r *  

(A) Linde X 25% saturated with Pr 
Irradiate 100 mg for 'I rnin 
Elute with: 

1 m l  10 M LiCI, 4 rnin, 25' 0.2 3.2 
1 m l  l o r n  LiCI, 2 min, 25' 0.2 1.6 
1 ml l o r n  LiCI, 61 hr, 25' 0.1 3.2 

Remaining% PrX # 92. 

(B) Linde X 40% saturated with Pr 
Irradiate 100 mg for I min 
Elute with: 

1 m l  sat. Na2SO4, 5 min, 25' 0.34 14.1 

Remaining% PrX # 76.2 
1 ml 10 M LiCI, 5 min, 25' 0.36 9.7 

'not determined, 

neutron capture product. 
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Table 3. Effect of Mixed Loading on Yields 

PrX - 30% Pr--70% Ca loaded Linde 13X 
PrErX - 30% Pr--70?/o Er  lwded Linde 13X 
PrYX - 30% Pr--70% Y lwded Linde 13X 

Irradiate 50 rng each for 1 rnin 
Elute with: 

L1 - 1 rnl 10 M LiCI, 5 min, 25' followed by 
L2 - 1 m l  lOA LiCI, 16 hr, 25' - 

% of Isotope in Each Fmction 
14' ~r 142pr* 170Er 171Er* 

PrX - L1 
L2 
zeolite 

PrErX - L1 
L2 
zeolite 

PrYX - L1 
L2 
zeolite 

0.7 15.1 
0.6 15.5 - 69.4 

0.5 50.8 
0.4 13.2 

- 36. 

1.2 57.4 
0.5 9.2 

- 33.4 

- 
- 
- 

34.6 
16.1 
49.3 

- 
- 
- 
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