PHYSICAL REVIEW B 100, 235132 (2019)

Optical and photoemission investigation of structural and magnetic transitions in the iron-based

superconductor Sry ¢;Nay 33Fe,As, |[HPSTAR

881-2019

R. Yang,1’2’3’* J.W. Huang,z’3 N. Zaki,! 1. Pletikosié,* Y. M. Dai,’ H. Xiao®.° T. Valla®,! P. D. Johnson,!
X. J. Zhou,>*"-8 X. G. Qiu,>>7-" and C. C. Homes ®!-#
! Condensed Matter Physics and Materials Science Division, Brookhaven National Laboratory, Upton, New York 11973, USA
2Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

3School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
4Department of Physics, Princeton University, Princeton, New Jersey 08544, USA
3Center for Superconducting Physics and Materials, National Laboratory of Solid State Microstructures
and Department of Physics, Nanjing University, Nanjing 210093, China
Center for High Pressure Science and Technology Advanced Research, Beijing 100094, China
7Songshan Lake Materials Laboratory, Dongguan 523808, China
8Beijing Academy of Quantum Information Science, Beijing 100193, China

® (Received 1 October 2019; published 20 December 2019)

We report the temperature-dependent optical conductivity and angle-resolved photoemission spectroscopy
(ARPES) studies of the multiband iron-based superconductor Srj¢;Nag 33Fe;As,. Measurements were made in
the high-temperature tetragonal paramagnetic phase, below the structural and magnetic transitions at 7y >~ 125 K
in the orthorhombic spin-density-wave (SDW)-like phase and 7, ~ 42 K in the reentrant tetragonal double-Q
magnetic phase where both charge and SDW order exist, and below the superconducting transition at 7, ~ 10 K.
The free-carrier component in the optical conductivity is described by two Drude contributions: one strong and
broad and the other weak and narrow. The broad Drude component decreases dramatically below 7y and 7,,
with much of its strength being transferred to a bound excitation in the midinfrared, while the narrow Drude
component shows no anomalies at either of the transitions, actually increasing in strength at low temperature
while narrowing dramatically. The behavior of an infrared-active mode suggests zone folding below 7. Below
T. the dramatic decrease in the low-frequency optical conductivity signals the formation of a superconducting
energy gap. ARPES reveals holelike bands at the center of the Brillouin zone (BZ), with both electron- and
holelike bands at the corners. Below Ty, the hole pockets at the center of the BZ decrease in size, consistent with
the behavior of the broad Drude component; however, below 7, the electronlike bands shift and split, giving rise
to a low-energy excitation in the optical conductivity at ~20 meV. The C, and C, magnetic states, with resulting
spin-density-wave and charge-SDW order, respectively, lead to a significant reconstruction of the Fermi surface
that has profound implications for the transport originating from the electron and hole pockets but appears to
have relatively little impact on the superconductivity in this material.
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I. INTRODUCTION

The discovery of iron-based superconductors prompted an
intensive investigation in the hope of identifying new com-
pounds with high superconducting critical temperatures T
[1-4]. In many of the iron-based materials, superconductivity
emerges with the suppression of antiferromagnetic (AFM)
order, suggesting that the pairing mechanism is related to the
magnetism. Indeed, the iron-based materials display a variety
of magnetically ordered ground states [5-9] that may either
compete with or foster the emergence of superconductivity.
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One class of materials, AFe,As,, where A= Ba, Ca, or
Sr (the so-called 122 materials), is particularly useful as
superconductivity may be induced through a variety of chem-
ical substitutions [10-20], as well as through the application
of pressure [21-24]. The phase diagram of Sr;_,Na,Fe;As;
has a number of interesting features. At room temperature,
the parent compound SrFe,As, is a paramagnetic metal
with a tetragonal (/4/mmm) structure. The resistivity in the
iron-arsenic planes decreases with temperature until it drops
anomalously as the material undergoes a magnetic transition
at Ty ~ 195 K to a spin-density-wave (SDW)-like AFM
ground state that is also accompanied by a structural transition
to an orthorhombic (Fmmm) phase [25-30]. The crystals
are heavily twinned in the orthorhombic phase; however, the
application of uniaxial stress along the (110) direction of
the tetragonal unit cell results in a nearly twin-free sample
[31,32]. The magnetic order may be described as AFM stripes,
where the iron spins are aligned antiferromagnetically along
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the a axis and ferromagnetically along the b axis [33,34];
this is also referred to as the magnetic C, phase due to its
twofold rotation symmetry. As the sodium content increases,
the magnetic and structural transition temperatures decrease
until both disappear at x >~ 0.48; superconductivity appears
well before this point at x >~ 0.2 and reaches a maximum
of T, ~ 37 K for x >~ 0.5-0.6. Between 0.29 < x < 0.42, an
additional magnetic and structural transition occurs below Ty
at T,; the tetragonal (I4/mmm) phase reemerges, forming a
dome which lies completely within the AFM region. This
phase appears to be a common element in the hole-doped 122
materials [35-45]; however, in Sr;_,Na,Fe,As, the dome is
more robust and occurs over a wider doping range at tem-
peratures up to 7, >~ 65 K [39,40], which is higher than what
has been observed in other compounds. This magnetic order
is described as the collinear superposition of two itinerant
SDWs with nesting wave vector Q, leading to a double-Q
SDW [44.,45] in which half the iron sites are nonmagnetic
and half have twice the moment measured in the orthorhom-
bic AFM phase, oriented along the c¢ axis [46,47]; this is
referred to as the magnetic C4 phase because of its fourfold
rotational invariance. This magnetic state is accompanied by
a charge-density wave (CDW) with the charge coupling to
the square of the magnetization, resulting in a charge-SDW
(CSDW) [48].

In this work, the complex optical properties and
angle-resolved photoemission spectroscopy (ARPES) of
Srg¢7Nag33Fe,As, are investigated in the high-temperature
tetragonal phase, as well as the magnetic C, and C4 phases.
The value of x ~ 0.33 used in the current study is slightly
below the optimal value of x >~ 0.37 that bisects the C; dome
in the Sr;_,Na,Fe,As, phase diagram [39]. Based on trans-
port studies, Ty >~ 125 K, 7, ~ 42 K, and 7, ~ 10K. In the
high-temperature tetragonal paramagnetic state, the optical
response of the free carriers is described by two Drude terms
(Sec. IITIA): one strong and broad (large scattering rate) and
the other weak and narrower (smaller scattering rate); as the
temperature is reduced, the strength of the Drude terms shows
relatively little temperature dependence, while the scattering
rates slowly decrease. Below 7Ty, the Fermi surface recon-
struction driven by the structural and magnetic transitions
causes both the strength and the scattering rate for the broad
Drude term to decrease dramatically; the missing spectral
weight (the area under the conductivity curve) associated
with the free carriers is transferred to a peak that emerges
in the midinfrared. The narrow Drude term actually increases
slightly in strength below Ty while narrowing. Below T, in
the magnetic C4 phase, the broad Drude term again narrows
and decreases in strength; while the strength of the narrow
term does not appear to change, its scattering rate decreases
dramatically. Based on the behavior of an infrared-active
lattice mode, the presence of CSDW order likely results in
the formation of a supercell resulting in zone folding, leading
to a further reconstruction of the Fermi surface; while spectral
weight is again transferred from the broad Drude to the mid-
infrared peak, a new low-energy peak emerges at ~20 meV.
Below T, there is a dramatic decrease in the low-frequency
conductivity, signaling the formation of a superconducting
energy gap. ARPES reveals several large hole pockets at the
center of the Brillouin zone above Ty, one of which shifts
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FIG. 1. The temperature dependence of the in-plane resistivity
for Srge7Nags3Fe,As, with inflection points at 7y ~ 125 K and
T, ~ 42 K; the resistivity at room temperature has been adjusted to
match the optical conductivity in the zero-frequency limit. Inset: The
generic unit cell in the high-temperature tetragonal phase for the 122
materials.

below the Fermi level below Ty in the C; magnetic phase, a
trend which continues below 7, suggesting that these bands
may be related to the broad Drude response. At the corners of
the Brillouin zone, there are both hole- and electronlike bands.
Below Ty and T7,, several of these bands appear to split and
shift, but it is not clear if there are any significant changes to
the size of the associated Fermi surfaces, suggesting that some
of these carriers may be related to the narrow Drude term;
below 7, the band splitting is likely responsible for the emer-
gence of the low-energy peak. The structural and magnetic
transitions from which the C; (SDW) and Cy4 (double-Q SDW)
phases emerge result in a Fermi surface reconstruction that
has profound effects on the optical conductivity and electronic
structure; however, the superfluid stiffness appears to be more
or less unaffected by the CSDW order.

II. EXPERIMENT

High-quality single crystals of Srge7Nagi3Fe;As; with
good cleavage planes (001) were synthesized using a self-
flux technique [39,49]. The temperature dependence of the
in-plane resistivity, shown in Fig. 1, was measured using a
standard four-probe configuration using a Quantum Design
physical property measurement system; the unit cell for the
high-temperature tetragonal phase is shown in the inset. The
resistivity decreases gradually with temperature, showing a
weak inflection point at Ty =~ 125 K with a more pronounced
decrease in the resistivity at 7, >~ 42 K; the resistivity goes
to zero below the superconducting transition at 7, >~ 10 K.
The reflectance from freshly cleaved surfaces was measured
at a near-normal angle of incidence over a wide temperature
(=5 to 300 K) and frequency range (=2 meV to about 5 eV)
with Bruker IFS 113v and Vertex 80v Fourier transform spec-
trometers for light polarized in the a-b planes using an in situ
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FIG. 2. (a) The temperature dependence of the real part of the optical conductivity of Sry¢;Nag33Fe As; in the infrared region for light
polarized in the Fe-As planes. Inset: The conductivity over a wide spectral range at several temperatures. (b) The o(w, T') — 01 (w, 295 K)
difference plot for 7 > Ty over a wide spectral range showing the narrowing of the free-carrier response and the transfer of spectral weight
from high to low frequency. (¢) The o (w, T') — 01 (w, 125 K) difference plot. In the 7, < T < Ty region the free-carrier response continues to
narrow, and a peak emerges in the midinfrared region. For ' < T,, the low-frequency conductivity is further suppressed, the midinfrared peak
shifts to low energy, and a prominent peak is observed at =170 cm ™! (arrows).

evaporation technique [50]. The complex optical proper-
ties were determined from a Kramers-Kronig analysis of
the reflectivity. The reflectivity is shown in Fig. S1 in the
Supplemental Material; the details of the Kramers-Kronig
analysis are also described in the Supplemental Material
[51]. Temperature-dependent ARPES measurements were
performed to track the evolution of the electron and hole
pockets in the various phases. Measurements at BNL, which
focused on the electronic structure near the center of the
Brillouin zone, were performed using 21.2-eV light from a
monochromator-filtered He I source (Omicron VUV5k) and a
Scienta SES-R4000 electron spectrometer; emitted electrons
were collected along the direction perpendicular to the light-
surface mirror plane. Samples were cleaved at low tempera-
ture and measured in an ultrahigh vacuum with a base pressure
better than 5 x 107'° mbar. Measurements at the National
Laboratory for Superconductivity, Institute of Physics, Chi-
nese Academy of Sciences, were performed using a 21.2-eV
helium discharge lamp and a Scienta DA30L electron spec-
trometer. The latter’s overall energy resolution was 10 meV
for Fermi surface mapping and 4 meV for the cuts; the angular
resolution was ~0.1°. All the samples were cleaved at low
temperature and measured in an ultrahigh vacuum with a base
pressure better than 5 x 10~!! mbar. Note that because uni-
axial strain is not applied to the samples below Ty, they will
be heavily twinned; thus, the optical and ARPES results repre-
sent an average of the a and b axis response in the magnetic C,
phase.

III. RESULTS AND DISCUSSION
A. Optical properties

The temperature dependence of the real part of the in-plane
optical conductivity o(w) of Srg¢7Nag33Fe,As; is shown
in the infrared region in Fig. 2(a) (an additional plot of the
optical conductivity is shown in Fig. S2). The character of
the conductivity changes dramatically through the structural
and magnetic transitions, which can be characterized by four
distinct regions: (i) T > Ty, (i) T, < T < Ty, (i) T < T,
and (iv) below the superconducting transition, 7 < T.. The
changes in the nature of the conductivity are shown as
the difference plots o) (w, T) — 01(w, 295K) and oy(w, T) —
o1 (w, 125 K), shown in Figs. 2(b) and 2(c), respectively.

At room temperature, the free-carrier response appears
Drude-like (a Lorentzian centered at zero frequency with a
scattering rate defined as the full width at half maximum),
giving way to a flat response at higher frequencies, until
the first interband transitions are encountered at about 1 eV.
As the temperature is reduced, the scattering rate decreases,
and there is a slight reduction of the conductivity in the
midinfrared region as spectral weight is transferred from high
to low frequency, which leads to an increase at low frequency
and a decrease at high frequency in the difference spectra
in Fig. 2(b). Below Ty in the C, phase, the free-carrier re-
sponse narrows dramatically, and a peaklike structure emerges
at about 950 cm~!, somewhat lower than a similar feature
that was observed below Ty at ~1400 cm~! in the parent
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FIG. 3. The Drude-Lorentz model fits to the real and imaginary (inset) parts of the in-plane optical conductivity of Sre7Nag33Fe,As,
decomposed into the narrow (D1) and broad (D2) Drude components, as well as several bound excitations (a) above Ty at 200 K, (b) below Ty
at 75 K, showing the narrowing of the Drude features and the emergence of a peak at ~950 cm ™!, and (c) below 7, at 30 K, showing further

narrowing and peaks at ~170 and 700 cm~.

compound SrFe,As, [52]. This is illustrated by the upper
three curves in Fig. 2(c) that show the continuing increase in
the low-frequency conductivity, as well as the emergence of a
peak in the midinfrared region. Interestingly, below ~75 K,
a low-energy peak at ~170 cm™! begins to emerge. This
behavior continues until 7 < 7;, at which point the Drude-
like response becomes extremely narrow in the C; phase,
illustrated by the dramatic suppression of the low-frequency
conductivity in the difference plot in Fig. 2(c), leaving clearly
identifiable peaks at ~170 and 700 cm~!. Below 7, ~ 10 K,
there is a depletion of the low-frequency conductivity with
the emergence of a shoulderlike structure around 70 cm™!
that signals the formation of a superconducting energy gap
(Fig. S2).

The sharp feature observed in the conductivity at
~260 cm~! is attributed to a normally infrared-active lattice
vibration in the iron-arsenic planes; while this mode increases
in frequency with decreasing temperature, it does not display
the anomalous increase in oscillator strength below Ty that
was observed in the parent compound [53]. However, below
T, there is evidence for a new satellite mode appearing at
~282 cm™! (Fig. S3); a similar feature was also observed in
the C4 phase of Ba;_,K,Fe,As; and is attributed to Brillouin-
zone folding due to the formation of a supercell in the CSDW
phase [54].

Previous optical studies of the iron-arsenic materials rec-
ognized that these are multiband materials with hole and
electron pockets at the center and corners of the Brillouin
zone [55,56]; a minimal description consists of two elec-
tronic subsystems using the so-called two-Drude model [57].
The complex dielectric function € = €, + i€, can be written
as

2 2 2
5 . Q
~ p.D;j k
é(w) = €oo Z 2 . Z 2 02 i
— o +iw/tp,; — 0 — 0 — iy,
=

ey

where €4 is the real part at high frequency. In the first sum,

a)lzk pj =4mn i /m7 and 1/7p ; are the square of the plasma

frequency and scattering rate for the delocalized (Drude)
carriers in the jth band, respectively, and n; and m;“ are
the carrier concentration and effective mass. In the second
summation, wy, ¥, and €2; are the position, width, and
strength of the kth vibration or bound excitation. The complex
conductivity is 6(w) = o1 + iop = —2miw[E(w) — €x01/Z0
(in units of Q~'em™'); Zy ~ 377 Q is the impedance of
free space. The model is fit to the real and imaginary
parts of the optical conductivity simultaneously using a non-
linear least-squares technique. The results of the fits are
shown in Figs. 3(a), 3(b), and 3(c) at 200 K (T > 1y),
75 K (T, < T < 1n), and 30 K (T < T,), respectively; the
combined response has been decomposed into individual
Drude and Lorentz components. In agreement with previ-
ous studies on the iron-based materials, the complex con-
ductivity can be described by two Drude terms, one weak
and narrow (D1) and the other strong and broad (D2), as
well as several Lorentzian oscillators. The temperature de-
pendence of the plasma frequencies, the D1 and D2 com-
ponents, and the strength of the midinfrared (MIR) peak
are shown in Fig. 4(a); the temperature dependence of the
scattering rates for the two Drude components is shown
in Fig. 4(b).

1.T>TN

At room temperature, the plasma frequencies for the nar-
row and broad Drude terms, w, p; 2~ 4400 cm~! and Wpp2
15800 cm™!, respectively, are slightly less than those of the
undoped parent compound SrFe;As; (wppr 2= 5200 cm™!
and w, pp >~ 17700 cm™!); however, the scattering rates of
1/tp1 ~ 330 cm™! and 1/tpy >~ 1400 cm™! are noticeably
lower than the values of 1/tp; ~ 470 cm™! and 1/1p, ~
2330 cm~! observed in the undoped material [52]. This is
somewhat surprising considering that in this material the
layers in between the Fe-As sheets are disordered. While
the plasma frequencies show little temperature dependence
between room temperature and Ty, the scattering rates for
both Drude components decrease with temperature, with the
narrow Drude decreasing from about 1/7p; ~ 330 to about
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FIG. 4. (a) The temperature dependence of the plasma frequen-
cies of the narrow (D1) and broad (D2) Drude components, the
oscillator strength of the midinfrared peak Qpqr, and the total
when these three components are added in quadrature w, . for
Sro.67Nag 33Fe, As,. (b) The temperature dependence of the scattering
rates of the narrow and broad Drude components.

60 cm™! and the broad Drude decreasing from 1/7p, =~
1400 cm ™! to about 1100 cm™! just above Tx.

2T, <T <1y

Below Ty in the magnetic C, phase, the plasma frequency
for the narrow Drude increases slightly from w, p1 2~ 4400 to
~ 6000 cm ™!, while the scattering rate continues to decrease
to 1/tp; ~ 40 cm™' just above 7,. The broad Drude displays
much larger changes, with the plasma frequency decreasing
from w, p> 2= 15800 to 9000 cm~!, which corresponds to a
decrease in carrier concentration of nearly 65% (a)f, o« n/m*);
the scattering rate also drops dramatically from 1/7p, ~
1100 cm™! just above Ty to 300 cmlinthe 7, < T < Ty re-
gion. The dramatic loss of spectral weight of the broad Drude
term is accompanied by the emergence of a new peak in the
MIR region with position wyr ~ 950 cm™!, width yr ~
1550 cm ', and strength Quyr >~ 13000 cm~! [Fig. 3(b)]; the
missing weight from the free carriers is transferred into this
bound excitation, and accordingly, the total spectral weight
is defined as @? ., = @7 | + @7 ) + Qyyp and is constant,
as shown in Fig. 4(a). This behavior is similar to what was
previously observed in the parent compound and has been

explained as the partial gapping of the pocket responsible for
the broad Drude term and the appearance of a low-energy
interband transition [52,58].

3.T <T,

As the temperature is reduced, the system undergoes a fur-
ther magnetic and structural transition at 7, >~ 42 K and enters
the magnetic C4 phase. Below 7, the plasma frequency for the
narrow Drude term appears to actually increase slightly. How-
ever, this is accompanied by a dramatic collapse of 1/7p; ~
40 cm~! just above T, to a value of ~2 cm™! at 15 K; this is
nearly an order of magnitude smaller than what is observed in
the parent compound [52]. Consequently, the narrow Drude is
no longer observable in o} (w), leaving a relatively flat optical
conductivity due to the broad Drude term and Lorentzian
components; instead, its effects are determined from o, (w)
[shown in the inset of Fig. 3(c)]. The plasma frequency of the
broad Drude term continues to decrease from w, p> =~ 9000
to about 4200 cm~! at 15 K, a further 80% reduction in the
carrier concentration associated with this pocket and over 90%
from the room temperature value; this is comparable to what
was observed in the parent compound for T < Ty [52]. In
addition, the scattering rate decreases from 1/tp, ~ 300 cm ™'
at T, to ~120 cm~! at 15 K. At the same time, the peak at
omr 2 950 cm ™! shifts down to about ~650 cm™!; while the
width decreases slightly to yyr =~ 1480 cm ™!, the strength of
this feature increases to Qyr =~ 15400 cm~'. However, @p, ot
continues to be conserved, indicating that the loss of spectral
weight associated with the free carriers in the broad Drude
term has been transferred to this peak.

4T <T,

Below 7. >~ 10 K there is a dramatic suppression of the
low-frequency conductivity, signaling the formation of a su-
perconducting energy gap [Figs. 2(a) and S2]. Although the
low-frequency data are somewhat limited, a comparison of
the optical conductivities for T 2 T, and T « T, allows the
superfluid density, p; = a)ﬁs, where ), is the superconducting
plasma frequency, to be determined from the missing spectral
weight, calculated using the Ferrell-Glover-Tinkham (FGT)
sum rule [59,60]. The FGT sum rule converges to wps ~
5800 = 500 cm™!, which corresponds to a superconducting
penetration depth of A ~ 2700 4 300 A at 5 K, comparable
to the K-doped material [47]; however, because the lowest
temperature obtained was only ~T, /2, it is almost certain that
wp, 1s underestimated. From Figs. 2(a) and S2, the charac-
teristic energy scale for the superconducting energy gap is
about 2A ~ 50 cm™!. In the narrow Drude band, 1/7p; <
2A, placing this material in the clean limit; as a result, most
of the weight in the condensate will come from this band.
In the broad Drude band, 1/tp, > 2A, placing this band in
the dirty limit; consequently, only a small fraction of the
weight in this band will collapse into the condensate. This
is another example of a multiband iron-based superconductor
that is simultaneously in both the clean and dirty limits
[61]. One of the interesting properties of this material is its
relatively low resistivity just above T, pu» =~ 20 w2 cm, or
o4 =5 x 10* @ 'em™! (Fig. 1). These values place this
material just below the universal scaling line p,(T <K T,)
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FIG. 5. (a) Fermi surface mapping of Sry¢7;Nag33Fe,As; in the C, magnetic phase at 23 K with the spectral weight integrated within a
+10-meV energy window with respect to the Fermi level, showing the holelike pockets at the center (I") and the electronlike pockets at the
corner (M) of the Brillouin zone. Several different cuts are shown along the I' — M path focus on the evolution of the hole and electron
pockets. (b) The temperature dependence of the second derivative of the energy bands measured along the first cut around the M point at
(—m,—m)at 135K (T > Tn), 55K (T, <T < 1x),and 20 K (T, < T < T,). (c) The temperature dependence of the second derivative of the
energy bands measured along the second cut around the I" point at 135, 55, and 20 K. The dotted lines are drawn as a guide to the eye.

04.(T 2 T.) T, [62-64], in close proximity to other doped 122
superconductors, as well as many cuprate materials [65].

B. Low-energy peak

The dramatic collapse of the scattering rate below 7, of
the narrow Drude allows a new low-energy peak at wy =~
170 cm~!, with width 1o =~ 110 cm~! and an oscillator
strength of €y ~ 2230 cm™', to be observed [Figs. 2(a), 3(c),
and S2]. This is close to where a peak was observed in
(CaFe,_,Pt,As),oPt;Asg for x = 0.1 at ~120 cm ™! [66]; that
feature was attributed to a localization process due to impurity
scattering described by a classical generalization of the Drude
model [67],

B 2 a)[%r ! c )

G(w)_(zo>(1—im)[ +(1—ia)t):|’ @
where c is the persistence of velocity that is retained for a
single collision. The scattering rate for the narrow Drude is
far too small to yield a peak at the experimentally observed
position, while the broad Drude predicts a localization peak
at ~120 cm~!, well below the experimentally observed value
of wy 2 170 cm™! [68]. Thus, it is likely that the low-energy
peak originates from a further reconstruction of the Fermi
surface in the C; phase rather than any sort of localization
process. Indeed, a remarkably similar peak was also observed
to emerge at ~150 cm~' in the optical conductivity of

underdoped Ba,_,K,Fe;As; at low temperature [69]; this fea-
ture may also be a related to the magnetic C4 phase observed
in that compound.

C. ARPES

A simple density functional theory calculation of SrFe;As;
in the paramagnetic high-temperature tetragonal phase reveals
a familiar band structure consisting of three holelike pockets
at the center of the Brillouin zone (I") and two electronlike
pockets at the corners (M); the orbital character is primar-
ily Fe d\;/d,, in nature (shown in Fig. S4; details of the
calculation are discussed in the Supplemental Material.) The
Fermi surface of Sr( ¢7Nag 33Fe; As,, with the spectral weight
integrated within a +10-meV energy window with respect to
the Fermi level, is shown below 7, in the C; magnetic phase
at 23 K in Fig. 5(a). Two momentum cuts have been made
along the ' — M path; the first examines the temperature
dependence of the anisotropic electronlike bands around an
M point [Fig. 5(b)], and the second details the behavior of
the isotropic holelike pockets around the I' point, shown in
Fig. 5(c). This Fermi surface is qualitatively similar to what
was observed in Ba;_, K, Fe,As, [70,71]

At high temperature, at the cut along the I' — M direction
at the M point there appears to be a holelike band as well as
a possible electronlike band at 135 K, shown in the top panel
of Fig. 5(b). In the simple picture for the Fermi surface of
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FIG. 6. The temperature dependence of the second derivative of the holelike bands of Sr(¢;Nag33Fe;As, around the I' point along the
I' — M cut (a) above Ty at 153 K, (b) for 7, < T < Ty at 82 K, and (c) below 7, at 18 K. At high temperature three holelike bands may be
resolved that cross €r. Below Ty one of these bands shift to below the Fermi level; this trend continues below 7, as the bands shift further

below €r. The lines are drawn as a guide to the eye.

SrFe,As; (Fig. S4) this result can be reproduced by lowering
the Fermi level €z by about 0.2 eV, which is consistent with
the removal of electrons due to sodium substitution (hole
doping). As the temperature is lowered below 7y and enters
the magnetic C, phase, the holelike band may split, while the
electronlike band appears to shift below €x. Below T, in the Cy4
magnetic phase, a single holelike band is recovered, while the
electronlike band now appears to be split into two bands, with
a separation of ~20 meV, which is comparable to the position
of the low-energy peak (this behavior is explored further
in Fig. S5).

The initial investigation into the temperature dependence
of the energy bands around the I point in Fig. 5(c) revealed
two large hole pockets at the Fermi level but relatively lit-
tle temperature dependence. This prompted a more detailed
investigation of the holelike bands along the I' — M path,
shown in Fig. 6 (further detail is provided in Figs. S6 and
S7). Above Ty the bands are rather broad, but at least three
bands may be resolved, all of which cross the Fermi level,
resulting in several large holelike Fermi surfaces, shown in
the second-derivative curves in Fig. 6(a). Below 7y the bands
sharpen considerably in the C, phase, and one of the bands is
observed to shift to ~40 meV below the Fermi level, shown in
Fig. 6(b), leading to the removal of a holelike Fermi surface;
this is consistent with the Fermi surface reconstruction below
Tx observed in the parent compounds [58,72]. This trend
continues in the magnetic C4 phase, with the band shifting to
~60 meV below the Fermi level [Fig. 6(c)].

D. Discussion

Both the electron and hole pockets appear to undergo
significant changes in response to the Fermi surface recon-
struction in the magnetic C, and C, phases that exhibit SDW
and CSDW order, respectively. In the case of the hole pockets,
the fact that one of the bands shifts below ez below Ty
in the magnetic C, phase, shifting further below 7, in the
magnetic C4 phase, signals the decrease in the size of the

Fermi surface associated with the hole pockets. It is possible
that this may be related to the dramatic decrease in the spectral
weight of the broad Drude component as described by the
plasma frequency in Fig. 4(a); from a);’ pa & n/m* we infer
a significant decrease in the carriers associated with the hole
pockets at low temperature (~90% reduction of the room
temperature value).

The evolution of the electronlike bands is more compli-
cated, as the bands at the M point have both electron- and
holelike character. The initial splitting of the holelike band
below Ty is consistent with the lifting of the degeneracy
between the d,. and d,, orbitals; however, the fact that one
of the holelike bands lies completely below the Fermi level
suggests no significant changes to the size of the Fermi
surfaces. Below 7T, the orbital degeneracy is restored, but
the presence of CSDW order leads to the formation of a
supercell; the electronlike bands are split as a result of zone
folding, which may lead to an increase in the size of the
Fermi surface. This is consistent with the slight increase
in the plasma frequency of the narrow Drude component
at low temperature, shown in Fig. 4(a). Furthermore, the
splitting between the two electronlike bands of ~20 meV
is very close to the position of the low-energy peak. This
suggests that, similar to the midinfrared peak, the low-energy
peak emerges in response to the Fermi surface reconstruction
driven by the C4 magnetic phase and the CSDW order at low
temperature [43].

IV. SUMMARY

The ARPES and complex optical properties of freshly
cleaved surfaces of the iron-based superconductor
Srg 67Nag 33Fe; Asy have been determined for light polarized
in the iron-arsenic (a-b) planes at a variety of temperatures
for the room temperature tetragonal paramagnetic phase, the
orthorhombic C, SDW magnetic phase, and the tetragonal Cy4
double-Q SDW (CSDW) phase, as well as below T, in the
superconducting state. The free-carrier response is described
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by two Drude components, one broad and strong and the other
narrow and weak. The strength of the narrow component
shows little temperature dependence, increasing slightly in
strength at low temperature, while narrowing dramatically.
The broad Drude component decreases dramatically in
strength and narrows below Ty at the same time a peak
emerges in the midinfrared; the decrease in the spectral
weight associated with the free carriers is transferred into
the emergent peak. Below 7, this trend continues, with the
emergence of a new low-energy peak at ~20 meV. The
appearance of a new infrared-active mode in the Fe-As
planes below 7, is attributed to zone folding due to the
formation of a supercell in response to the CSDW; this
suggests that the low-energy peak originates from a further
Fermi surface reconstruction in the C4 phase. Below T, the
low-frequency conductivity decreases dramatically, signaling
the formation of a superconducting energy gap. ARPES
reveals large holelike Fermi surfaces at the I' point, one
of which is apparently removed below the structural and
magnetic transitions, suggesting that they may be related to
the behavior of the broad Drude component. The electron-
and holelike bands at the corners of the Brillouin zone shift
and split below Ty and T7,, but the Fermi surfaces do not

appear to undergo any significant change in size, suggesting
they may be related to the narrow Drude component; the
apparent splitting of the electronlike bands in the C; phase
would appear to explain the emergence of the low-energy
peak at ~20 meV in the optical conductivity. While the C,
and C; magnetic transitions, with resulting SDW and CSDW
order, respectively, lead to a significant reconstruction of the
Fermi surface that has profound implications for the transport
originating from the electronlike and holelike pockets, they
appear to have relatively little impact on the superconductivity
in this material.
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