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ABSTRACT

The high-temperature superconductors have been known for more than three decades.
Nonetheless, the theoretical understanding of their microscopic properties remains
unclear, and there are substantial difficulties in linking the observed phenomena to
the material composition and structures. This thesis aims to establish a theoreti-
cal hierarchy (from lattice models to realistic materials) for faithful simulations of

high-temperature superconductivity.

We start with the lattice models of superconductors by using quantum embed-
ding theory, whose self-consistency allows magnetic and superconducting phases to
emerge. We extended the density matrix embedding theory (DMET) with improved
self-consistency algorithms and determined the ground-state phase diagrams for both
one-band [Chap. 3] and three-band Hubbard models [Chap. 4]. In particular, in the
three-band model, we explored the atomic-scale nature of the antiferromagnetic and
superconducting orders for different model parametrizations, and highlighted the

role of the oxygen degrees of freedom beyond the one-band picture.

To go beyond models, we extended the original theory [DMET and dynamical
mean-field theory (DMFT)] to realistic ab initio descriptions of solids [Chap. 5].
The methods, named full-cell quantum embeddings, are distinct from other embed-
ding schemes in the literature in three aspects: (i) all local orbitals in a unit cell
are included in the embedding problem whereas the bath orbitals are truncated ac-
cording to their atomic valence character; (ii) The embedding Hamiltonian is of the
full quartic fermionic form rather than a simplified Hubbard-like Hamiltonian; (iii)
Many-body quantum chemistry solvers such as coupled cluster (CC) are used to gen-
erate the embedding density matrix and Green’s functions. As demonstrated across
a variety of semiconducting and insulating materials, full-cell quantum embedding
provides accurate energies, equations of state, spin-spin correlation functions, and

excited-state band structures.

We then applied our ab initio quantum embedding methods to the parent state of a
series of cuprate superconductors [Chap. 6]. We uncovered microscopic trends in
the electron correlations and revealed the link between the material composition and
magnetic energy scales via a many-body picture of excitation processes involving
the buffer layers. We found a direct process involving competition between the

in-plane superexchange and the CuO,-buffer layer excitations, which explained the
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magnetic coupling difference among a series of superconducting materials.

Finally, we investigated the doped cuprates, where the superconducting orders appear
in the phase diagram [Chap. 7]. We generalized our ab initio framework to allow
for particle-number symmetry breaking states such that the superconducting orders
can spontaneously emerge during the self-consistency. We showed that the d-wave
superconducting magnitude increases with the pressure applied to the crystals and
the trend mimics that of the superexchange coupling J. Furthermore, we also studied
the layer effect on superconductivity. Unlike the pressure effect, the layer effect
between different compounds is affected by more factors - both magnetic coupling
J and charge distribution matter. The work provides a starting point to study
the material-specific physics in the superconducting phases of high-temperature

superconductors.

The aforementioned applications relied on (i) the development and adaptation of
many-body solvers, including the CC singles and doubles (CCSD) method with a
Newton-Krylov solver for better numerical convergence, and active-space quantum
chemistry techniques using large-scale density matrix renormalization group cal-
culations. (ii) projection-based orbital localization techniques for metallic systems,
frozen core techniques, and symmetry adaptations. These contents are discussed in
Chap. 2 and Appendices, including their efficient implementation and paralleliza-

tion.

In the concluding remarks [Chap. 8], we summarize the current status and limitations
of the high-temperature superconductivity studies. In addition, we propose several
possible directions to address the challenges in electronic correlation and atomic

modeling of other exotic phases from an ab initio perspective.
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Chapter 1

INTRODUCTION

1.1 Challenge of high-temperature superconductivity

A high-temperature superconductor (HTSC), as the name suggests, is distinguished
from a conventional superconductor by its unusually high superconducting critical
temperature 7;. The discovery of HTSC [1] is undoubtedly one of the most important
breakthroughs in physics in the second half of the twentieth century, which opens
up a new field for condensed matter physics and illuminates the path to underlying
applications of superconducting materials in real life [2, 3]. Currently, an HTSC
primarily falls within one of the two families of compounds, i.e. copper-based and
iron-based superconductors. The former, also known as cuprates, is the most typical
HTSC and holds the highest record of 7; up to date (133 K at ambient pressure in
mercury-based tri-layer compound HgBa,Ca,Cu;03g5 [4]).

The crystal structure of cuprates typically contains alternating (multiple) CuO,
plane(s) with other kinds of metal atoms serving as interstitial ions, called buffer
layer. For instance, Fig. 1.1 (a) and (b) provide the basic structure of Nd,CuO,
and La,CuO,, where Cu and O atoms form the pure CuO, plane and distorted
CuOq octahedrons (CuO, plane with additional apical oxygens) respectively. The
apical oxygen, Nd and La play the role of an interlayer charge reservoir. These
compounds without doping are known as parent compounds. When dopant ions
(e.g. Ce, Sr) are introduced, such cuprates become real superconducting materials at
low temperature. Concretely, substituting Sr"* for La™ would effectively introduce a
hole in the CuO, layer and the resulting material is thus called a hole-doped HTSC.
Similarly, by replacing Nd™ with Ce'", an excess electron transfers to the CuO,
plane, leading to an electron-doped HTSC. In literature, the doping concentration x

is usually defined as the number of additional change carriers per CuO, unit.

More interesting physics emerges at the electronic structure level, particularly in the
phase diagram of cuprates [5], see Fig. 1.1 (c). Despite the existence of many variants
of cuprates, there are actually several common features in the phase diagram: (i) The
parent state is an antiferromagnetic (AFM) insulator. (i1) The long-range AFM order
quickly drops and eventually disappears after doping. (iii) The superconducting (SC)

order emerges with some doping at low temperature, showing an SC dome in the
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Figure 1.1: Crystal structure of cuprates (parent compounds) and a typical electronic
phase diagram. (a) electron-doped Nd,CuO, and (b) hole-doped La,CuO,; (c)
doping-temperature phase diagram, different phases are shown: antiferromagnetic
(AFM), superconducting (SC), pseudogap (PG) .

phase diagram. The doping concentration corresponding to the apex of the dome is
called the optimal doping and the region before (after) it is referred to as underdoped
(overdoped) region. (iv) There is significant particle-hole asymmetry along doping,
e.g., the AFM phase is more robust against electron doping, whereas the SC order
is usually more evident in the hole-doped case. (v) In the underdoped region of
the hole doped side of phase diagram, there is the so-called pseudogap (PG) phase,
where the system is partially gapped on the Fermi surface [6]. Usually, competing
orders [AFM, SC, stripe, density waves (DW) etc.] coexist in the PG region [7,
8]. The PG phase is typically not very evident in the electron-doped side. (vi)
By overdoping or increasing the temperature, the AFM and SC correlations finally

decay and the system becomes a paramagnetic (PM) metal and can be satisfactorily
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described by the Fermi liquid theory [9] (although there are regions, called strange
metal (SM) phase, showing significantly more correlated behaviors than the PM
metal phase [10]).

Although such a sophisticated phase diagram has been established by extensive ex-
perimental efforts (see Ref. [5, 11] and references therein), a universal theory that
explains all components of the phase diagram, has yet to emerge. Historically, the
microscopic superconducting mechanism of conventional superconductors was suc-
cessfully established by the Bardeen—Cooper—Schrieffer (BCS) theory [12], whose
key idea is the formation of electron pairs (Cooper pairs) due to the interactions of
the electrons with the vibrations of the atoms in the lattice (phonon). It was proven
that an arbitrarily small attraction between electrons can stabilize the electron pair
as a bound state against a non-interacting Fermi gas. Many experiments (especially
the isotope effect) have verified the electron-phonon interaction as the “glue” of the
electron pairing state. As a consequence, the 7. of a conventional superconduc-
tor can be qualitatively predicted by estimating the averaged phonon-frequency w,
electron-phonon coupling parameter g and the electronic density of states around

the Fermi level N,
1
T. ~ wy exp(——). (1.1)

However, the phonon-mediated mechanism can not explain the high-7, supercon-
ductivity because the phonon frequency as well as its coupling with electrons can
not be sufficiently large (the current highest 7;. of conventional superconductors at
ambient pressure is about 40 K [13]). Unlike the conventional superconductors, the
role of isotope effect by replacing '°O by !20, is not clear and in many cases it
does not change 7. significantly [14]. Therefore, a new type of glue needs to be

determined and its energy scale wq should be larger than the typical lattice vibration.

Besides the mysterious superconducting mechanism, there are substantial differ-
ences in the electronic structure compared to the conventional superconductors.
The conventional superconductors are mostly simple sp metals, alloys or com-
pounds (e.g., Hg, Nb;Ge, MgB,). These materials are usually weakly correlated
(i.e., a single Slater determinant dominates the electron’s behavior) and are thus
well described by the density functional theory (DFT) with standard approximate
functionals [15, 16]. The HTSCs, on the other hand, are a typical class of strongly
correlated materials. From their chemical compositions, there exists fractionally
occupied d orbitals; or from a band structure perspective, there are narrow bands

(localized states) entangled with the itinerant electrons in the normal bands [17].
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As a result, the DFT with local or semi-local functionals fails to describe the mag-
netic properties of HTSC. Similarly, the low-order perturbation theory based on a
mean-field reference is not applicable, especially for the doped states. One should
note that the formation of the Cooper pair is intrinsically a many-body process and
makes the electron correlation even stronger and more long-range. A correct theory,
therefore, should be able to treat the strongly correlated electrons and in the mean-
while, scales to large enough systems to mimic the emergence of distinct phases -
this is often a dilemma for quantum chemistry or computational physics methods,

and some trade-off must be taken to balance the accuracy and efficiency.

Moreover, due to the mysterious superconducting mechanism and strong electron
correlation, most of the studies of HTSCs heavily rely on simplified model Hamil-
tonians, especially for the studies of exotic phases like superconducting and density-
wave orders. Since all details of materials are encoded in a few model parameters
(the effects of buffer layers are largely ignored), people have little understanding of
the relation between material compositions and corresponding properties, let alone
effectively predicting new materials with higher 7;. Overall, the high-temperature
superconductivity problem remains a great challenge for condensed matter physics

and quantum chemistry.

1.2 Roadmap to ab initio modelling of superconductivity

Given such a sufficiently complicated system and increasingly powerful computing
capabilities, one may naturally ask: Can we resort to numerical approaches and
provide a quantitative solution to the high 7, problem? From the perspective of

theoretical chemists, the ultimate goal of high 7, study is thus to

Ab initially determine the electronic structure of cuprates at both zero
and finite temperature, and understand the factors that influence the

strength of superconductivity.

There is unfortunately no one-stop solution to achieve such a goal due to the enor-
mous complexity of the problem. There is, however, a hierarchical roadmap to

gradually take the relevant degrees of freedom into account, see Fig. 1.2.

Hamiltonian. On the first dimension of the roadmap, one expects an effective lattice
model that captures the most essential static correlation effects. The procedure
of mapping a realistic material to an effective Hamiltonian is known as downfold-

ing [18-20]. As we have mentioned in Sec. 1.1, a common structural feature of
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Figure 1.2: A roadmap to the ab initio simulation of high-7, superconductivity.
Three dimensions of complexity are shown: (i) Degrees of freedom in the Hamilto-
nian H increase from the simplest 1-band model to the 3-band model to the ab initio
Hamiltonian. More orbitals are incremented to represent the dynamical correlation
and buffer layers. (ii) Increasing system size allows for different types of symmetry
breaking and more complicated phases to emerge. (iii) The finite-temperature effect
can be in principle considered to study the phase transition in the real world.

cuprates is the existence of CuO, plane. In addition, transport experiments show a
strong anisotropic conductance, where the superconducting current along the plane
direction is significantly more evident. One can therefore extract the CuO, layer as
an effective model and regard the other parts of the material as a charge reservoir
that mediates the doping concentration. If we further consider only the minimal
relevant orbitals, namely Cu d,2_,2and O p,(y,) orbitals, the model becomes a
three-band model (per CuQO, unit cell) [21] as shown in the middle of Fig. 1.2. The
three-band model is, however, still very complicated and the degrees of freedom on
oxygen can be approximately integrated out, leading to a one-band model without
explicit atomic structures. This Hamiltonian is known as the two-dimensional (2D)
one-band Hubbard model [22, 23],

=Y 1 (ajoa,-o FH) +U Y nianip, (1.2)
oij i
where ¢ is the hopping matrix and the ab initio Coulomb four-index integral is
replaced by an on-site Coulomb repulsion U, which is comparable to the bandwidth
in cuprates. Inthe large-U limit, the model is a typical strongly correlated system, for
which the mean-field like method, e.g. Hartree-Fock (HF) approach, breaks down.
To solve the model, an expensive non-perturbative treatment is usually necessary.
Regardless of the simplicity, the one-band and three-band models already show

some general features in HTSCs, e.g., AFM, SC, DW and various inhomogeneous
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charge, spin and pairing orders (see Refs. [24, 25] and references therein). The
primary difficulties are two-fold: (i) the energy scale of different competing orders
generally falls in a very small energy window, meaning that a tiny change of the
parameter can drastically change the inherent physics. The realistic physical process
of materials are governed by the fine structure of the lattice. As an instance, there
are obvious discrepancies between the 1-band model prediction and experiments
in the wavelength of the stripe order [24]. (ii) More importantly, it is still largely
unknown how the buffer layer and geometry distortion influence the properties of the
HTSCs, e.g. through static electricity or one-body potential or many-body electron
correlation? The answers to these questions are unlikely to be lurking in these
simplified models and demand more ab initio insights. Hence, the last rung of the

first dimension is the ab initio Hamiltonian involving all orbitals in the lattice.

System size. The second dimension in the roadmap is the size of the system. Since we
are interested in the phase diagram of HTSCs, the system size, in principle, should
be at the thermodynamic limit (TDL), so that different orders spontaneously appear.
Noether’s theorem states that the symmetry of a quantum state corresponds to a
conserved physical quantity. For a finite-system Hamiltonian with conserved spin
SU(2) symmetry, the exact diagonalization can not generate an AFM ground state
that breaks the spin symmetry, whereas the symmetry break can happen if the system
is infinite (the energy gap between the ground and AFM state is infinitely small).
To simulate the symmetry-breaking phenomena, there are typically three ways: (i)
Estimating the order parameter through correlation functions of a non-symmetry-
breaking state. By definition, the correlation function measures the response of an
external perturbation. It is particularly useful when studying the long-range order,
corresponding to large eigenvalues (comparable to the system size) of many-body
density matrices. (ii) Adding a pinning field to the boundary of a finite system to
artificially break the symmetry. The order parameter should be read from the center
of the system where the direct influence of the boundary condition has vanished.
(iii) Simulating the symmetry breaking through a self-consistent field (SCF). It
is well-known that the mean-field like methods, e.g., DFT and HF are able to
stabilize different phases by allowing symmetry-breaking fields during the SCF. A
carefully chosen density functional (e.g., certain hybrid functional) could provide a
reasonable description of magnetic properties, but not for more complicated phases
such as superconductivity, where the electron correlation is crucial. One needs a
quantum embedding procedure to incorporate electron correlation and during its

SCF the symmetry breaking automatically happens. In other words, the quantum
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embedding is directly treating the system as TDL, and the final order parameters are
determined from some extrapolation procedure with respect to fragment sizes. The
size of fragments constrains the allowed types of orders and the increasing of the
supercell size will allow more and more inhomogeneous order (from the simplest PM
phase to DW phase etc in Fig. 1.2).We will mainly discuss how quantum embedding
can be used to study the high-7; problem in the thesis.

The idea of embedding is rooted in the /ocal nature of entanglement in the low-lying
states [26]. A large (infinite) system can thus be divided into small fragments and for
each fragment, the enormous number of environment states are effectively replaced
by a small amount of bath degrees of freedom. One can then perform a high-level
calculation on each small embedding problem and collect them together to improve
the overall description of the whole system until the procedure reaches a fixed point.
A famous realization of embedding is the dynamical mean-field theory (DMFT) [27,
28], which uses the Green’s function as its basic variable and utilizes the locality
of the impurity (fragment) self-energy ™P(w) to construct the new lattice Green’s
function G'™(k, w). The coupling between impurity and bath is described by the
so-called hybridization A(w). DMFT is probably the first embedding theory that
works for strongly correlated electrons and has been successfully applied to various
lattice models [27]. However, DMFT suffers severely from the bath discretization
error! and its large computational complexity due to the frequency dependence.
Because of its large computational cost, the impurity model is usually chosen as

Anderson impurity model [29] or a very small cluster.

Over the past few years, density matrix embedding theory (DMET) [30] has emerged
as a powerful cluster embedding method. The basic idea of DMET is similar to
that of (cellular) DMFT in the sense that they both map the infinite lattice to an
impurity model with the environment described by the bath degrees of freedom,
and attempt to self-consistently match the physical quantities between the mean-
field lattice solution and the correlated cluster (impurity) calculations. Compared
to the Green’s function based embedding methods, DMET is featured by its limited
number of bath orbitals (up to the number of impurity orbitals) and the frequency
independence, which enables DMET to utilize efficient wavefunction-based solvers
and to treat potentially larger clusters. With such appealing features, DMET has
been applied to lattice models [24, 30-33], ab initio chemical Hamiltonians [34—36]

'In principle, one can circumvent the bath discretization error by integrating out the bath degree
of freedom in continuous time quantum Monte Carlo (CT-QMC) solver. However, the CT-QMC
solver is costly and has severe sign problems at low temperature.
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and non-fermionic systems [37, 38], as well as excited states [39] and real-time
extensions [40]. For a detailed review of DMET, we refer the interested readers to
Ref [35]. It is noteworthy that DMET has successfully provided an accurate ground
state phase diagram of the one-band Hubbard model [32], even in the most difficult
underdoped region [24], which can be viewed as an elegant integration over the two
dimensions on the above roadmap (i.e., the simplest Hamiltonian but with a large
supercell size allowing DW-type stripe orders). It is therefore highly interesting
to move one step forward to examine its performance on the more complicated

three-band model and realistic ab initio Hamiltonians.

Temperature. In principle, all realistic physics is not at 0 K. And in Fig. 1.1(c),
many phases are measured at the finite temperature and undergo a phase transition
to the normal state after heating. In particular, the formation and transition of PG
and SM phases are still substantially controversial. Despite its importance, in this
thesis we will not focus on the third dimension, the finite temperature effect, but will
mention related concepts (such as finite-temperature smearing for gapless systems)

and estimate the influence of temperature from zero-temperature observables.

1.3 Structure of the thesis
In the remaining parts of the thesis, we present the theoretical developments of the
quantum embedding and how it can be applied to both lattice models and realistic

materials, including the high-T7, cuprates.

In Chap. 2, we present the theoretical formulation of quantum embedding, including
the basic idea of DMET and DMFT, their ab initio formulations, self-consistency
for symmetry breaking, generalized spin-orbital formulation for superconductiv-
ity, various impurity solvers adapted for the HTSCs problems and their efficient

implementation.

In Chap. 3, we discuss the DMET self-consistency algorithm and developed a
projection-based algorithm (p-DMET) to improve the numerical stability of the self-
consistency. The concept “global density matrix” introduced in this work has been
used in many recent literatures to improve the self-consistency or energy accuracy
of DMET. We studied the magnetic phase diagram of the one-band Hubbard model
using DMET and p-DMET.

In Chap. 4, we go beyond the one-band picture and studied the three-band Hub-
bard model, which, although still simplified, contains the atomic information of

the 2D CuO, plane. Using the symmetry-broken DMET formalism, we explored
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the atomic-scale nature of the antiferromagnetic and superconducting orders, and
highlighted the role of the oxygen degrees of freedom beyond the one-band picture.
The influence of model parameters in the phase diagram is also discussed.

In Chap. 5, we extended the quantum embedding theory [DMET and DMFT] to ab
initio realistic solids. The methods, namely the full-cell quantum embedding, are
distinct from other embedding schemes in three aspects: (i) all local orbitals in a unit
cell are included in the embedding problem whereas the bath orbitals are truncated
according to the atomic valence characters; (ii) The embedding Hamiltonian is
of full quartic fermionic form rather simplified Hubbard like Hamiltonian; (iii)
Many-body quantum chemistry solvers such as coupled cluster (CC) are used to
generate embedding density matrix and Green’s functions. As demonstrated across a
variety of semiconducting and insulating materials, the full-cell quantum embedding
provides accurate energy, equation of state, spin-spin correlation functions, and

excited-state band structures.

In Chap. 6, we then applied our ab initio quantum embedding methods to the parent
state of a series of cuprate superconductors. We uncovered microscopic trends in
the electron correlations and revealed the link between the material composition and
magnetic energy scales via a many-body picture of excitation processes involving
the buffer layers. We found the competition between the in-plane superexchange and
the CuO,-buffer layer excitations, which explains the magnetic coupling difference

among a series of superconducting materials.

In Chap. 7, we applied our approach to the doped cuprates, where the superconduct-
ing orders enter into the phase diagram. We showed that the d -wave superconducting
magnitude increases with the pressure applied to crystals and the trend connects to
the exchange coupling J. Furthermore, we also studied the buffer layer effect on
superconductivity. Unlike the pressure effect, the layer effect between different
compounds is affected by more factors - both magnetic coupling J and charge dis-
tribution matter. This work provides a promising route to study the material-specific
physics of HTSCs.

In Chap. 8, we summarize the current status and limitations of the high-temperature
superconductivity study. We also propose several possible directions to address the
challenges in electronic correlation and atomic modeling of other exotic phases from

an ab initio perspective.
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Chapter 2

QUANTUM EMBEDDING THEORY

2.1 Introduction

The ab initio description of strongly correlated electrons in solids is a major chal-
lenge, limiting the quantitative understanding of interacting electronic phases, such
as the Mott [41] and high-temperature superconducting phases [17, 42, 43]. The
heart of the difficulty lies in the need to use computational methods that can treat
correlated electrons, which usually means a steep computational scaling with system
size, as well as treat the thermodynamic limit (TDL), in order to observe distinct

phases.

A formal route to extend high-level correlated electron methods to infinite systems
is provided by quantum embedding [44, 45]. While there are today a wide variety
of techniques termed embedding [45-48], we will be concerned with the type of
quantum embeddings in condensed phases that historically started with the treat-
ment of defects in solids via the Anderson impurity model, where the interacting
impurity site is surrounded by a set of bath orbitals that approximately represent
the environment [29]. This impurity idea can be generalized to translationally in-
variant systems, where the lattice is subdivided into multiple clusters (also termed
impurities or fragments) where each is embedded in a self-consistent environment
generated by the other impurities. In the embedding treatment, only the solution
of the embedded cluster (i.e. the cluster along with its quantum bath) is treated
by the high-level correlated method (the impurity solver), while interactions be-
tween clusters are treated at a lower level of theory, typically within a single-particle

framework such as mean-field.

Dynamical mean-field theory (DMFT) was the first quantum embedding algorithm
for periodic systems based on the above self-consistent quantum impurity idea [27,
49], and has since been extended in many different directions and settings [27, 28,
50-56]. DMFT is formulated in terms of the one-particle Green’s function, and
solving the embedded impurity problem yields a local self-energy that is then used
in the single-particle Green’s function description of the periodic lattice. More
recently, density matrix embedding theory (DMET) [30] has been proposed as a

computationally simpler quantum embedding algorithm, also for a self-consistent
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quantum impurity, but adopting the one-particle reduced density matrix as the
fundamental variable, in conjunction with a static mean-field description of the
periodic lattice [30-33, 57]. Because DMET only requires to compute frequency-
independent observables, it is less expensive than DMFT, and in practice, a wider
variety of correlated electron methods can be applied to the impurity problem. A
further kind of quantum embedding, density functional (or wavefunction-in-density
functional) embedding [58-66] is also of much current interest. However, this is not
usually applied to strongly correlated phases, and thus we do not consider it further

here.

In this chapter, we will focus our attention on the formulation of DMET and DMFT in
periodic solids, especially for their extension to ab initio system and the symmetry-
breaking generalization for superconductivity. In Sec. 2.2 and 2.3 we review the
basic formulation of DMET and DMFT. Sec. 2.4 extends the framework to ab
initio solid-state materials and the details of efficient implementation are discussed.
Sec. 2.5 introduces the formulation to superconducting states by using a generalized
spin orbitals formalism. Sec. 2.6 discusses the impurity solvers used in the following
works and how they can be seamlessly combined with the quantum embedding

framework.

2.2 Density matrix embedding theory

Exact embedding

DMET can be viewed as a wavefunction-in-wavefunction embedding scheme, where
a low-level treatment for the whole lattice is combined with multiple high-level
calculations on the embedded fragments, and a self-consistency condition naturally
connects the two levels of description. The base of its bath construction lies on the
Schmidt decomposition of quantum states [26, 67], which defines a set of rotated

basis that has entanglement with a pre-selected fragment.

Suppose we partition the whole lattice (with 7y, sites) into two parts, i.e. impurity
A and environment B, which contains n4 and np orbitals respectively and we
assume ny4 < np, e.g. a 6-site lattice with periodic boundary condition (PBC) is
partitioned in Fig. 2.1(a). The wavefunction of whole system can be expanded on

the tensor-product basis of subsystem A and B,
W) = Wi li)4lj)5- 2.1)
ij

where {|i) 4} and {|j)p} are orthonormal basis of A and B with dimension 2”4
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Figure 2.1: Lattice partition and DMET bath orbitals. (a) Illustration of lattice
partition, where A defines the impurity and B denotes the remaining environment.
(b) Two bath orbitals that coupled to the two-site impurity. Different colors denote
different phases of orbitals.

and 2"# respectively. By factorizing the coefficient tensor W;; with singular value
decomposition (SVD), we have
min(2"4,2"B)

W) =>" > UpZpVilidali)s.
ij p

214

=Z<ZUip|i)A)2pp ZVIL |J)B ’ (2'2)
D i J

24

= Zpla), B),.
p

which is referred to as Schmidt decomposition of a general quantum state [67] and
the Schmidt bases {| B) p} span a small subspace (with same size as the impurity) in
the environment and thus naturally define a set of bath states. Note that the size of
the Hilbert space has been reduced to 2”4 regardless of the total lattice size. We are

then able to project the original lattice Hamiltonian to the embedding space,

Iflemb — ﬁ[fllattﬁ (2.3)
with projector P defined as,
P =23 1), 1By (el (Bl - (24)
pq

It is easy to verify that the embedding Hamiltonian shares the same ground state as
the original one ( (\IJ|1617-AII3 |¥) = (\IJ|I:I|\IJ) = Ey), and is therefore called exact
embedding.

Mean-field embedding
In practice, however, the exact wavefunction is unknown and the some approximation

is necessary. The idea is to iteratively build up the wavefunction in a self-improved
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manner. Specifically, when the low-level solution is chosen as a mean-field Slater
determinant, the bath states turn out to be a set of single-particle orbitals whose
overlap with the fragment is non-zero [35, 68]. The bath orbitals can be constructed
from either the molecular orbital (MO) coeflicients or the corresponding one-body

reduced density matrix. The occupied block of the MO coefficients can be then

coe = | M (2.5)
=1y | .

where M and N are of shape n4 X n,.. and shape npg X n, respectively. In the

written in a bipartite form,

following, we assume no. > n4 and the row rank of M is n4. This is a weak
requirement if the number of basis per fragment is not extremely large (we will
discuss the special treatment if the condition is not fully satisfied in Sec. 2.4). One
can perform an SVD on M,

M=UxVT, (2.6)

to find the orbitals which have non-zero overlap with A, where the singular value X
is exactly the overlap matrix (with shape n 4 X ny.), and V' (with shape nqcc X Hocc)
defines the rotation matrix that transforms the MOs to embedding orbitals (EOs)

(rotation on the occupied space does not change the mean-field [69]),

C_‘OCC — COCCV — [U : E} — [P 0} , (2'7)
N-V 0 E

P
where the first n4 columns |: i| are embedding orbitals whose overlap with 4

is non-zero, whereas the remaining orbitals are pure environment orbitals. By
orthonormalizing Q, we get the bath orbitals B, which together with the unit matrix
of the impurity part, define the transformation matrix C%EO from atomic orbitals

(AOs, or site basis in a lattice) to the embedding space,

al =a’ChE0 =4t [l 0} : (2.8)
0 B

where a is the new fermion operator in the embedding space. We notice that the

columns of matrix P are orthogonal to each other, because U is unitary and the first

n 4 columns of X form a diagonal square matrix ¥. And therefore the columns of

Q are also orthogonal and the following orthonormalization procedure is actually a

normalization, Q = BR, where R is a diagonal matrix (with shape n 4 x n 4) that

scales the columns of Q.
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On the other hand, one can find the bath orbitals from the reduced one-body density

matrix,
- PPt POf
y = CocccoccT — Q ) (29)
QPT QQ"+ EET
The off-diagonal block reads,
QPT = Q2UT = BRXUT (2.10)

and therefore the bath orbital coefficients B can be directly generated by the SVD of
the off-diagonal block of density matrix. Fig. 2.1 (b) shows an example of DMET
bath orbitals. We can easily find that the number of bath orbitals is the same as that
of impurity; and the bath orbitals have more weights on the sites near the fragment,

which reflects the local property of the correlation.

Once we have the transformation in Eq. (2.8), we can project the lattice Hamiltonian

H= ZhijaZa} + Z V,-jkla;ra};alaj (2.11)
ij ijkl
to the embedding space (similar to the AO to MO transformation, except that the
space is truncated via C = CA%E9). We obtain the expression for the one-body
embedding Hamiltonian,
W =" ClihiiCrq (2.12)
ij

and the two-body electron repulsion integral (ERI) in chemists’ notation,

vem =3 ClCl Vit CigCis. (2.13)

ijkl

Note that in this expression, all terms in lattice Hamiltonian are transformed and
in general the two-electron interactions between bath orbitals are non-zero. These
transformations are therefore called interacting bath formalism [34, 35]. On the
other hand, there is a simpler formalism where the bath orbitals remain non-
interacting and the two-body integral with bath index is effectively simulated by
a one-body correlation potential u. Within this non-interacting bath formalism
[30], the embedding Hamiltonian is very similar to that in DMFT (see Sec. 2.3).

It is worth to mention several properties of such embedding process: The number of
electrons in the embedding Hamiltonian is exactly the number of impurity orbitals

(i.e., the problem is half-filled). This can be seen from the shape of E in Eq.
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(2.7): the number of core orbitals is (nocc — nimp), and the number of electrons in
the embedding space is thus 7niy,. This is a unique feature of DMET compared
to other embedding schemes, such as some variants of DFT embedding or DMFT,
where the number of electrons in the embedding problem may not be an integer
and some adjustment of chemical potential is required. The embedding is exact
in several limits, (i) isolated atom limit (no off-diagonal terms between different
impurities), where no bath is needed; (ii) non-interacting limit (V' = 0); (iii) HF-
in-HF embedding (i.e., both lattice and impurity are solved by HF). In this case, the
Hamiltonian is very similar to that in a complete active space calculation, where
an HF-form core potential should be include in #°™ (This is usually used in the ab

initio formulation, see Sec. 2.4).

The embedding Hamiltonian can then be solved by any correlated method (called
impurity solver) as long as it is able to provide the density matrix. After solving the
embedding problem, we can measure the expectation values of the system. For local
properties (i.e., within the impurities), we can directly evaluate them by the density
matrices from the solver. For non-local properties (i.e., across different impurities),

one can use the so-called democratic partitioning [35], e.g.
i 1 I, 7T I J|, T J
<aiaj> = 5((41 lala;| W)+ (97 |ala;| W )), (2.14)

where index i belongs to /" cluster, j belongs to J" cluster, and the result is

therefore an average between ™ and J™ embedding problems.

Self-consistency and symmetry breaking

Once we have the high-level solution from the impurity solver, we can improve
the low-level theory through self-consistency. This is usually achieved by using a
correlation potential # that minimize the density matrix difference between the two
levels of the theories. Mathematically, this can be done from a least-square (LS)
minimization,

min ) [[yi; () — v, (2.15)
ij

where Y™ is from the impurity solver and keeps fixed during the minimization
and the fitted density matrix y is generated from the diagonalization of the modified

lattice mean-field Hamiltonian F,

(F +u)C = CE,

y(u) = €0, 210
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Note that ij can run over a subset of the impurity indices (e.g., Cu 3d orbitals)
to reduce the cost and improve numerical stability. The specific form of u also
determines the possible way of breaking symmetry. A generic form of u reads as,
u=y vial aje + > Azpa;a;ﬁ + H.c., @2.17)
ijo ij
where the first term v is spin unrestricted (0 = o or ) and can generate SU(2)
symmetry breaking magnetic orders, while the second and third terms A break the
particle number symmetry and allow for the SC pairing orders. We will discuss
the SC order in more details in Sec. 2.5. This DMET self-consistency procedure is

repeated until the y (or u) is unchanged.

2.3 Dynamical mean-field theory
Green’s function embedding
DMEFT is a quantum embedding scheme using Green’s function (GF) as the basic
variable, which connects the large lattice and the impurity problem. Specifically,
DMEFT self-consistency requires the match between local GF (of the lattice) and
impurity GF,

GR =0,0) = G™ (), (2.18)
where R = 0 denotes the reference cell. Such condition is achieved by adding a self-
energy, called hybridization A(w), to the impurity problem. The A(w) therefore

measures the missing information from the environment,
A) = [w—h"™ —Z™ ()] - [GR =0,0)]". (2.19)

Once the hybridization is given, the impurity problem is determined by some non-
interacting bath orbitals that mimic the behavior of A. We can then solve the
impurity problem by a more accurate impurity solver, which generates impurity
GF G™P and impurity self-energy ™. To get the self-energy of the total system,
the DMFT approximation [70] is introduced, i.e. the self-energy of the whole
system is by diagonally tiling the impurity self-energy and ignoring the inter-cluster
self-energy,
Y imp
Y(w) = - . (2.20)
yimp

From such self-energy, one can obtain the new local GF,

GR=0,0) = Ni > o —hk) - S (w)] 7, (2.21)

k
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which, combined with G'™ defines the new hybridization from Eq. (2.19) and starts

a new iteration. The whole DMFT loop can be summarized as,

solver Dyson eq Eq (2.19)

Aw) 2% Gimp () 220 sim (4, 2220 G R — 0, ) 222 A(w).
(2.22)

Bath discretization

In bath-based DMFT, the hybridization A(w) is represented by a finite set of discrete
bath sites and couplings. Here, we choose to approximate A(w) along the real
frequency axis [71-74] so that dynamical quantities (e.g. spectral functions) can
be computed more accurately than when fitting along the imaginary frequency
axis [75-77]. We consider A(w) as the Hilbert transform [78]

J
Aw) = / de ) (2.23)
w—¢€
with the spectral density
1
J(e) = ——ImA(e + in), (2.24)
b4

where 7 is a broadening parameter. The Hilbert transform integral can be approxi-
mated by a numerical quadrature (e.g., Gauss-Legendre quadrature) along the real

axis

N,
- J(€n)

A(w) = Wy, , (2.25)
20—

where w, and €, are the weights and positions of the N, quadrature grid points.
To derive the couplings between the impurity and bath sites, we diagonalize the
spectral density

J(e,) = UMy T, (2.26)

Eq. (2.25) then becomes:

No Nc /n)y, ()

Aij(@) =Y > ”‘_é", (2.27)

n=1k=1
with

VO = w U (00, (2.28)
Thus, Vl(,f) and €, can be interpreted as the impurity-bath couplings and energy
levels of bath orbitals. With this bath discretization, we can define the DMFT
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embedding Hamiltonian

yemb __ pimp f imp T T .
H —hij a;aj +V™a;a,aa;

No Ne .t : ; (2.29)
+ Z Z Z Vik (Cll- ank + ankai) + €nd, 1 Ank |>

n=1k=1 i

where 4™ and V™ are similar to Eq. (2.12) and (2.13), but with only the impurity

part of the Hamiltonian.

Comparison between DMET and DMFT

DMET shares many common features as DMET, e.g., using bath to represent the
environment, self-consistently generating phases, and having similar exact limits
(except that DMFT is also exact in the infinite dimension limit [27]). The physical

quantities have some correspondence,

y < G(w),
u < A(w).

(2.30)

The main difference roots in the frequency-dependent nature of G and A, which
makes DMFT intrinsically an excited state theory. One of the basic quantity extracted

from the GF is the local spectral function,
1
AR=0,0) = ——ImGR = 0,0 +i0™), (2.31)
b4

which can be directly compared to experiments, e.g., x-ray photoemission spec-
troscopy and bremsstrahlung-isochromat spectroscopy. DMET, on the other hand,
is a static theory using density matrices as the basic variable (density matrix can
be viewed as a equal-time GF or a frequency integrated GF). Therefore, DMET is

more appropriate for ground-state problems.

Another difference between DMET and DMFT is the number of bath orbitals. The
Npah in DMET is at most 72y,p,, whereas the 71y, in DMFT is in principle infinite and
there is correspondingly the bath discretization error. This feature makes DMET

has a significantly lower cost compared to DMFT.

2.4 Ab initio quantum embedding
Periodic quantum chemistry formalism
Periodic Gaussian bases. In simulations of realistic materials, we use a quan-

tum chemistry formalism based on crystalline Gaussian bases, i.e., translational-
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symmetry-adapted linear combinations of Gaussian atomic orbitals (AO) [79],
a5 =Y My, —T). (2.32)
T

where T denotes a lattice vector and k is a crystal momentum vector in the first
Brillouin zone (FBZ). We will frequently use the Fourier transform between the
R space and k space. The relevant formulas are summarized in Appendix A. To
formulate the ab initio calculation, it is necessary to express the Hamiltonian matrix
elements (integrals) in this basis. The one-electron integrals, namely the overlap S,

kinetic 7 and electron-nuclear interaction integrals V™! are [80, 81],

1 .
S8y = Vo) = Zelk-T/dl' 15 (0) g (r =), (2.33)
T
1 1 .
TX, = 5N (x| V2] 25) = - Ze“/dr X @V xg(r=T), (2.34)
T
V;\gel’k = %(XMUN@I}X‘;) = Zeik'T / dr X;(r)vN'el(r))(q (r—T), (2.35)
T

where N is the number of k-points and the divergent part (G = 0) in the electron-
nuclear interaction vN°!(r) is removed. This guarantees that the integral is not
divergent for charge-doped systems, see Chap. 7. The total one-electron Hamiltonian

integral (core Hamiltonian matrix element) is then,
core,k __ k N-el,.k
hpq =Ty + Vo o (2.36)

We also define the matrix elements of the 2-electron Coulomb interaction. This
leads to electron repulsion integrals (ERI) involving 4 crystalline Gaussian AOs (4

“centers”),

, -
Vzl;é)rksqkrks = /drl dr, Xl;p (rl))(l;q(rl)a)(l:r (r2) 1 (r2). (2.37)

Note that crystal momentum conservation means that the ERI vanishes unless k, +

k, —k; —Kk; = nb, where nb is an integer multiple of the reciprocal lattice vectors.

With all the matrix elements evaluated, standard molecular quantum chemistry
techniques can be applied in the periodic setting. This lays the foundation for the

efficient ab initio implementation of quantum embedding theories below.

Density fitting. There are a large number of ERIs in the above formulation. To

reduce the cost of evaluating them, we employ density fitting (DF) which factorizes
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the 4-center ERI into a product of 3-center ERIs and a metric matrix. Using the
Coulomb metric [81, 82] and for auxiliary basis functions labelled {P, O, --- }, we

obtain

kykok Ky —
Vogrs™ ™ =Y (pkpgky| P) Tpp(Q1rkesks). (2.38)
PQ

with the 3-center ERI,

1 . —1 B 1 *
(P|pkquq) = Z /drldr2 el TpXP(rl)EXp(rZ —Tp)xq(r2 —Ty),
T,T,

(2.39)

and the Coulomb metric,

" 1
jPQ = /drldr2 )(P(rl)r—)(Q(rz). (240)
12

It is computationally convenient to absorb the Coulomb metric symmetrically into

the definition of the 3-center integrals,

Kk pkok ks _1 _1
Vpard™™ = 33 [(pkoake|P)T57 || T05 (Qlrkesky) |
L p Qk - (2.41)
= Z WL;quL;ss'
L

where the symmetrical decomposition can be carried out using the eigenvalue de-
composition of 7 and linear dependence is handled by discarding small eigenvalues.
In the following, we use the symmetric DF form and use L to label auxiliary basis
functions. We choose the auxiliary basis to be also a crystalline Gaussian basis,

thus the above formulae correspond to (crystalline) Gaussian density fitting (GDF).

The 3-center integral W obeys several useful relations, which we use later to derive

some of formulae. Similar to the 4-center integral, there is momentum conservation,
k; =k, —k; + nb. (2.42)

From Eq. (2.39) and Eq. (2.40), one can also verify the following complex
conjugation relation,

kgkp* kpky
Wpasr™ = Wy, (2.43)

Local orbitals
The infrastructure of ab initio mean-field theory uses crystal (Bloch) orbitals and

k-point quantities, while quantum embedding is naturally formulated in terms of
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local orbitals and real-space quantities. Thus, we first define a translation from the

mean-field computational basis to one appropriate for embedding.

To do so, we construct atom-centered orthogonal local orbitals (LO) {w;(r)} that
define the lattice Hilbert space, which can be cleanly partitioned into a product of
impurity Hilbert spaces. Here, we will assume that the mean-field computational
basis is a set of crystal atomic orbitals (AOs) {¢l‘§(r)} (which constitutes a non-
orthogonal basis, with an AO index w and a k-point index in the first Brillouin

zone). It is convenient to first define an intermediate set of local crystal orbitals,

wi(r) = Y ¢ (r)C 0, (2.44)
w

where the notation C*Y denotes the transformation from basis X to basis Y. The
real-space LOs in any cell can then be obtained by a Wannier summation over the

local crystal orbitals, for example, the LOs at the lattice origin (R = 0) are given by

1
~/ Ni

Expressed in the LOs, the ab initio periodic system is isomorphic to a periodic

w0 (r) =

> wk(r). (2.45)
k

lattice problem, with reciprocal lattice vectors k. We choose a subset of {w;(r)} to
define the impurity. It is natural to choose the impurity to be spanned by LOs in a
single unit cell or a supercell, and for definiteness, we choose the cell or supercell

at the lattice origin as the impurity.

The next computational task is to specify the coefficients in Eq. (2.44) that define
the LOs in terms of the crystal AOs. There are two strategies to construct orthog-
onal local orbitals: a top-down strategy [transforming from canonical mean-field
molecular orbitals (MOs) to LOs] and a bottom-up strategy (transforming from
the AO computational basis to LOs). The first strategy finds a unitary transfor-
mation of the MOs to optimize a metric (such as (r?) — (r)®) that measures the
spatial locality of the LOs. Examples of such approaches are the Boys[83], Pipek-
Mezey (PM)[84] and Edmiston-Ruedenberg (ER)[85] methods in molecules, and
the maximally localized Wannier function (MLWF)[86, 87] and Pipek-Mezey Wan-
nier function (PMWF)[88] methods in solids. The top-down scheme can yield more
localized orbitals than bottom-up schemes. We have an implementation of MLWF
by interfacing wANNIER90 program with PYSCF and the relevant matrix elements
are summarized in Appendix C.1 (see also the DMET work by Pham et al. [89]).

However, due to the need to carry out an optimization, the disadvantages are also



22

apparent: (i) the procedure can be numerically expensive and one can easily get
stuck in a local minimum of the cost function, particularly when constructing a
large number of local virtual orbitals; (ii) with periodic boundary conditions, en-
tangled bands [90, 91] often exist among the high-energy virtual MOs, and special
techniques are required; (iii) a false minimum or discontinuity in k-space can lead
to non-real orbitals after the Wannier summation in Eq. (2.45), giving a Hamilto-
nian with complex coefficients in the LO basis, which is incompatible with many

impurity solver implementations.

In the bottom-up strategy, one avoids optimization and relies only on linear algebra
to construct the LOs. Examples of LOs of this type are the Lowdin and meta-Lowdin
orbitals [92, 93], natural atomic orbitals (NAO) [94] and intrinsic atomic orbitals
(IAO) [95]. Bottom-up methods avoid the difficulties of the top-down strategy: (i)
the construction is usually cheap (i.e. suited to producing large numbers of local
orbitals); (ii) there is no initial guess dependence or local minimum problem; (iii)
the LOs are guaranteed to be real as long as the phases of crystal AOs and other
k-space orbitals in the formalism (e.g. the reference crystal AOs used to construct
the IAOs) are smooth in k-space. Since we aim to carry out calculations beyond a
minimal basis, and thus with many virtual orbitals, we have chosen the bottom-up
strategy to avoid difficulties in optimization and non-real Hamiltonian coefficients.
In particular, we have adapted the molecular IAO routine to crystal MOs with k-
point sampling (see Appendix C.2) to generate the set of crystal IAOs. The crystal
IAOs are valence orbitals that exactly span the occupied space of the mean-field
calculation. Note that the number of IAOs is the same as the size of the minimal
basis only. To obtain a complete set of LOs that span the same space as the original
AO basis (thus making a square rotation matrix C*A%L0 in Eq. (2.44)) we need to
further augment the IAOs with LOs that live purely in the virtual space. Here we
choose these additional orbitals to be the projected atomic orbitals (PAO) for non-
valence orbitals [96], orthogonalized with Lowdin orthogonalization, as originally
proposed for local correlation calculations[96]. The IAOs + PAOs then together
span the complete space of AOs and constitute a complete LO basis. A related
scheme has previously been used in the molecular DMET calculations[35, 97]. We

summarize the formulations of IAO and PAO in Appendix C.

In the following, we transform the Gaussian AOs into periodic IAOs and PAOs, and
use these as our local orbitals. These orbitals can be viewed as a series of atom-

centered projected Wannier functions, and therefore, no numerical optimization
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is required during their construction. In particular, the periodic IAOs are based
on the projection to a set of predefined valence AO orbitals (the so-called IAO
reference functions), whose number is smaller than the computational AO basis
and do not include polarization or diffuse components. See Refs. [95, 98] for their
construction. In this work, we use atomic spherically averaged Hartree-Fock orbitals
as the IAO reference functions, because the segmented Gaussian basis functions that
we use (such as def2-SVP or cc-pVDZ) do not individually possess meaningful AO
character. The IAOs represent the valence space (occupied + virtuals of valence

character) of the materials, while the PAOs represent the remaining virtual space,

072%) = 30 (1= [# 4 {ei¥)) 150%). (2.46)

1

The union of the two sets spans the full orbital space. The coefficient matrix
C'0 defines the transformation from the computational AO basis to the LO basis.
For practical calculations, especially with all-electron basis, it is necessary to use
the frozen-core approximation to freeze the low-energy bands (like 1s orbitals).
Depending on the mean-field methods (HF or hybrid DFT), the effective potential
from the core bands can be evaluated from Coulomb J and (scaled) exchange K
matrices (see Appendix B.1), as well as the DFT Kohn-Sham potential vy.. After
the freezing the core bands, the LOs need to be defined accordingly. In Appendix
C.2, we show how IAOs can be defined with non-core bands (with core bands being
projected out). We also show how the IAOs can be extend for metallic systems
whose orbital occupations are not integers. These advances lay the foundation for

large-scale quantum embedding simulation of doped materials.

Bath truncation
DMET bath truncation.

The DMET embedded Hilbert space consists of the impurity LOs and a set of bath
orbitals; these together are the embedding orbitals (EOs). We define the bath orbitals
in DMET by using the SVD of the valence (IAO, not PAO) part of the one-particle
density matrix. We assume below that the impurity corresponds to a reference cell
R = 0, thus the bath orbitals live in the cells R # 0. The off-diagonal block of the
density matrix of the whole crystal (“lattice”) is computed directly from the Fourier
transform of the k-space density matrix obtained in the mean-field calculation [98,
991,

1 .
R0 ik-
e = ek, (247)
k
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Constraining i, j to be IAO (i.e., valence) indices, the valence bath is obtained from
an SVD of the off-diagonal block,

R#£0 R0 t
vy =Y By AV, (2.48)
ik

where A measures the entanglement between the bath and impurity orbitals and B

is the coeflicient matrix of the (orthogonalized) bath orbitals,

UREDY

R#£0,i

1

6% BY. (2.49)

The overall embedding orbital (EO) space is spanned by impurity orbitals (in the
reference cell R = 0) and the above bath orbitals,

1 0
EOR __
CrOR = [0 - 7&0] (2.50)

For subsequent integral transformations (see below), it is more convenient to Fourier

transform the embedding orbitals to the k-space,

ChON =) e RCEOR, (2.51)

ij
R

Although the DMET bath is formally of the same size as the number of impurity
orbitals, the mean-field wavefunction only contains appreciable entanglement be-
tween partially occupied LOs on the impurity and corresponding bath orbitals. Very
low-lying core and high-energy virtual impurity orbitals thus are not entangled with
any bath orbitals. In practice, this manifests as very small singular values A;; and
the corresponding singular vectors (bath orbitals) can vary between different DMET
iterations [35] leading to difficulties in converging the DMET self-consistency pro-
cedure. To eliminate this instability, we use the procedure previously recommended
in molecular DMET calculations [35]. We first partition the impurity orbitals into
core, valence and virtual orbitals, and only carry out the SVD for the impurity va-
lence columns of the off-diagonal density matrix to construct corresponding valence
bath orbitals [35], i.e. the index j in Eq. (2.48) can be constrained to the valence or-
bitals only. Note that when frozen-core approximation or pseudopotentials are used
in the calculation, there is no core subspace, and thus no core bath orbitals appear.
With this construction, the number of embedding orbitals is reduced from 2n;y,, to
Nimp + Nyal, Where n, is the number of valence orbitals, which is smaller than the

number of impurity orbitals 7;,,, and we recover smooth DMET convergence.
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DMFT bath truncation. It is known that bath discretization introduces discretization
errors into DMFT, thus many bath orbitals per impurity site are required to minimize
this error. In our case, the number of bath orbitals is formally N, = N, N¢, which
can easily be as many as a few hundred, as N¢ includes all orbitals in the unit cell.
To reduce the bath size and thus computational cost, we employ several strategies
to truncate the bath degrees of freedom, while minimizing the error introduced.
First, we only couple bath orbitals to the IAOs (valence orbitals). Note that PAOs
(non-valence virtuals) are still included in the embedding problem and interact with
the IAOs. With this choice, the number of bath orbitals is reduced to N, = N, Niao.
Second, we remove the bath orbitals which are very weakly coupled to the impurity.
As seen in Eq. (2.28), the scale of the bath coupling is set by the eigenvalues /\,(3()
By dropping the bath orbitals with eigenvalues below a threshold, we can further

decrease the bath dimension as necessary.

Integral transformation
The construction of the embedding Hamiltonian is equivalent to a set of integral

transformations using the coefficient matrix C of the embedding basis [98, 100].

The one-body part of the embedding Hamiltonian can be directly evaluated using

the projection,

1

emb __ k[ core, k eff k1, k f,1

H =2 Cry [ + 05 ] Cpiy — 057 — 183 8icimp (2.52)
where we have included in the definition w, a chemical potential that adjusts the
electron density on the fragment such that each cell has the correct number of

eff,loc -

electrons. v;; " is the effective potential in the embedding space originating from

the density matrix of the embedded space,

eff,loc,o0 __ - _ emb,00’ embo __ y/emb,00  emb,o
V;j =J-K= (Z Viki ) Vik;” Yer (2.53)

where V°™ is the embedding two-body hamiltonian (see below for its construction)
and o is a spin label. Note that in our current scheme, the velff always contain
Coulomb J and full exchange K regardless of the types of mean-field theory (HF
or DFT).

The two-body part of the embedding hamiltonian must be constructed appropriately

to minimize computational cost. With density fitting, ERIs in the embedding space
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can be evaluated from 3-center integrals in the reference cell,

Wwkeoo _ kptp/koks ~Kq
Wi =+ Z Gl Wb Ce (2.54)
K kpk
PRq
where ’ indicates the summation is over momentum conserving crystal momenta
k;, = k, —k, + nb. The cost of this step scales as O(ngny ). The final embedding

ERI is a contraction which scales as O(ngny,,),

emb k7 00 kLOO
l]kl - ZWLU Lkl . (255)
kLL

Note that time reversal symmetry of the integrals and coeflicients can be used
to reduce the computational cost. For example, time reversal symmetry over kz,
effectively reduces costs by about a factor of 2, as we only need consider the non-

negative k.

For each pair (k,, K,), there will be another pair k, = —k, and k, = —k, that are

related,

k,k Kk kok, ~k
WLJ(.Iip:CQ—erIPCP

Lqp
= Cll Wy Cyr” (2.56)
kpkq
= WLl] ’

where we have used the relation C¥ = C¥*. This relation further gives a factor of

2 cost reduction in the transformation.

Finally, we note that after the summation over Kk, the resulting embedding 3-center
integrals and the final embedding 4-center integrals have permutation symmetry
over the orbital indices. In fact, the embedding ERI is real and has 8-fold symmetry:
Vi =V = ViR = V]fl“;‘jb = .... This relation gives another factor of 4 during
the contraction step.

There are many choices of auxiliary basis and here we will mainly use Gaussian
density fitting (GDF), where L is a set of chargeless Gaussian crystal orbitals, with
the divergent part of the Coulomb term treated in Fourier space [81]. (We discuss
plane-wave density fitting (FFTDF) in Appendix of Ref. [98]).

An alternative choice of embedding Hamiltonian is the DMET (and DMFT) non-
interacting bath formalism [35]. In this case, the two-particle interactions are

restricted to the impurity orbitals, and interactions on the bath are mimicked by
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adding the correlation potential to the bath. For further details, we refer to Ref. [35].
We primarily use the interacting bath formalism for ab initio DMET, and only
consider the non-interacting bath formalism for DMFT and in the model calculations
of DMET.

DMET and charge self-consistency

A key component in the DMET description of phases and order parameters is the im-
position of self-consistency between the “high-level” (HL) embedded wavefunction
and the “low-level” (LL) mean-field description. We matched the correlated one-
particle density matrix y from the impurity solver and the mean-field one-particle
density matrix by minimizing their Frobenius norm difference with respect to the

correlation potential u,

selected indices

min S i) -yt (2.57)
ij

where the indices i, j loop over selected orbitals and the high-level density matrix
)/gL is kept fixed during the correlation potential fitting.  Other choices of cost
function are also possible, e.g. only matching the impurity [34, 35] or diagonal
part [31] of the density matrix. The correlation potential u is a local quantity
(i.e. independent of the impurity cell k). With large basis sets, the number of
parameters in u can be very large. To reduce the degrees of freedom in the numerical
optimization, we can add u only to a subset of orbitals, e.g. the valence orbitals.
With a small set of parameters, the optimization problem can be easily solved, e.g.
by a conjugate gradient algorithm. It should be noted that the minimization of
the cost function is not a convex problem, thus in principle there can be multiple
local minima; for example in an AFM system, there may be multiple solutions
corresponding to different spin polarization patterns. We typically use conjugate
gradient (CG) or Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm to solve LS
fitting problem (see Appendix D for the analytic gradient of the cost function at both

zero and finite temperatures).

y™ can be solved in the global lattice space, called global fitting, which is more
stable in the metallic case and we will use it in the doped HTSCs. Alternatively, -
can be solved in the embedding space and only small Fock matrix F°™ needs to be
diagonalized. This fitting scheme is called local fitting [101] and is computationally
cheaper than the global fitting. One can prove that the self-consistent solutions of

DMET using the local fitting procedure are equivalent to those of the DMET with
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global fitting [102].

In an ab initio DMET calculation, an additional layer of self-consistency appears as-
sociated with the non-linear ab initio lattice mean-field calculation [this is sometimes
referred to as charge self-consistency (CSC) in DMFT calculations [103—-106]]. In

our implementation, the AO-based Fock matrix F*A0

is updated at the beginning
of each DMET cycle, using the improved DMET mean-field density matrix from
the previous iteration, which reflects the response of the mean-field density (matrix)

to the DMET local correction.

We finally note that the LOs, in principle, can be redefined based on the new mean-
field MOs at each DMET iteration. However, we do not consider such an update
in the current work. Instead, we only determine the LOs at the beginning of the
calculation and keep the LOs fixed in the following DMET self-consistency loops.
This choice introduces a small dependence on the initial orbitals (e.g. using HF- or
DFT-MGOs to define the LOs). However, it is usually reasonable to assume that the

LOs do not change significantly during the embedding self-consistency.

We illustrate the periodic ab initio DMET algorithm, with both DMET correlation

potential and charge self-consistency, in Fig. 2.2.

add u & update Fock

mfin k-AO

Y

CAO,LO
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k-LO

bath construction
integral transform

u converged? Hemb Solver
Y with
w fit
Compute E,
m, (S8i - Sj) ...

Figure 2.2: The ab initio DMET self-consistency procedure, where “mf” is used to
denote the relevant mean-field physical quantities, e.g. the Fock matrix F, density
matrix y; u and u are used to denote the chemical potential and correlation potential
respectively. “CSC” denotes charge self-consistency and is an optional step in the
algorithm. The flowchart starts at the blue block and ends at the green block when
self-consistency is reached.
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Multi-fragment extension

The above ab initio DMET formulation assumes we are embedding a full crystal
cell (which may be a supercell of primitive cells) in the environment of other cells.
However, for complicated crystal structures, e.g., in the multi-layer compounds,
or for inhomogeneous systems and defect calculations, the full cell calculation
is prohibitively expensive. New techniques are thus required to further reduce the
impurity size. Here we have developed and implemented a multi-fragment extension
of the ab initio DMET. This allows a further decomposition of the full cell impurity

into fragments while retaining the periodicity among different cells.

In this scheme, the reference impurity cell is divided into fragments which are each
embedded in the bath of the other fragments and other cells. For example, for the
double-layer compound Hg-1212, the cell is sliced into 3 fragments, the first one
involving the bottom layer of the CuO, plane and the corresponding apical oxygen;
the second, the upper layer of copper and oxygen; and the third fragment, the other

buffer-layer atoms, i.e., Hg, Ba and Ca [see Fig. 2.3 (a)].
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Figure 2.3: (a) Illustration of the multi-fragmentation scheme in the multi-layer
cuprate Hg-1212. The system is divided into 3 pieces: the fragments 1 and 2
involve the two Cu-O layers and fragment 3 contains all other ions in the cell. (b)
MPI efficiency of the multi-fragment implementation of a h-BN crystal.

The total energy is defined as the sum of all fragment energies, £ = ) _E*.
Implementing the DMET democratic partitioning formula (which defines how to

reassemble expectation values from each fragment) , each fragment energy is the



30

expectation value of a scaled Hamiltonian,

~ 1 ~ ~ 1 ~
i Tt
E* = Z(Hi);ai aj) + 5 Z( k14 akalaj> = Z Hlyy + 5 Z Vi Uik
ij ijkl ij ijkl
(2.58)

where H and V are scaled Hamiltonians, and y and I are 1-body and 2-body density
matrices respectively. H is defined as,

3 core 1 eff 1 eff,dc

Hij = wij hij + EUU- — El)ij . (259)
Note the % factor in the Coulomb energy. The scaling weight is defined by the
fraction of indices in the local orbitals of fragment x,

1, ifij € x,
1

wij =47 ifi exorj € x, (2.60)
0, ifi ¢ xand j ¢ x.

Similarly, the 2-body part of the Hamiltonian,
Vijki = wijit Vs (2.61)

includes a weight factor w;;x; to correctly account for the number of fragment

indices.

v in Eq. (2.59) is re-evaluated using the DMET global density matrix y&°° [107],
1
yglob,R — E(CRyeranOT + C0yembCRT)’ (262)

where CR is the coefficient of the embedding basis of the R" unit cell. This ensures

a consistent Fock potential is used in all fragments.

The multi-fragment calculations in DMET are easily parallelized e.g., using MPI.
The evaluation of the bath orbitals, construction of the embedding Hamiltonian,
high-level solver calculations, energy computation and correlation potential fitting
are all independent of each other. The communication only happens when (1)
determining the chemical potential [communication cost O(1)]; (2) constructing the
global density matrix [cost O(N)], where N is the number of embedding orbitals;
(3) combining subblocks of the correlation potential [cost O(N)]. We illustrate the
MPI efficiency in Fig. 2.3 (b), in which the fragments are pairs of atoms (i.e., of

equal size) in a 2D boron nitride crystal. The speedup is very close to ideal.
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2.5 Generalized spin orbital formalism for superconductivity

Mean-field theory for superconductivity

The central idea of BCS theory is the formation of the Cooper pair, a quasipar-
ticle of two binding electrons. There are significant fluctuations of creation and
annihilation of electron pairs in the system, corresponding to non-zero expectation
values of (aTaT) and (aa). In other words, the particle-number is not conserved in

a superconducting system 1.

The BCS theory is based on a one-band picture and simplified two-electron Hamil-

tonian,

Hm =% (o — paf,ane — Y Vil paipana- (2.63)

ko KK/
Comparing to the generic quantum chemistry Hamiltonian, there are three noticeable
differences: (i) There is no orbital indices since the BCS theory starts with the free-
fermion sea (and k is enough to label the quantum states). (ii) There only two k
labels (not three in the full Hamiltonian). This is an approximation with only pair
interactions. (ii1) There is a negative sign before the two-electron terms, meaning

the electron-electron interaction is effectively attractive.

Now we discuss the mean-field treatment of such Hamiltonian. The two-electron

part of the Hamiltonian can be factorized as

(alaa spavpane) ~ (alata (o' spa-vp) = (alats ) (a' spone) (2.64)

+ <a|1.aaikﬂ> (a—k’ﬂak’a> s

where the first two terms are normal Coulomb and exchange expectation values and
their effect can be absorbed into the ¢, whereas the last term is the key ingredient of
the BCS theory, i.e., the pair-pair interaction (this channel is forbidden for particle-
number conserved calculations). We can then formulate a mean-field description

by approximating the two-body interactions as

altaaikﬂa—k/ﬂak/d ~ <alaaikﬂ>a—k//3ak’a + alaaikﬂ (a-—wpava)

+og (2.65)
+ <akaa_k5> (a_k/ﬂak/a) .

'One can understand the breaking of particle-number symmetry by considering the Cooper
pair condensation at the TDL. There are macroscopic number of condensed Cooper pairs serving
as the reservoir that compensates the deviation of the particle number. In this sense, the particle-
number symmetry breaking is only a mathematical trick that ignores the contribution of the charge
background.
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By defining the superconducting order parameter

Ax =Y —Vie [a-wpava). (2.66)

k/

we can write the mean-field Hamiltonian for superconductivity,

FBCS — Z |:Z(sk - ,u)alaakg + (Akalaaikﬂ + Hc)i| + const..  (2.67)
k g

This Hamiltonian can be diagonalized by the Bogoliubov transformation [108, 109],

SR e
a—kﬁ _vk uk qk

The new quasiparticles (p and g) are the mixing of particles and holes, and u and v
are coeflicients determined by the diagonalization and normalization conditions. In

the new quasiparticle basis, the Hamiltonian is diagonalized,
S =" E(pipe + gla) + Y _(ex — ju — Ey) + const., (2.69)
k k

where

Ey = \/ (ex — 10)* + AL, (2.70)
The form is reminiscent of quantum harmonic oscillators. The order parameter Ay
is the also gap function of elementary excitations since Ey = |A| at the Fermi level
(¢ = ). The non-zero pairing also makes the ground-state energy lower than the
free fermion sea, and this proves the statement of Cooper that an arbitrarily small
attraction between electrons (e.g., through electron-phonon coupling) can cause a

binding state of electron pairs.

An alternative way to diagonalize the superconducting Hamiltonian in Eq. (2.67) is
to redefine the vacuum such that the particle-number breaking terms become normal

ones. We define the partial particle-hole (p-h) transformation 7,

~ — A ay
FIBCS — I:aT a i| Ek — M k o

k a_xg

&k — U Ay Cka
Y[ ] |* -
" Ay —&k+ U] cxkp

This form is called Nambu representation[110, 111], which effectively defines the

(2.71)

following partial p-h transformation 7',

i T -1
Cka = TakaT ’
P (2.72)

—kp a—k,B s
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and the transformation makes the Hamiltonian in the normal ordering form. The
new vacuum of B particles is a ferromagnetic state where all the k states are
occupied by spin-down electrons, such that any further creation of 8 electrons will
destroy the state. In the Nambu representation, the particle-number symmetry (c¢'c)
comes conserved at the expense of spin symmetry S, breaking. Diagonalizing
the quadratic Hamiltonian gives exactly the Bogoliubov coefficients in Eq. (2.68).
In a more quantum chemistry view, the Hamiltonian has a spin-coupling block A
which mixes two flavors of spin. Therefore, we call this formulation a generalized
spin orbital (GSO) formalism, which connects the superconducting problem to the
generalized quantum chemistry approaches. We will derive the formulation for ab

initio quantum embedding using the GSO formalism in the next section.

We note that we have assumed the singlet pairing, i.e. the electron pair is composed
of different spins (aaa ,g). It is also possible to have triplet pairing, where (aya) is
not zero. In that case, the Nambu representation is still applicable, but the resulting
Hamiltonian does not have simple interpretation of generalized spin mixing (e.g.,
see the discussion in the literature of Hartree-Fock-Bogoliubov (HFB) theory [112,
113]). We will only consider the singlet pairing in this thesis.

Finally, we discuss the pairing symmetry. If no spin-orbital coupling exists, a

two-electron wavefunction can be decomposed as spatial and spin components,
l11(1’1,0'1,1'2,0'2) = A(R, r))((O'l,Uz), (273)

where R = r; 4+, is the center of mass and r = r; —r;, is the relative coordination.
When the singlet pairing is assumed, the spin component y(oy,03) = —x(02,01)
is anti-symmetric. Since the overall wavefunction is anti-symmetric, the spatial part
A must be symmetric. If we assume the Hamiltonian is spatially rotation invariant,
we can classify the A by the angular momentum /. The symmetric A then has
even integer numbers of /, such as s (! = 0), d (I = 2). The corresponding
superconductors are called s-wave and d -wave respectively. For realistic materials,
there is no continuous rotation invariance, but only point group rotation invariance.
One can, however, still classify the pairing symmetry using / by considering the
small region around an atom, e.g., the Cu atom in cuprates. It has been measured
that the conventional superconductors belong to the s-wave superconductors, while
most of the evidence supports the d -wave character in the HTSCs. We will compute

the order parameters in the three-band model and ab initio cuprates later.
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Ab initio superconducting Hamiltonian
In this section, we discuss how to construct the ab initio lattice and embedding

Hamiltonian using the partial p-h transformation 7',

i T -1
c, =Ta T,
o A (2.74)
cjp="Ta;, T
One can verify the transformed quasiparticle operators obey the fermionic anti-

commutation relations,
IS
{Ci o’ Cl/r }

07
0, (2.75)
} 8ij8oc = 8o, (jo)-

We then focus on how to construct the integrals in the new quasiparticle represen-

tation, where we use calligraphic letters (H, D etc) to denote the quantities.

e One-particle Hamiltonian
The partial p-h transform of a one-particle Hamiltonian, H¥,

hoek Aa,Bk

k __ ak 7 Bk aBk k _
HE = [, W%, A }—>’H1=|:AaﬂkT =

i| + Ho, (2.76)

where the energy constant Ho = >, Tr(hP* k1),

e Overlap matrix and orbital coefficients

The partial p-h transform of the overlap matrix S or orbital coefficients C,

sk 0
Sk Sk = , 2.77
[0 Sk} 01
ck = [C“k Cﬂk] Lok= €0 (2.78)
B ’ | o Bl '

e One-particle density matrix

The partial p-h transformation of a one-particle reduced density matrix y¥,

K k . Bk _aBk K yek Pk
_ |, @ _
yh = [y yP ] - D = R B

D; will serve as the generalized density matrix for constructing the bath
orbitals C of DMET.
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Local two-particle Hamiltonian

The partial p-h transform of a local electron repulsion integral (ERI), V),

pe sy =V Ty Ly 2.80
2—>2=_VTV+1+0, (2.80)
where
v/ 0
Vlz[o vK—in| (2.81)
with
L= S Vigrs. (2.82)
- Z Sq_rl qurs’ (2'83)
r
and |
Vo =3 Tr[(vs —vk)S7']. (2.84)

Vacuum terms from density fitting

The construction of V; using density fitting (using Wf;’;q to represent the

3-centered AO integral),

N ka 0
=1y ke (2.85)

with v”/¥ is computed as

k,—1y57kk
Z Sap Wipe: (2.86)
kpq
vl =D LW (2.87)
L
Similarly, v&¥ is evaluated through
ykak ek
Xias = Z Sat Wi, (2.88)
K *
Vps ! = — Z Wyt X (2.89)
quq
Constant term reads,
1
Vo Tr[(v7* — v&¥) %] (2.90)

:2—M(k
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e Embedding ERI

The construction of the embedding ERI using density fitting and the partial
p-h transform,
1
emb _ o Z (Wﬁ}kwo* nglkLoo n ngkwo* Wf;flkwo

ijkl =
Ne (2.91)

aaky 00 vy BBk 00 BBk 00 vy aaky 00
—WLij Wik ™ = Wiij Wiki ) ’
where the reference cell 3-centered embedding integral W is calculated as,

1 < K kpky Tk
weme = Ly et oo
Kk

where C? is the coefficients of embedding orbitals with spin 0 = {«, B}
and the ' limits the summation through the momentum conservation k; =
k, —k, + nb.

e Coulomb and exchange potential

This Coulomb 7 and exchange K potential in the quasiparticle representation

formally should be evaluated via the contractions between }, and Dy,

Trs = Y DgpVogrs. (2.93)
prq

Kps =Y DgrVpars. (2.94)
qr

By substituting Eq. (2.79) and (2.80), we have
o a o B Y)Ba
Trs = Z ququrs + ququrs
rq

= Z Dgp qurs - Dqﬂp VquS
prq

(2.95)
=D VoaVoars T VhgVoars = Spq Voars
prq
= (TJ*T7"),, — v},
Tk =2 D4y Viirs + Dy Voirs
pq
- Z Dgp Voars = DgpVpars
(2.96)

pq
= Z _()/pﬁq qurs + qu qurs) + S;ql qurs
pq

= (T/P17) 4],

r
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Note the difference between the direct transform of J, the additional term will

be cancelled out in the generalized Fock matrix F when adding with V.

o o oo
ICps - Zququrs
qr

= ZDZ‘r Voars
qr (2.97)
= Z V:;r Vpars
qr
= (TK*T™") .
DS
B _ B 1,88
Icps - Zququrs
qr
= prr Vogrs
ar (2.98)

= Z —Vfr Vpars + Sq_r1 Vpars
qr

_ (TKﬂT—l) + oK.
ps
Note the difference between the direct transform of K, the additional term

will be cancelled out in the generalized Fock matrix / when adding with V.

B — By @B
K;s - Zpgr ngrs
qr
=Y DV
gr " pqrs (2.99)
qr

— 2 op
- —Kgr qurs
qr

Note this term does not appear in the normal state unrestricted Hartree-Fock
(UHF) potential.

e frozen-core approximation and DFT as low-level theory The frozen-core po-
tential can be calculated using D and the above functions. In a density
functional theory (DFT) Kohn-Sham Hamiltonian, the X matrix should be
ignored for pure functionals, or be scaled with the hybrid parameter of hybrid
functionals (e.g., x"® = 0.25 in the PBEO functional). So far, we do not in-
clude DFT vy, in the embedding Hamiltonian because it requires some proper

treatment of double-counting.
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DMET algorithms for superconducting states
In this section, we discuss how to perform a DMET calculation of a doped cuprate.
The following algorithm is implemented in LIBDMET [98, 114].

1. Set up the cell and the lattice. The doping need to modify the total number of

electrons of the cell.
2. Mean-field calculation of the doped system (e.g., from unrestricted PBEO).
3. Local (core, valence and virtual) orbitals are constructed, C A9-core_ (C AOsnon-core,

4. Partial p-h transform: Construct CAO-core, cAO:non-core 91 910 Y, Vg, DO,
jCOrC ]CCOrC 5001‘6.

The resulting lattice Hamiltonian (all in the LO basis without core, k-point

labels are omitted for clarity) is

E=E"+ & +Ho+ Vo (2.100)

H = Hl + Vl + jcore _ xhyb,ccore. (2101)
Note that here V; and V, will also include a factor x™® if DFT is used.

The generalized Fock matrix comes from a direct transform of the mean-field

unrestricted Fock matrices,

F = Fe 0 (2.102)
o —FB| '

To make the expectation value of physical particle number correct, an addi-

tional chemical potential should be included in ‘H and F,

S 0
# . (2.103)
0 —uS
5. Set up the correlation potential.
0 A%
U = AGBt o | (2.104)

The particle-number non-conserving part is from the correlation potential and
will be determined self-consistently through DMET. We also constrain the
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form of A to be a subset of local orbitals (e.g., 3-band orbitals and Cu-4s) and

the point group symmetry is applied. The initial guess is a d -wave potential

among the Cu-3d,2_,2 orbitals. In principle, we can include the diagonal part

inu

corr

such that the magnetic order is also determined self-consistently. We

do not consider such degrees of freedom here.

6. DMET @ DFT main loop.

a)

b)

d)

e)

f)

g)

Diagonalize the generalized lattice Fock matrix F + u®" to get the
generalized density matrix D and determine the lattice chemical potential
W that ensures the correct particle number. Note that the smearing should

be used to treat the doped states.
Construct the bath orbitals C from D using SVD.

Construct the embedding Hamiltonian from C and integrals. Specif-
ically, the embedding ), is calculated using Eq. (2.91). Note that
the DFT v* does not enter into the embedding Hamiltonian, only the

HF-form embedding-core interaction is considered.

Solve the embedding problem with generalized solvers (e.g., GCCSD).
We need to solve a chemical potential of the embedding problem ™
such that the physical particle number is the same as the projection from
the lattice,

NPhysemb — - p physlatt p. (2.105)

This is due to the non-exactness of embedding, especially when DFT is

emb

used as the low-level theory. Currently, u®™ is determined using the

constrained HF.

Collect D™ transform it back to the original electron representation,
and analyze the magnetic and pairing orders.

corr

Fit u®™ in the lattice problem by diagonalizing F +u """ and least-square
fitting. We only fit the Bogoliubov part of the density matrix subblocks

(3-band and Cu-4s subblocks of D*#).

Extrapolate D and go back to (a) until the change ||D;+; — D;|| is

sufficiently small.
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2.6 Ab initio many-body impurity solver

Full configuration interaction

The configuration interaction (CI) method is a linear variational approach with Slater
determinant (or configuration state function, CSF) as its many-electron basis [115,
116]. Full CI (FCI) results (at a sufficiently large one-electron basis) have long been
regarded as the exact solutions for small molecules. Not only for the benchmarking
purpose, FCI is crucial in CASSCEF calculation [117] or other quantum embedding
methods [34]. Although conceptually simple, CI, especially FCI, has the drawback
of exponential scaling towards the size of system, and requires large storage as well.
To overcome the large memory requirement, direct CI [118] is developed to avoid
the explicit storage of CI matrix. Furthermore, the use of Slater determinants as
bases rather than CSFs leads to a highly efficient scheme for the evaluation of the

matrix element in CI calculation [119].

In CI references [69, 116, 119], the many-electron Hamiltonian is often represented

by replacement operators (£, = a;r,aq),

A= thquq + 5 Z 8pars(EpqErs — 8rq Eps)
”q” (2.106)

—kaquq+ ngqrs paLrs

pqrs

where k is the effective 1-e integral in MO basis,

1
kpg =hpa =5 > gprra- (2.107)

In direct CI, one does not save the whole CI matrix H, but instead calculates the

sigma vector,
oc=H-C, (2.108)

where C is the CI vector. Once we have a function to efficiently calculate the sigma
vector, we can simply use the Davidson algorithm [120] to find the lowest energy

and the corresponding CI vector.

The FCI method is also known as the exact diagonalization. The exponentially
increasing configurations limit the FCI method to problems within about 16 electrons

in 16 orbitals (if no further symmetry is utilized).
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Density matrix renormalization group
The ab initio density matrix renormalization group (DMRG) [121-123] uses a
matrix product state (MPS) defined on a 1-dimensional ordering of the orbitals,

W)= Y AMA™ A" |nngeeeng), (2.109)
P

where L is the number of orbitals, n is the occupation number of an orbital and
the A’s are M x M matrices. The accuracy of DMRG is controlled by the so-
called bond-dimension M and as M — oo, DMRG becomes exact. In the large
bond dimension regime, the energy has a linear relation with respect to the DMRG
discarded weight 6 [124—126], which allows for stable extrapolation to the exact
limit.
To carry out ab initio DMRG calculations using our embedding Hamiltonian, we
follow the strategy described in Ref. [127]. We first define an orthogonal local basis
as the orbitals in DMRG. In particular, we use split localized unrestricted Mgller-
Plesset second order perturbation (MP2) natural orbitals, where orbitals of occupied
and virtual character are separately localized by the Edmiston-Ruedenberg (ER)
method [85]. Using local natural orbitals improves the convergence of the DMRG

with respect to bond dimension.

Coupled cluster theory
The main solver we use in our works is coupled cluster singles and doubles (CCSD)
[128], which can be easily applied to ab initio Hamiltonians with hundreds of

correlated orbitals. It is based on a wavefunction ansatz of the form
W) = l1472 | @y | (2.110)

where |®) is a reference Slater determinant and the cluster excitation operators read,

Ty =) ifaja;. (2.111)
ia
T, =) tftalala;a;. (2.112)
ijab

CC approximations have a number of important properties. First, they are exact for
all products of correlations involving a finite number of particles. For example, the
CCSD approximation is exact for any product of two-particle correlations, which

allows for the accurate description of correlated singlet-like physics. Second, they
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are extensive, which means that the approximation does not deteriorate simply from
increasing system size. Third, they are in principle systematically improvable, by
increasing the excitation level (although the cost also increases exponentially with
excitation level). Finally, they are especially accurate for gapped and ordered states.
This describes the AFM parent state and magnetic configurations considered in this
work. In ordered states, one chooses the reference |®) to break the appropriate sym-
metry. Here, we break S? symmetry and choose an unrestricted (spin-polarized)
Hartree-Fock determinant as our reference state, solving the unrestricted CC equa-
tions (UCCSD). Note that Hartree-Fock is truly a mean-field theory of the bare
Coulomb interaction. Thus, all fluctuations observed in this work are due to the CC

correlations.

The DMET energy expression requires the reduced density matrices. The CC
density matrices are obtained from the CC A equations [129].

Because CCSD is an approximate method, it is always important to benchmark
its accuracy for the phenomenon of interest. In molecular quantum chemistry,
CCSD(T) (coupled cluster singles and doubles with perturbative triples) is often
regarded as the “gold standard” because it achieves high accuracy for ordered or
gapped reference states (so-called “single reference” states). In this work, we
do not extensively use the triples correction because our implementation of the A
equations is efficient only at the singles and doubles level. However, we can verify the
accuracy of the unrestricted CCSD solver against unrestricted CCSD(T) in a smaller
subset of examples. We also benchmark against the ab initio DMRG solver. Since
DMRG works well away from ordered states (i.e., for multi-reference correlations),
this test allows us to verify the basic assumption underlying the accuracy of CC

approximations in these systems. We describe these benchmarks further below.

Since DMET involves a self-consistency loop and a search over the chemical po-
tential, it is necessary to solve the quantum impurity problem many times. To do
this efficiently, the solver can be approximately restarted from the previous solution
by matching the embedding basis. Say C; and C, are the embedding bases in the
first and the second cycles of a DMET calculation. The bases can be approximately

matched using the orbital overlap matrix and an SVD,
clsc,=vusvT, (2.113)

where S is the overlap matrix in the computational basis (here this is the AO overlap
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matrix), and
C,=C,R=c,Uuvt (2.114)

defines the closest orbitals to C, in the Frobenius norm sense and R = UV
i1s a unitary rotation matrix. The wavefunction from the first cycle can then be
transformed with the rotation matrix, i.e., the one- and two-body amplitudes in the

CCSD equations are rotated as,

if =) RI,ifRi. (2.115)

il =Y RIRN 14 Ry Ry, (2.116)

ijab
This restart scheme greatly reduces the total cost spent in the many-body solver.
Typically, the CCSD amplitude equations converge in < 5 iterations after the second

DMET iteration.

When the system is gapless, the gap of the embedding problem is also small. This
creates difficulties for the impurity solver. Here, we discuss how CC solver may be

tuned to solve metallic problem. The CCSD equation requires the projection [129],

b
r=<<I>?j

HeT(cb> — 0. 2.117)

This is a non-linear root-finding problem and the standard way to solve it is by a
Jacobian iteration with direct inversion of iterative space (DIIS) [130]. The Jacobian

means the preconditioner is chosen as the diagonal of the matrix,

1 1
xX —, (2.118)
€ —€qg gap

P =

and thus does not work for metal.

The failure of preconditions, however, does not mean that CC cannot be applied
to metals. From a numerical analysis perspective, it means the system is more
ill-conditioned (so that the convergence is harder). Several ideas are possible to

enhance the convergence, e.g., through a regularized preconditioner,

| |
P= o — [1-5"“1“6«’]. (2.119)

Recently, there is trial to solve the projection equation by Newton-Krylov method,
which approximates the inverse of Jacobian J ! in a subspace and solves the root

by an inexact Newton way,

(= gk _ g r[tk]. (2.120)
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This is potentially more reliable for systems with orbital degeneracy than the tradi-
tional DIIS method [131, 132]. We implemented the GSO version of the Newton-
Krylov CCSD in MPI4PySCF with efficient MPI parallelism [133].

2.7 Analysis methods

Charge and spin population analysis

Since we allow S? symmetry breaking in our calculations, charge and spin order can

be analyzed using the spin-resolved one-particle reduced density matrix (o = «, ),
Vi = <ajgam> : (2.121)
In particular, the charge of orbital i reads,
ni =y + )/iﬁ:, (2.122)
and the local magnetic moment of orbital i reads,
=y P 2.123
m; yll yii . ( . )

In principle, the charge (spin) populations depend on the choice of atom-centered
local orbitals {¢; }. This typically has a strong basis set dependence if the population
analysis is carried out using the computational AO basis. However, the basis
dependence can be largely removed by measuring the population in the IAO basis
[95], which is what we do here.

Bonding analysis

To analyze bonding in the system in a straightforward way, we can use the atom-
centered local orbitals, i.e., the IAOs + PAOs used in the population analysis above,
and evaluate bond orders, which measure the off-diagonal density matrix element
between two local orbitals. In this work, we use the 2-center Mayer bond order
[134] which, for atoms A and B (or two subsets of orbitals) is defined as,

bap =) bip =23 > > (78);(y°S);. (2.124)
log o i[€A jeB

where y? is the one-particle density matrix with spin o and S is the overlap matrix of

the local basis. Since we use IAOs + PAOs as our basis, S is the identity matrix. For

non-polarized covalent bonds, the Mayer bond order typically agrees very well with

chemical intuition (e.g., H, and N, roughly have bond orders 1 and 3 in calculations).
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For strong polarized covalent bonds or even ionic bonds, the Mayer bond order is

generally qualitatively reasonable.

As an alternative to the bond order, we also use the electron density p(r) and electron
localization function ELF’ (r) [135, 136] as real space indicators of the bonding.
ELF was originally proposed to measure the localization of electrons and helps
reveal atomic shell structure, bonding, and lone electron pairs. ELF values lie in
[0, 1]. When ELF = 1, the electron is completely localized while ELF = % suggests
that the electron behaves like it does in the electron gas of the given density at that
position. Since ELF is defined in real space it is less sensitive to the choice of basis
set. Typically, large ELF values indicate a core region, a lone pair of electrons, and
covalent bonding. Thus, the ELF is a useful tool to distinguish between covalent

and non-covalent (such as ionic) bonding.

A third way to understand the bonding is to examine the individual localized orbitals
in the occupied and virtual spaces, which reveals the bonds and antibonds of the
system. Here, we localized the occupied and virtual embedding orbitals via Pipek-
Mezey (PM) localization [84], which maximizes the population charges on the

atoms,
atoms

U = argmax w(U) = argmax Z Z |qu|2, (2.125)
v v

and qu is the charge of the i" orbital of atom / (IAOs + PAOs are used as the
population method, in order to reduce the basis set dependence). The resulting

unitary rotation U defines a set of localized orbitals,

67™) = D [¥m) Uni. (2.126)

m

Note that PM localization preserves the separation between o and 7 orbitals.
Spin-spin correlation function

The (S, component) spin-spin correlation function (S,(0)S,(r)) reflects the spin-
spin correlation between metal center (e.g., Cu) in the reference cell (0) and another
metal atom at position (7). If the correlation function does not decay to O at large r,

the system has long-range order.

Using the spin operator of local orbital i

N
g7 = E(a"T"‘a"“ —afyaip). (2.127)
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we express the correlation function as a contraction of the reduced 1-particle y; and

2-particle I‘“;l <ajoa,t [Aizd JG> density matrices,

(S:08.0m) =Y Y <SZ >

i€Cu(0) jeCu(r)

oo af af BB
Z Z (VU(SU + FllJJ - Fll]] - FJJ” + VUSU + FHJJ)

i€Cu(0) jeCu(r)

(2.128)

where the summation is constrained to the local orbitals of Cu. Note that we do not

consider the oxygen contribution to the correlation function.
Natural orbital analysis

Spin-traced natural orbitals can be obtained by diagonalizing the (spin-traced) den-
sity matrix y,
VapCpi = CliAY, (2.129)

where A , is a natural occupation number (between O to 2) and C,; are the natural
orbital coefficients. If the density matrix originates from a pure state with S =
0, then the further the natural occupation is away from O or 2 (a single Slater
determinant), the more correlated an orbital is. We can define the half-filling index

to summarize the contribution of local orbitals {p}, to half-filled natural orbitals,
1
half __ Z k(2 - Ak k
fp = m - |Cpi| mln(Ai,2—Ai), (2130)

where N, is the number of orbitals in an orbital group (e.g., Cu 3d,2_,2,0 2p).
The situation is a bit more subtle for a state with S # 0 or a symmetry-broken
state. In a symmetry-broken state, the degree of half-filling measures both the
fluctuations as well as the degree of spatial symmetry breaking. For example, in
a symmetry-broken Slater determinant with overall low-spin (S, = 0) (which has
no fluctuations), A, — 1 means that there are spin-orbitals of opposite spin with
no spatial overlap. Nonetheless, since it is important to include spin fluctuations
between such spin orbitals, the half-filling index remains a useful indicator of the

most important local orbitals to include in a minimal atomic model.

The spin-resolved natural orbitals can be obtained by diagonalizing the spin-resolved
density matrix y?. Now A, ranges from O to 1. In a symmetry broken state, it is
the deviation of the spin-resolved occupancies A, from their extremal values that

measures the importance of dynamical fluctuations. If all spin-resolved occupancies
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are 0 or 1, then the state is exactly of mean-field character and all single-particle
lifetimes are infinite (no dynamical effects). Deviation from this occupancy pattern
indicates correlation, and very strong deviation indicates strong correlation [e.g.,
in a system far from a Fermi liquid where the quasiparticle picture breaks down
such as a Luttinger liquid, the occupancy (or momentum distribution function) no
longer shows a jump between values close to 0 and values close to 1]. In this work,
we estimate if there are strong dynamical effects by examining if all the natural

occupancies are close to 0 or 1.

Also, although DMET does not provide direct access to the single-particle energy
spectrum, we can use the occupancies of the spin-resolved natural orbitals as proxies
for proximity to the top edge of the valence band/bottom edge of the conduction
band. In particular, the highest occupied natural orbital (occupancy > 1/2 but
furthest from 1) is a pseudo-valence-band maximum; while the lowest occupied
natural orbital (occupancy < 1/2 but furthest from 0) is a pseudo-conduction band

minimum.
Pairing analysis

To characterize the doping dependence of the superconducting ground-state, we

define the averaged SC order parameters.

For the three-band Hubbard models the SC order parameter here is evaluated as the

average of the Cu-Cu and O-O d -wave pairing components,

msc = Z —035((diadip) + (divadip))
f
(2.131)
+ Z f"” (Pjapig) + (Pjapip)):
(i7"

where (---) limits the summation such that only the pairing between nearest Cu-d
orbitals is taken into account, and similarly ((---)) involves only the next-nearest
coupling between O-p orbitals. The d-wave superconducting structure factor 75¢

is defined as,
sC + 1, ifRi—Ri/ = :I:ex,
77”/ - (2132)
— 1, lfR, — R,‘/ = :I:ey.
For the s-wave pairing, one simply let = 1 for all terms. For the one-band Hubbard

model, the oxygen part should be omitted.
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For ab initio materials. There more orbitals {¢} in each atom, one can define the

total atomic pairing coupling,

msc = 3 —=15(Bradion) + (drrais). (2.133)
(ii’) \/_

where i (i’) loops all of the local orbitals of atom / (/) and phase factor 7 is the
same as before.

As we do not perform real finite-temperature simulations, we use the above zero-
temperature local pairing orders as a proxy for the 7, in the phase diagram. This is an
approximation, but it has been shown in the BCS theory A o T [12]. Therefore, we
expect that the materials trend of 7, can be reflected in the pairing order parameter

m, at least to the leading order.
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Chapter 3

PROJECTED DENSITY MATRIX EMBEDDING THEORY AND
ONE-BAND HUBBARD MODEL

Based on the work published in J. Chem. Phys. 151, 064108 (2019). Copyright
2019, American Institute of Physics. [107]

3.1 Introduction

This chapter focuses on a possible way to improve numerical algorithms to achieve
self-consistency in the context of DMET. In many systems, using the bath orbitals
generated from the HF Slater determinant yields energies and physical observables
from DMET that already significantly improve on those from HF theory alone.
Such calculations will be referred to as “single-shot” DMET calculations [35]. On
the other hand, as mentioned in Sec. 2.2, when the physical system undergoes a
phase transition not predicted by mean-field theory, we expect that a mean-field
theory will produce the wrong order parameter, and the resulting bath orbitals will
be very poor. In such a scenario, it is necessary to perform DMET self-consistently
to improve the bath orbitals. The self-consistency condition is usually defined such
that the 1-RDMs obtained from the low-level and high-level theories match each
other according to some criterion. Self-consistency can be achieved by optimizing
a single-body potential, termed the correlation potential, in the low-level theory.
Each optimization step requires diagonalizing a matrix, similar to in a SCF iteration

step in the solution of the HF equations.

Nonetheless, there are two outstanding numerical issues associated with the opti-
mization of the correlation potential. First, the optimization procedure may require
a large number of iterations to converge. It is not uncommon for the number of iter-
ations to be 100 - 1000 especially for systems that are not translationally invariant.
Hence when the system size becomes moderately large (a few hundred sites), the
cost of the correlation potential optimization may exceed the cost of the impurity
solver for small impurities. Second, the bath construction procedure of DMET
requires the 1-RDM to be an idempotent matrix, and the corresponding low-level
Hamiltonian should have a finite HOMO-LUMO gap. However, even if the strongly

correlated global system is gapped, it is often the case that the low-level Hamiltonian
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associated with a given correlation potential in the optimization procedure becomes
gapless. The derivative of the bath orbitals with respect to the correlation potential
will then become infinite, and the optimization cannot properly proceed. This work
aims at addressing the first problem, namely the cost associated with the correlation
potential optimization. The second problem should be addressed by properly con-
sidering the zero temperature limit of a finite temperature generalization of DMET.
We have applied the finite-temperature smearing in both lattice mean-field and the

fitting procedure, see other chapters for details.

In this chapter, we will introduce an alternate procedure to self-consistently deter-
mine the bath orbitals, which completely avoids the need to optimize the correlation
potential. In the standard DMET, the bath orbitals are uniquely determined by the
corresponding idempotent 1-RDM obtained from a low-level theory, denoted D
The goal of the self-consistent DMET can then be formulated, in an abstract way,

as finding the solution of the following fixed point problem
D" = F[D[D"M]. (3.1)

Here the mapping D|[:] takes the idempotent 1-RDM as input, generates the cor-
responding bath orbitals, and solves all impurity problems to obtain the 1-RDM
evaluated from the high-level theory. The mapping F takes the high-level correlated
1-RDM, denoted by DY := D[D™] as input, and generates another idempotent
1-RDM. The correlation potential optimization can be viewed as one way of achiev-
ing self-consistency as required by Eq. (3.1). To see this, we only need to define the
mapping F to be the minimization procedure in the standard DMET, which uses a
correlation potential to minimize the discrepancy between D™ and DY evaluated

on the impurity problems.

The perspective from the fixed point equation Eq. (3.1) suggests that other forms of
F are possible which map D" to D™ more efficiently. We propose that D' can
be obtained by directly projecting DH" onto the set of idempotent matrices with a
given rank. The modified method is therefore called the projected density matrix
embedding theory (p-DMET). The solution of p-DMET will not be identical to that
of DMET, since they are defined using different mappings F. In particular, unlike
DMET, which can be defined to only use information from D" on the fragments
during self-consistency, p-DMET requires the construction of D' on the global

domain in order to define the projection operation.

Using the two-dimensional one-band Hubbard model and restricting to magnetic
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and non-magnetic self-consistent solutions, we demonstrate that the results of p-
DMET and DMET at self-consistency are very similar within the AFM and the
PM phases. The discrepancy between the two methods is largest near the phase
boundary, and for larger on-site interactions. We show that p-DMET significantly
lowers the computational cost to achieve self-consistency for large lattices without
translational invariance. For example, even for a moderately sized lattice with 128
sites and using 4-site impurities (without translational invariance), the correlation
potential fitting procedure in standard DMET requires about 20000 s of CPU time,
which is reduced to about 1 s in the p-DMET approach.

The rest of the chapter is organized as follows. We then discuss p-DMET and
the associated numerical issues in Sec. 3.2. We demonstrate the performance
of p-DMET for the two-dimensional Hubbard model in Sec. 3.3, before deriving

conclusions in Sec. 3.4.

3.2 Projected density matrix embedding theory
Motivated by the fixed point formulation of self-consistency Eq. (3.1), we propose
the following procedure to obtain D't:

D" = FID" := arg min (D — D'y o W||%. (3.2)
D D,

tr(D)=N,

Compared to Eq. (2.16), the main simplification of Eq. (3.2) comes from the fact that
the admissible set is now the set of idempotent density matrices with N, electrons
without further constraints. To further simplify the method we let each entry of W
be 1,i.e. Wy, = 1. In other words, we measure the discrepancy of all entries of the
density matrix on the same footing, and solve
D' = arg min | D — D (3.3)
D=D",D?=D,
w(D)=Ne
Eq. (3.3) has a simple analytic solution. Let W be the eigenvectors corresponding
to the largest N, eigenvalues of DU i.e. WM consists of the leading N, natural
orbitals. Then the solution to Eq. (3.3) is

DM = Wit (gtht, (3.4)

If DHY is fixed, this is the closest projection operator to D measured by the
Frobenius norm. Informally, Wt is the single determinant that best captures the

information contained in all the density matrices of the fragments. Once D is
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obtained, we may compute the bath orbitals according to Eq. (2.10), and proceed
to solve for the ground-state of the impurity problems as in the standard DMET
procedure. Hence we refer to this method as projected density matrix embedding
theory (p-DMET). Again to make this procedure well defined, we require that there
is a positive gap between the N,-th and (N, + 1)-th eigenvalue of the correlated
density matrix DU, p-DMET assumes the high-level 1-RDM D' of the global
system has been computed. As mentioned above, such a global 1-RDM can be
constructed from the high-level 1-RDM’s in each impurity using the democratic

partitioning Eq. (2.14).

Let C, be the collection of fragment and bath orbitals of the impurity x. Then we

define
D) —
.| = DWCT, (3.5)

where D™ is the 1-RDM of the impurity problem with size (2L 4) X (2L 4). DWC ;
is a matrix of size (2L 4) x L. D™ is obtained by extracting the first L 4 rows of
DWC ; , which is a block row of the density matrix corresponding to the fragment
part of the impurity x. Since the fragments collectively form a non-overlapping

partitioning of the global system, the global 1-RDM can be formed as

D
D®@

pr=| " | (3.6)
DWr)

Fig. 3.1 illustrates the procedure of constructing D for a one-dimensional model

with 12 sites partitioned into 6 fragments.

Since each block row of D is obtained from the corresponding impurity problem
independently, in general D" is not a Hermitian matrix. Therefore, after Eq. (3.6),

we symmetrize the 1-RDM as

DHL + (DHL)T

DHE (3.7)

This symmetrization procedure corresponds to the choice of “democratic parti-
tioning” for constructing the 1-RDM (and its contribution to the total energy) in
DMET [35]. In general, D't will not be an idempotent matrix. Hence there is a

non-zero discrepancy between DM and DM
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Frag #1 Frag #2 Frag #3 Frag #4 Frag #5 Frag #6

0,0]10,0]10,0]10 0|0 0|00

Off-diagonal blocks of global
RDM complemented by RDM
in bath of each fragment

Diagonal blocks of global
RDM formed by RDM in
each fragment

Figure 3.1: Construction of global density matrix. Each fragment contributes a
rectangular block row of the global density matrix. Each block row has the same
length as the global density matrix.

In order to solve the fixed point problem Eq. (3.1) in p-DMET, an extrapolation, or
mixing scheme is usually beneficial to accelerate the convergence. In p-DMET we
choose DML as the mixing variable. Let DH®) be the correlated 1-RDM at the
beginning of the k-th iteration. Then we first compute the low-level density matrix
Dt =F [ DHL-®] through the projection Eq. (3.4), construct the corresponding
bath orbitals, and solve the impurity problem. From this we obtain an output

correlated density matrix D= D[ﬁLL]. Define the residual as
R® .= pi-® _p (3.8)
The simplest scheme to obtain DH-®*+1 s the simple mixing
DHL,(k+1) — DHL,(k) _ O[R(k) (39)

Here 0 < o < 1isamixing parameter. The simple mixing method usually converges
when « is set to be sufficiently small, but the convergence rate can be very slow. In
order to accelerate the convergence, we can use the direct inversion in the iterative
subspace (DIIS) method [130]. In DIIS, DH-%+1D g obtained by extrapolating the
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1-RDM’s from the previous £ + 1 steps as

k
pHL.(k+1) _ Z O[J‘DHL,(J'). (3.10)
j=k—t

In order to obtain the mixing coefficient {c; }k. _—¢» We also record the residual

{RU )}k ¢ as in Eq. (3.8), and solve the following minimization problem
k k
{a;} = arg min Z o, RV| | st Z aj =1. (3.11)
{a/} —k— F j=k—t

A pseudocode implementation for the p-DMET and DMET algorithm is provided
in Algorithm 1.

Algorithm 1 A unified pseudocode for the projected density matrix embedding
theory (p-DMET) and density matrix embedding theory (DMET).
Input: Initial guess of the correlated 1-RDM DHL-(0) and chemical potential /,L(O).

Output: Converged correlated 1-RDM DHL and ground state energy E.
1: fork =0,...,do

2 for u = M(k), ...,do

3 for each impurity x do

4 Compute fragment orbitals (C ), and bath orbitals (Cp)

5: Formulate the impurity Hamiltonian, He(m% > Eq. (2.12) and (2.13)
6: Solve the impurity problem with p > via solvers such as FCI or DMRG
7 end for

8 Compute the total number of electrons, tr( D)

9 if convergence is not reached, update p by Newton’s iterations

10: end for
12: Construct the correlated 1-RDM D'~ > Eq. (3.6) followed by symmetrization

13: Compute energy E ®) from D'~ as well as the related 2-RDM > Eq. (2.58)
14: If convergence is reached, exit the loop

15: if embedding method is p-DMET then

16: Perform mixing scheme to obtain DHL-(k+1)

17: Compute low-level density matrix D" > Eq. (3.4)
18: else if embedding method is DMET then

19: Solve the minimization problem > Eq. (2.15)
20: Perform mixing scheme to obtain a new correlation potential uk+1)

21: end if

22: end for

23: Set DHL « pHL(K) E  p®)

In principle, one could also choose the mean field density matrix D™ as the mixing

variable. However, there arises a practical question related to this choice, namely
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that the linear combination of a few (or even two) idempotent matrices is generally
not an idempotent matrix. Note that the same problem already arises in the context
of HF calculations. Some of us have recently developed the projected commutator
DIIS (PC-DIIS) method [137], which accelerates HF calculations within a large
basis set (such as planewaves). The idea of PC-DIIS is to apply the idempotent
density matrix D™ to a gauge-fixing matrix @' as ® = D™ It is clear that
the information in D™ and ® is equivalent. In particular, D" can be reconstructed

from ® (Lowdin orthogonalization) as
DY = o(oTd) 1o, (3.12)

Thus PC-DIIS uses ® as the mixing variable, and reconstructs the idempotent

density matrix using Eq. (3.12).

Following the PC-DIIS method, we can then choose ® as the mixing variable in
the self-consistent p-DMET. The gauge-fixing matrix ®™! can be chosen to be, for
instance, the HF occupied orbital coefficient matrix. We refer to this method as
the projected density matrix embedding theory with a fixed gauge (p-DMET-f).
Note that from the perspective of Eq. (3.1), p-DMET-f solves the same fixed point
problem as p-DMET. The only difference is the choice of the mixing variable.

For translational invariant systems, note that D™ constructed from democratic parti-
tioning does not break the translational symmetry among fragments. Therefore, the
D™ can be represented in k-space, denoted by D" (k). The corresponding W' (k)
is generated per k sector. The extrapolation over D" (k) also conserves the crystal
momentum k. Finally, we note that p-DMET-f can be formulated in a similar way

by introducing a gauge-fixing matrix per Kk sector.

3.3 Numerical experiments

In this section, we investigate the performance of p-DMET and p-DMET-f for a 2D
Hubbard model with periodic boundary conditions. The mean-field theory is chosen
to be the unrestricted HF (UHF) theory, and the impurity Hamiltonian in DMET and
p-DMET is defined within the interacting bath formulation. The impurity ground-
states were computed using the FCI method implemented in the PYSCF [138]
package and the density matrix renormalization group (DMRG) method [121, 122],
as implemented in the BLock program [125, 139-141], using a bond dimension of
M = 1000, the split-localized orbital strategy described in [32], and the genetic
algorithm for orbital ordering [127]. The fragments were chosen to be 2 x 2 clusters,

treated without translational invariance, to allow a comparison between p-DMET
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and DMET in a general setting, except in the case of the cluster size convergence
tests, where fragments of up to 4 x4 (16 sites) were used, and translational invariance
was assumed. We used a convergence criterion on the energy difference between
two consecutive iterations of less than 108 for the 2 x 2 clusters and 10> for the

larger clusters. All energies are reported in units of hopping (7).

Accuracy

To investigate the accuracy of p-DMET, we plot the phase diagram of a 2D Hubbard
model with 40 x 40 sites with periodic boundary conditions. This system has
been studied in [32] using a translationally-invariant implementation of DMET. The
initial 1-RDM is produced by a converged UHF calculation. Fig. 3.2 compares the
phase diagrams generated by UHF, DMET, and p-DMET respectively, evaluated on
a 21 x 21 grid with respect to the on-site interaction strength U, as well as the filling

factor n.

The phase diagram is divided into two regions distinguished by their spin polariza-
tion, i.e. the anti-ferromagnetic (AFM) phase and the paramagnetic (PM) phase.
The phase diagrams obtained from p-DMET and DMET are qualitatively similar.
The two diagrams agree well with each other when U < 4.0, and larger discrep-
ancies between p-DMET and DMET are observed in the region U > 4.0 and
0.6 < n < 0.8. We also observe that the phase boundary obtained from p-DMET
is slightly softer, i.e. the decay of the spin polarization from the AFM phase to the
PM phase is slower than that in DMET.

A quantitative comparison of the total energy per site can be found in Table 3.1.
Overall, the discrepancy between p-DMET and DMET is much smaller than that
between UHF and DMET. The energies of p-DMET and DMET agree very well (the
difference is less than 1073) inside the AFM / PM phases. The largest discrepancy
occurs at U = 6.0,n = 0.750, again near the phase boundary, where the difference
of the energy is 0.022. We remark that neither p-DMET nor DMET is variational,

so we cannot determine from this single calculation which is better.

Convergence

We observe in Fig. 3.2 that the softer phase boundary in p-DMET coincides with
the region where UHF and DMET predict different phases. Since the UHF solution
only enters p-DMET as an initial guess, we may wonder whether the fixed-point of
p-DMET depends on the initial guess. Below we demonstrate that the converged p-

DMET/p-DMET-{ solution can indeed depend on the initial guess, at least in certain
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8.0 8.0
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n

Figure 3.2: Phase diagrams of the 2D Hubbard model from UHF, DMET and p-
DMET. The color represents the spin polarization (m = 3 |n4 —ny|), where n4 and
n are spin up and spin down densities respectively.

Table 3.1: Energy per site of the 2D Hubbard model by UHF, p-DMET and DMET
as a function of U and doping (n). The self-consistent p-DMET and DMET
calculations use the converged UHF solution as the initial guess.

n = 1.000 n = 0.875 n =0.750
U UHF p-DMET DMET UHF p-DMET DMET UHF p-DMET DMET
2.0 -1.13886  -1.17999  -1.17985 -1.22470  -1.27817  -1.27799  -1.27655 -1.32270  -1.32275
4.0 -0.79703 -0.86792 -0.86856 -0.88440 -1.03002 -1.03450  -0.99530 -1.16862  -1.16707
6.0 -0.59270 -0.66099 -0.66188 -0.66592  -0.87265 -0.87395 -0.75936  -1.04709  -1.06860
8.0 -0.46588 -0.52262  -0.52393  -0.52665 -0.77299  -0.77149  -0.60439  -0.97734  -0.98954

parts of the phase diagram. We consider a 2D Hubbard system with 6 x 6 sites
with periodic boundary conditions. The onsite interaction U is set to 4.0, and we
consider two fillings: n = 1.0 (half filling, N, = 36), and n = 0.722 (N, = 26). In
both cases, the energy gap at the mean-field level is positive, and the self-consistent

procedure for all methods are well defined without any finite temperature smearing.

In the first example (n = 1.0), DMET suggests that at convergence the system is in
the AFM phase. Therefore, we start from the PM phase, and break the spin symmetry
of the initial density by alternately adding/subtracting a small number (10~3) on
odd/even sites to create slightly polarized spin-up and spin-down densities. Starting
from this initial density, UHF converges within 20 steps using DIIS. We input the
initial 1-RDM for p-DMET/p-DMET-{ after performing 1, 5, 10, 20 UHF iterations,
respectively. For p-DMET-f, the gauge-fixing matrix is also obtained from the same
1-RDM. The convergence of the energies is reported in Fig. 3.3. We find that the
convergence curves of p-DMET and p-DMET-f are very similar and almost coincide
with each other in all cases. Both the converged energy and the spin polarization from
p-DMET/p-DMET-f depend on the initial guess of the 1-RDM. Table 3.2 suggests

that at convergence, UHF predicts an over-polarized spin configuration. However,
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starting from a significantly under-polarized 1-RDM obtained from one iteration
of UHF, the converged solution of p-DMET underestimates the spin polarization
(by 0.022 relative to the converged DMET result). With initial guesses obtained
from an increased number of UHF iterations, both the energy and spin polarization
obtained from p-DMET approach the results from DMET. After 5-steps of UHF
for the initial guess, p-DMET provides converged results in terms of energy and
spin polarization. Remarkably, the solution of DMET is very robust with respect to
the choice of the initial guess, even though neither DMET nor p-DMET/p-DMET-{

guarantees a unique solution to the nonlinear fixed point problem a priori.

Table 3.2: Spin polarization for the 6 x 6 Hubbard model at U = 4.0, n = 1.0
obtained from converged UHF, DMET and p-DMET calculations. #UHF stands for
the number of UHF steps to obtain the initial 1-RDM for the DMET calculation.

DMET DMET DMET
(#UHF=1) (#UHF=5) (#UHF=20)
m 0.001 034876 030812 030812  0.30812
pDMET p-DMET  p-DMET
(#UHF=1) (#UHF=5) (#UHF=20)

initial UHF

m 0.28578 0.30851 0.31000
n=1.0
-0.79 A T T
=+=A- - p-DMET-f, #UHF=1
0.8 f A--- p-DMET-f, #UHF=10 | -
p-DMET #UHF=1
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Figure 3.3: The convergence of the energy per site for p-DMET-f, p-DMET and
DMET with different initial guesses. The system is a 6 x 6 Hubbard model at
U=4.0,n=1.0.

In the second example, we set n = 0.722 (N, = 26). We start from an initial
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guess that exhibits AFM order, where the spin up component of the density is set to
be 0.1444 and 0.5778 on alternate sites, and the spin down component is arranged
alternately in the opposite way with the same values. The convergence of the energy
(Fig. 3.4) is similar to that in the case of half-filling. For a spin-polarized initial
1-RDM obtained from one step of the UHF iteration, the converged solution of
p-DMET remembers the initial guess and predicts an AFM phase with a small
spin-polarization 0.04. Both the energy and spin polarization improve quickly as
the number of UHF iterations used to define the initial guess increases. Eventually
p-DMET also predicts a PM phase. Again, no initial guess dependence is observed
in DMET.

Table 3.3: Spin polarization for the 6 x 6 Hubbard model at U = 4.0, n = 0.278
obtained from converged UHF, DMET and p-DMET calculations. #UHF stands
for the number of UHF steps used to obtain the initial 1-RDM for the DMET and
p-DMET calculations.

DMET DMET DMET
(#UHF=1)  (#UHF=5)  (#UHF=20)
m 02167 2.166x 107 4.961 x 105 1.365x 10~/ 5.440 x 10~ ¢

initial UHF

p-DMET p-DMET p-DMET
(#UHF=1) (#UHF=5) (#UHF=20)
m 4.175x 1072 2.719x 1072 4.865x 107°
n=0.75
-1.175 - x x
2181 | My a b e b e A A A ]
8, — i
«+=:A:++ p-DMET-f, #UHF=1
o 1185 s+l - p-DMET, #UHF=10 A
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Figure 3.4: The convergence of the energy per site for p-DMET-f, p-DMET, and
DMET with different initial guesses. 6 x 6 Hubbard model at U = 4.0, n = 0.722.
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In both examples above, UHF and DMET predict the same phase of matter. We
find that self-consistent p-DMET can significantly reduce the error of physical
observables starting from converged or unconverged UHF solutions, but there is
some initial guess dependence. Therefore, when UHF and DMET predict different
phases, p-DMET can reduce but not eliminate the (presumed) error from UHF.
Hence the phase diagram in Fig. 3.2 is similar to that of DMET, but softer near the

boundary region.

Effect of fragment size

To understand the fragment size dependence of the physical observables in DMET
and p-DMET, we carried out a number of 2D Hubbard model calculations (of 40 x40
sites) at half-filling for different interaction strengths (U = 2, 4, 6 and 8) and with
different fragment sizes (2 x 2, 2 x 4 and 4 x 4) using translational invariance. The
same cluster sizes were previously considered in Ref. [32] where translationally
invariant DMET is in the non-interacting bath (NIB) formulation only. We use the
data from Ref. [32] as reference. DMET in the interacting bath formulation, as used
everywhere else in this work, is here denoted DMET (IB). Given a set of 2D clusters
with L 4 sites, the DMET energy can be extrapolated to the thermodynamic limit
(TDL) as a power series in L;% [33],

1 _1N\2
E(L) = E(00) + aoL” + bO(LA2) v (3.13)

We use the average of linear regression and a quadratic fit as the extrapolated result,

and the error bar is defined to be the difference of the two fits.

Fig. 3.5 presents the calculated energy of three methods (p-DMET, DMET (IB),
and DMET (NIB)) and the corresponding extrapolations. All three methods give
reasonable extrapolated energy values, compared to the benchmark data (grey shaded
region). For p-DMET, the largest error is about 5 x 1072 at U = 8, while for DMET
(IB), the largest error is about 3 x 1072 at U = 4. The behavior of DMET and
p-DMET as a function of L;% is relatively similar, while that of DMET (NIB) is
quite different. This reflects the energy influence of the different choice of impurity
Hamiltonian. In fact, extrapolations using DMET (NIB) have smaller error bars in
general, and they are slightly more accurate than those of DMET (IB) and p-DMET.
The results also indicate that after extrapolation, the performance of DMET and

p-DMET is comparable reliable.
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Figure 3.5: Energy extrapolation as a function of cluster size L 4 for p-DMET,
DMET(B) and DMET(NIB), where IB and NIB denote the interacting- and non-
interacting bath formulations respectively. The fitting curve is an average of linear
regression and quadratic fitting. The error bar is chosen to be the difference between
the linear and quadratic extrapolated values. The shaded area is generated from the
AFQMC, DMRG, DMET and DCA-DMET benchmark numbers in Ref. [142] and
Ref. [33].
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Efficiency
To demonstrate the efficiency of p-DMET and p-DMET-f, we analyze two factors
that affect the overall computational cost, i.e. the total number of iterations for

self-consistent convergence and the (average) time cost per iteration.

We first consider the number of iterations required for convergence. We extracted
the number of iterations from the calculations for the preceding phase diagram
(Fig. 3.2) and plot the distribution of the number of iterations in Fig. 3.6. As shown
in the figure, all three methods (p-DMET, p-DMET-f and DMET) a similar average
convergence rate, with an average iteration number of 12 required to achieve an
energy accuracy of 107%. In most cases, the iteration number is less than 20. We
also remark that at least for systems studied in this work, the distribution in the case
of p-DMET is slightly narrower with fewer outliers, and hence the self-consistent

iteration is more stable.

1504 i DMET
1007 11001 Niterzlz I
1251
& 80- - 801
S 1001
S 601 L 601
E 751 -
g
4 L 40.
2 50 I 40
251 L 20+ F 20

O.

0 20 40 60 80
Number of iterations

Figure 3.6: Distribution of the number of self-consistent iterations of p-DMET, p-
DMET-f and DMET required to reach 107 in the energy across the phase diagram
in Fig. 3.2. All calculations used DIIS.

Acquiring the similar average number of self-consistent iterations in p-DMET and
DMET, we now discuss the total computational time. We performed a series of tests
on lattices of size 2 x N (N is the number of sites in the y direction ranging from
8 to 64). Weset U = 2.0 and n = 1.0 (half filling). We chose this quasi one-
dimensional structure to ensure that the mean-field problem always has a positive
energy gap, which is not the case for arbitrary 2D lattices. All the tests are performed
on 36 Intel Broadwell vCPUs of the Google Cloud Platform (GCP).
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We measured the CPU time of DMET, p-DMET and p-DMET-f spent on single-

particle type computations and to solve the impurity problems (many-body com-
putations). When the fragment size is fixed, the cost to construct and solve the
impurity problems (high-level computations) always scales linearly with respect to
the global system size. In DMET, the single-particle type computations (low-level
computations) include the diagonalization of the mean-field Hamiltonian, and op-
timization of the correlation potential; in p-DMET, the cost of the single-particle

computations is mainly due to the diagonalization to obtain the projected 1-RDM.

In DMET, the single-particle computational cost significantly increases with N
(Fig. 3.7). In each step of DMET, the correlation potential optimization typically
requires more than 100 iterations to converge, and the number of iterations also
grows with respect to the system size. When the system becomes moderately large
(number of sites larger than 64), the cost at the mean-field level is much more
expensive than solving the 2 x 2 impurity problems. When the number of sites
is 128, the single particle computations in DMET take in total ~ 20000 s. On
the other hand, the main single-particle cost in p-DMET is only the eigenvalue
decomposition to obtain D™, Similarly, p-DMET-f only needs to perform single-
particle type matrix multiplications and inversions. For the system with 128 sites,
the computational cost at the mean-field level of p-DMET is reduced to only ~ 1
s. This demonstrates that p-DMET/p-DMET-{ provide a significant reduction in

computational cost relative to DMET for large, heterogeneous, systems.

3.4 Conclusions

An important computational bottleneck in DMET calculations for large systems is
the correlation potential optimization required to achieve self-consistency. In this
optimization, each evaluation of the cost function requires the diagonalization of
a mean-field Hamiltonian, and each derivative evaluation amounts to a response
calculation. Thus, for a moderately sized system, the correlation potential opti-
mization procedure can be expensive. In this work, we viewed the self-consistent
DMET as only one formulation of a more general fixed point problem to obtain the
high-level global density matrix D", From this general perspective, we proposed
the projected density matrix embedding method (p-DMET) as a simpler and more
efficient way to achieve self-consistency. We found that for the 2D Hubbard model,
compared to the unrestricted HF (UHF) solution, p-DMET significantly improved
the accuracy of the total energy and behaviour of the spin polarization across the
entire parameter space. The phase diagrams predicted by p-DMET and DMET qual-
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Figure 3.7: CPU time in DMET, p-DMET and p-DMET-{ associated with (i) low-
level density matrix computations (ii) high-level impurity problem computations.

itatively agreed with each other, but the phase boundary obtained from p-DMET
was softer. Further investigation showed that this was because the self-consistent
solution of p-DMET retained a weak dependence on the initial guess. On the other
hand, the cost associated with achieving self-consistency in p-DMET was negligible

compared to that needed to optimize the correlation potential in DMET.

There are a number of directions that should now be pursued. First, we would like to
identify the root of the initial guess dependency of p-DMET. Second, we plan to gen-
eralize p-DMET to superconducting systems, where the low-level theory requires the
solution of the Bogoliubov-de Gennes (BdG) equations. Third, a remaining numer-
ical issue in DMET associated with self-consistency is the appearance of vanishing
gaps in the DMET mean-field Hamiltonian during the optimization. This should
then be treated using a zero temperature limit of a finite temperature formulation of
DMET.
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Chapter 4

PHASE DIAGRAM OF THREE-BAND HUBBARD MODEL
FROM DENSITY MATRIX EMBEDDING THEORY

Based on the work published in Phys. Rev. Research 2, 043259 (2020). Copyright
2020, American Physical Society. [99]

4.1 Introduction

The three-band Hubbard model, also known as the Emery model [21], is generally
believed to contain the essential physics of the high-7, cuprates that arises from the
interplay between the copper d,2_,2 and oxygen py(y) orbitals in the CuO, layers.
Given the complexity of the model, commonly, the three-band model is further
simplified and several simpler low-energy Hamiltonians have been proposed, such
as the one-band Hubbard model [22, 23], ¢-J model [23, 143], and two-band
model [144]. The first two are effective one-band models and are equivalent in the
strong-coupling limit. In particular, the two-dimensional (2D) one-band Hubbard
model has been extensively investigated using various numerical approaches (see
Refs. [24, 142] and the references therein). Much of the physics seen in high-T;
materials, e.g. d-wave pairing, density waves, the pseudogap phase and stripe order,
has been observed in studies of the simpler one-band Hubbard model within certain

ranges of parameters [24].

However, despite the progress in understanding the one-band Hubbard model and its
variants, there are still important reasons to go beyond the one-band picture to study
the original three-band model directly. For instance, (a) some important physics
may be lost in the reduction to the one-band approximation (such as a role for
the oxygen degrees of freedom in the pseudogap phase [7]), (b) near degeneracies
of competing states seen in the one-band case [24] may in fact be resolved with
the additional degrees of freedom of the three-band model, and (c) the three-band
model retains the atomic structure of the CuO, layer and thus has a direct link to
the structure of real materials as well as experimental measurements of orders at the
atomic scale. Previously, the three-band Hubbard model has been investigated with
several numerical methods, including direct simulations of finite lattices (by exact
diagonalization (ED) [145-151], quantum Monte Carlo (QMC) [25, 151-158],
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density matrix renormalization group (DMRG) [25, 159-161], and the random
phase approximation [ 162—164]) and via Green’s function based embedding theories
(such as dynamical mean-field theory (DMFT) and its cluster extensions [165—-170],
and the variational cluster approximation (VCA) [171, 172]). However, due to the
complexity of the model, unlike in the one-band case, a consensus on much of the

physics has yet to be reached.

In earlier work, DMET successfully provided an accurate description of the ground-
state orders of the one-band Hubbard model [32], including in the difficult under-
doped region [24]. In this chapter, we therefore attempt to understand the more
complicated three-band Hubbard model using DMET. As we shall see, we can use
DMET to provide a detailed description of the ground-state phases and orders as a
function of doping, including the doping asymmetry and atomic-scale orders that
are new to the three-band case. Another complication of the three-band model is
the much larger parameter space than the one-band case. We use both existing
parametrizations that have been published in the literature, as well as explicitly
model the influence of different individual parameters on the orders. Our findings
provide insights into the detailed picture of magnetic and superconducting orders

that is provided by three-band models.

4.2 Models and methods

Model parametrization

(a) (b) o

U
—Ipp p@ Ipp
l‘pd CVpd
_tpd
O py O® Vi XD Vi O®
U, *—=~ (J
Ipd
Vpd> —Ipd
Iop @U —Ipp
Cude_y Opy O P

Figure 4.1: An illustration of the three-band Hubbard model: (a) the symmetric
cluster used in the DMET calculations, where the orange and red atoms denote
copper and oxygen respectively; (b) definition of the model parameters and the
phase convention.

As a minimal atomic model of the CuO, layer in cuprates, the three-band model
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describes the on-site and nearest-neighbor interactions among the Cu d,2_,2 and O

Dx, Py orbitals [see Fig. 4.1(a)]. In the hole representation, the Hamiltonian reads,

= Ilpd Z ( ,Tgpja + H. C) + lpp Z (P,Tapj o+ H-C-)

(ij)o (ji")o
—Apa ano + Ua ananlﬂ +Up Znﬂ” jg 4.1)
+ Vpd Z nlO' ja”

(ij)oo’

where (---) denotes nearest neighbors, d;, M and pm destroy (create) a hole with
spin 0 (€ {«, B}) onthe Cud and O p orbltals respectively, n¢_ and n ., are the
corresponding hole particle-number operators, and the charge transfer gap Apq is
defined as the orbital energy difference, €, — €4. Similarly to in the one-band
Hubbard model, the hopping term and on-site Coulomb repulsion will be denoted ¢
and U, and the Coulomb interaction between nearest-neighbor p, d orbitals will be
denoted V4. Note that the hopping term involves a phase factor (£1) introduced

by the choice of orbital orientation in the basis as shown in Fig. 4.1(b).

There has been much work to determine the parameters of the three-band model;
however, a consensus set does not exist [167, 173—176]. There has been particular
debate about the size of the charge transfer gap A ,; [167, 177].

Table 4.1: Parameters of the three-band Hubbard model used in this work, in units
of eV. The parameters correspond to the hole representation.

Model tpa Apa Uy tpp Up Vya
Hybertsen®* 1.3 3.6 10.5
Martin® 1.8 54 165
Hanke® 1.5 45 120
Hanke full®* 1.5 45 120 0.75 525 0.75

2 From Ref. [173]. > From Ref. [175]. ¢ From Ref. [172].

In this work, we consider four sets of published model parameters, see Table 4.1, as
well as the sensitivity of orders to changing these parameters. Note that all parameter
sets are given in eV, thus all energies in this work are reported in units of eV unless
otherwise specified. The first three sets include only the most essential terms, i.e.,
tpa, Ug and A 4, and thus we refer to them as minimal parametrizations. When
normalized to units of 7,4, the other parameters vary within a range of 10%. The

fourth set involves all terms in Eq. (4.1). We refer to this as a full parametrization. In



68

the hole representation, the minimal parametrization is equivalent to the full model

with ¢,,, U, and V4 set to zero.

Computational details

Framework

In this work, we are interested in both magnetic and superconducting phases. Con-

sequently, the correlation potential takes the form

U= Z vfja;raaj(, + Z Agﬁa;raa;r.ﬂ +H.c., 4.2)
ijo ij

where optimizing over v® and A®? in the self-consistency procedure allows for
formation of spin polarized and singlet superconducting pairing (between two spin
channels @ and ) order in the lattice and impurity problems. The non-interacting
lattice Hamiltonian is then of Bogoliubov-de Gennes form [178]. The corresponding
ground-state solution is a mean-field Bardeen-Cooper-Schrieffer (BCS) wavefunc-
tion, and a set of bath orbitals that describes the environment can be constructed

from the corresponding generalized density matrix in Eq. (2.79). These routines
have been implemented in LIBDMET [179, 180].

Impurity and lattice

We used a 2 x 2 impurity cluster of CuO, primitive cells [172] which retains
the inversion and four-fold rotation symmetry of the lattice [see Fig 4.1(a)]. We
embedded the cluster in a 2020 unit-cell (40 x40 site-length) lattice. We performed
DMET calculations for dopings x ranging between -0.8 and 0.8 (negative denotes
electron doping and positive denotes hole doping). Unless otherwise specified, we

initialized u with an antiferromagnetic guess and a random pairing potential.
Impurity Hamiltonian and solver

The impurity model Hamiltonian was constructed using the non-interacting DMET
bath formalism [30, 32], and the ground state was determined using a density
matrix renormalization group (DMRG) solver [121, 122], allowing for particle
number symmetry breaking and spin polarization [32]. During the DMET self-
consistent cycle we used a maximum bond dimension M = 800. Subsequent
bond dimension convergence checks were performed using (up to) M = 2000. To
minimize entanglement and ensure a small bond dimension M in the ground state,
we rotated the impurity Hamiltonian into a basis of split-localized molecular orbitals
(MOs) obtained from the self-consistent Hartree-Fock-Bogoliubov (HFB) method,



69

where the occupied and virtual MOs were computed using the PYSCF package [82,
138], and the occupied and virtual spaces were subsequently localized separately
using the Edmiston-Ruedenberg procedure that maximizes the Coulomb energy of
each orbital [85, 125]. The standard genetic algorithm implemented in the BLock
program [125, 139-141] was used to order the orbitals for the DMRG calculation.
The tolerance of the DMRG sweep energy was set to 1076, Convergence checks on

the accuracy of DMRG energies are described in Appendix E.1.
DMET self-consistency

We carried out DMET self-consistency using full impurity-bath fitting [32, 35],
where the cost function measures the least-squares difference between the corre-

corr

lated one-particle density matrix y°°" and the non-interacting lattice density matrix

projected to the full impurity problem y™,

imp—+bath
ww) = Y [vae) - g (4.3)
kl

We minimized w using a conjugate gradient (CG) minimizer with line search.
Since the gap of the non-interacting lattice model is often small (in the case of
doped systems), a finite inverse temperature f = 1000 7,4 was used to define the
non-interacting density matrix to ensure smooth convergence (see Appendix D for
further discussion and expressions for the analytic gradient of the cost function
at finite temperature). We matched the particle number on the impurity sites and
on the lattice exactly by separately fitting the chemical potential using quadratic
interpolation [101]. Direct inversion in the iterative subspace (DIIS) [130, 181]
was employed to accelerate the overall DMET convergence, using the difference of
u between two adjacent iterations as the error vector. We chose the convergence
threshold to be 10™* in the correlation potential u (per site), which we observed to
translate to an energy convergence per site of better than 10™*. We further analyze
the numerical convergence and error estimates for the DMET self-consistency in

Appendix E.1.

4.3 The three-band phase diagram
Undoped state

Charge and magnetic moments

We present the order parameters for the undoped state from DMET and from ref-

erence calculations and experimental measurements in Table 4.2. As expected, the
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Table 4.2: Charge, spin distribution (magnetic moments) and energy gap of the
undoped three-band Hubbard model and reference data. Note that the experimental
gaps reported are all optical gaps.

Model Pcu Po Mmcu mo Eg [CV]
Hybertsen 1.238 1.881 0.363 0.000 2.5
Martin 1.219 1.891 0.375 0.001 4.4
Hanke 1.220 1.890 0.373 0.000 3.9
Hanke full 1.358 1.821 0.279 0.002 2.2
Others 1.23*  1.89*° 0.29°,0.31¢ 2.25°,
Cuprate 0.3 £ 0.025¢ 1.5-2.0¢, 1.5-1.7¢

? DMRG result from Ref. [161], using a similar model to Hanke full (with a different U, = 4.5,
Vypa = 1.5and Vp, = 1.125).

VCA result from Ref. [171], using basically the same model as Hanke full (with a different
U, =4.5).

¢ VCA result from Ref. [172], using the same model as Hanke full.
Experimental result for La,CuO,, from Ref. [182].

¢ Experimental result for La,CuQO,, from Refs. [183—185].

f Experimental result for YBa,Cu;Og, from Refs. [184, 186].

d orbitals are roughly half-filled and the p orbitals are roughly doubly occupied,
with some charge transfer between the two due to hybridization. Comparing the
full and minimal parametrizations, in the full parametrization, the Cu site is more
strongly occupied by electrons, due to the 7,, term which smears out the oxygen
charge and effectively transfers it to copper (while the effect of U, is very small,
see the discussion in Sec. 4.3). Unlike on the O site, the spin density on the Cu
site is polarized, with a large local magnetic moment, which compares well to the
experimental value 0.3 £ 0.025 pg (0.6 &= 0.05 wp) [182], as well as previously
computed theoretical moments of 0.29 [171] and 0.31 [171] from VCA. In addition,
the magnetic moment in the full parametrization is reduced relative to the mini-
mal parametrizations, because the increased electron density on copper dilutes the
polarized spin, while the additional holes on oxygen reduce the strength of the super-
exchange-based antiferromagnetic coupling. In fact, the local magnetic moments in
the minimal models appear to be too large, while that of the full model is similar
to experimental results. However, it is also known from one-band calculations, that
the magnetic moments are overestimated in 2 x 2 DMET clusters relative to the
thermodynamic limit (e.g., by about 25% at U = 6, see Fig. E.3 in Appendix E.2.

Assuming similar finite size errors, then the minimal parametrization may provide
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reasonable magnetic moments at half-filling in the thermodynamic limit (although

this is not necessarily the case under doping, see below).
Band gap

As a simple estimate of the single-particle gap, we also computed the energy gap
of the converged DMET non-interacting lattice Hamiltonian (DMET NI gap), i.e.
E, = ecgm — evem, where C(V)BM denotes conduction (valence) band minimum
(maximum). Note that although the charge and spin densities in the different
parametrizations are generally similar, the DMET NI gap varies more significantly,
from 2.2 to 4.4 eV. The Hybertsen and Hanke parameter sets were derived from
calculations on La,CuQO, (LCO), where the optical energy gap is variously reported
as lying in the range 1.5 to 2.0 eV [183-185] (note that the optical gap is generally
smaller than the fundamental gap). The estimated DMET NI gap of 2.5 and 2.2 eV
for the Hybertsen and Hanke full parameter set respectively are thus in reasonable
agreement with the experimental gap. However, the minimal Hanke parametrization
seriously overestimates the gap. The Martin parameter set, obtained from calcu-
lations on finite-sized Cu-O clusters, are all systematically larger than in the other
sets, and thus give the largest DMET NI gap. However, since the ratio of parameters
in the Martin model remains similar to other parametrizations (and thus give rise to
similar charge and spin distributions) this suggests that all energy parameters in the

Martin model should simply be simultaneously rescaled downwards.
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Figure 4.2: Orbital-projected electronic band structure and density of states (PDOS)
of the undoped three-band Hubbard model with Hanke full parameters from HF (left)
and DMET (right). The special k points [I": (0,0), X: (7,0), M: (7, w)] are in
the first Brillouin zone of the 2 x 2 supercell lattice. The valence band maximum
(VBM) is chosen as the energy zero.
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Orbital resolved band structure

Unlike in the one-band Hubbard model, where the insulating gap arises between
Hubbard bands, the gap in correlated insulators in the three-band model can arise
from both Hubbard and charge-transfer mechanisms. In Fig. 4.2, we plot the pro-
jected electronic band structure and density of states from the DMET non-interacting
lattice Hamiltonian, as converged for the fully parametrized Hanke model. The CBM
is mainly of Cu d character (upper Hubbard band), while the VBM shows mixed
character, dominated somewhat by O-p. The mixed orbital character of the valence
bands around the Fermi level is consistent with the Zhang-Rice singlet (ZRS) hy-
pothesis [143], in which hybridization between oxygen and copper orbitals induces
superexchange that leads to singlets of O and Cu holes. Further support for the
ZRS picture comes from the k-dependent orbital weights; that of Cu-d is greater
at the I' point, while that of O-p is larger at the M point, consistent with earlier
model analysis of the ZRS state [187] and results from VCA [171]. In total, these
observations indicate that the undoped three-band model ground state is a charge
transfer insulator, with mainly a p-d type energy gap (see Ref. [5] for experimental
evidence of the charge-transfer nature of the band gap). The strong k-dependent
hybridization clearly poses challenges for numerical downfolding techniques to a

one-band picture.

Comparing the DMET NI band structure to the Hartree-Fock mean-field description
(also shown in Fig. 4.2), we find that the HF gap (& 4 V) is significantly overesti-
mated, and the d-p hybridization is significantly weaker, resulting in a VBM with
dominant oxygen p character and very narrow dispersion. Thus the reduced gap
and d - p hybridization, both seen in experiment, are fluctuation driven phenomena,

whose average effect is being captured by the DMET correlation potential u.

Doped states

Hole doped phases with standard parametrizations

More interesting ground states, including those with superconducting order, appear
under doping. An important difference with the one-band case is the asymmetry
of the three-band model under doping. We first focus on the orders that appear
under hole-doping. Although our calculations are all at zero temperature, we can
loosely identify the magnitude of the order parameters with transition temperatures
in the phase diagram, thus allowing us to compare them to the experimental phase

diagram. In Fig. 4.3, we plot the AFM and d-wave SC order parameters of the
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Figure 4.3: Antiferromagnetic and d-wave superconducting order parameters of
the hole-doped three-band Hubbard model. The model settings are from the Hanke
minimal (left) and Hanke full (right) parameter sets. Note that in the ‘“Hanke
full” case, we find two possible solutions between x = 0.2 and x = 0.4, marked
as solution “1” (from a weakly polarized AFM guess) and “2” (from a strongly
polarized AFM guess) in the figure. The curves are cubic-spline interpolated.

Hanke model as a function of hole doping (Hybertsen and Martin minimal model
results are very similar to those of the Hanke minimal model, as shown in Fig. E.4.
In the fully parametrized model, we find two different solutions of the DMET self-
consistency, labelled solution 1 (obtained from a weakly spin polarized AFM guess)

and solution 2 (obtained from a strongly polarized AFM guess).

For all parameter sets, we observe that the AFM order parameter decreases as doping
increases, consistent with the general behavior of the cuprate phase diagram [5].
However, for the minimal models, the AFM order persists even up to large dopings
(e.g. &~ 0.15 at x = 0.3). In interpreting this discrepancy, one complication is that
computation is measuring atomic scale local order, while experimental measure-
ments are likely averages over various inhomogeneities (e.g. different orientations
of stripes in different layers) which would typically lead to reduced moments. Leav-
ing this aside, however, the overestimation of the computed moment could originate
either from the remaining finite size error in the DMET calculation, or from the
unphysical nature of the parametrization (e.g. the lack of doping dependence of the
parameters). From our earlier work on the one-band Hubbard model [32], we know
that DMET calculations using a 2 x 2 impurity (e.g. intherange U/t = 6—8) indeed
overmagnetize not only at half-filling but also in the doped regime (see Fig. E.3).

However, the one-band AFM order nonetheless vanishes at dopings larger than 0.25,
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more rapidly than what we observe in the minimal parametrized three-band model.
In addition, the full parametrization of the three-band model also predicts a more
realistic trend for the AFM order at large doping. Taken together, this suggests that
the observed persistent AFM order is likely due to the oversimplified minimal model
parameters. Although the AFM order in the full model does decrease to zero in
the observed doping range, it vanishes between x = 0.2 and 0.3 (more similar to
the one-band model). This is beyond the experimental boundary for the pure AFM
phase (x < 0.1), but close to the boundary of the pseudogap region [6, 43]. Like
in the one-band model, we would expect longer wavelength orders (such as striped

phases [24, 32]) to appear in this region with larger computational clusters.

From Fig. 4.3, we see that d-wave superconducting order (coexisting with antifer-
romagnetism) appears in the phase diagram of all parameter sets. (Discussion of
additional pairing orders, as well as comparisons to the one-band model can be found
further below). In the minimal models, the d-wave pairing reaches a maximum at
around x = 0.15 —0.20.

As aresult of the overestimation of AFM order discussed above, the minimal models
show coexistence of AFM + SC order for all the studied dopings. However, in the
full parametrization, the two coexist in the range 0.1 to 0.4 (for solution 2), and 0.1 to
0.3 (for solution 1), with d -wave order reaching a maximum near x & 0.30 — 0.35,
somewhat larger than seen in experiments (&~ 0.15 - 0.2) [182]. Solutions 1 and 2
coincide for x < 0.2 and x > 0.4 but are distinct in between, reflecting the known
competition between orders at intermediate doping [43]; solution 1 is slightly lower
in energy and displays significantly stronger superconducting order. Note that it is
also possible to converge a paramagnetic SC solution (by constraining the correlation
potential in Eq. (4.2) so that v* = v and A = AT). In this case, the SC order is
already evident at x = 0.1, since the AFM order is artificially suppressed. However,
the energy of this paramagnetic state is much higher than the AFM + SC states we
have discussed, and is unstable if one releases the constraints on the potential.
We thus believe the coexistence of AFM and SC order to be a true feature of the
three-band model ground state, as has also been observed in VCA studies [171,
172].

Range of reasonable parameters

In view of the significant differences between the minimal and full parametriza-
tions, we now examine more deeply how individual parameters influence the phase

diagram. To do so, we change the individual parameters appearing in the Hanke min-
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Figure 4.4: Effects of A ,4 on the magnetic phase diagram of the three-band Hubbard
model. A,; ranges from 0.0 to 8.0 eV and the star marker labels the value used
in the Hanke model (4.5 eV). Both Hartree-Fock (dotted line) and DMET (shaded
area) results are shown.

DMET

Figure 4.5: Effects of U; on the magnetic phase diagram of the three-band Hubbard
model. Uy ranges from 6.0 to 14.0 eV and the star marker labels the value used
in the Hanke model (12.0 eV). Both Hartree-Fock (dotted line) and DMET (shaded
area) results are shown.

imal model, and restrict ourselves to the magnetic order for simplicity. We compare
the magnetic phase diagram computed using both Hartree-Fock and DMET. While
the mean-field Hartree-Fock method overestimates the magnetic moments, and the
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DMET

Figure 4.6: Effects of U, on the magnetic phase diagram of the three-band Hubbard
model. U, ranges from 0.0 to 8.0 eV and the star marker labels the value used in the
Hanke full model (5.25 eV). Both Hartree-Fock (dotted line) and DMET (shaded
area) results are shown.

DMET

0.8 2.0

Figure 4.7: Effects of 7, on the magnetic phase diagram of the three-band Hubbard
model. 7,, ranges from 0.0 to 2.0 €V and the star marker labels the value used in the
Hanke full model (0.75 eV). Both Hartree-Fock (dotted line) and DMET (shaded
area) results are shown.

resulting AFM domes always lie above the DMET ones in the plots, it should be
noted that parametrizations are often derived from mean-field calculations. Thus the

difference in sensitivity between DMET and HF to the model parameters gives some
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insight into the sizes of errors arising from mean-field parametrization schemes.

We first study the influence of A ,;, whose value is uncertain in the literature [167,
177]; the magnetic phase diagram computed using both Hartree-Fock and DMET
is shown in Fig. 4.4. On the hole-doped side, when A ,; = 4 eV, the HF magnetic
moment does not vanish even at a large doping of x ~ 0.8, while in contrast, DMET
always predicts a finite AFM region with a sharp peak at x = 0. The DMET
magnetic moment m gy increases monotonically from 0.14 to 0.44 as we increase
A pa, which can be understood from second-order perturbation theory: The effective
d-d hopping t;4 ?_;’ thus a larger A ,4 gives a smaller 744 and thus enhances the
magnetic moment. Along with the larger moments, the critical doping point where
mapm — O shifts to larger doping as A ,4 increases. Given that, even accounting
for finite cluster errors (see above), the minimal model appears to overestimate the
magnetic moment under doping and the critical doping concentration, these results
suggest one should renormalize A ,; to smaller values, around 2-3 eV. Finally, we
see that the asymmetry with respect to electron and hole doping becomes more
pronounced when A ,; increases, and the magnetic moment is less sensitive to hole
doping rather than electron doping. Thus, the appropriate value of A ,; should
neither be too small (as the AFM order as well as doping asymmetry will both be
too weak, see also Ref. [167] for a discussion of the unphysical behavior with small
A pq) nor too large (mapm order will be too strong to be suppressed by doping,
especially on the hole doped side). Ref. [169] suggests arange (1.2-2.6eV) of A 54

for cuprates, which overlaps the range of our estimates.

We next check the effect of on-site Coulomb repulsion terms. The moment versus
U, is shown in Fig. 4.5. Unlike A ,4, the influence of U, on the shape of the curves
is very small, e.g. the undoped DMET m sy only increases from 0.35 to 0.38 when
U, varies from 6 to 14 eV. The influence on the curve shape is more significant for
HF than it is for DMET. In the one-band Hubbard model, however, the situation
is very different, where mapy increases substantially as U is increased [32]. This
observation supports viewing the three-band model as primarily a charge transfer
insulator (and thus less sensitive to the change in the on-site Coulomb Uy), rather
than a Mott insulator, whose magnetic moment is directly mediated by U. The
situation for the on-site Coulomb repulsion U, (see Fig. 4.6) is very similar to that
for Uy: the undoped DMET magy only increases from 0.37 to 0.38 as U, varies

from O to 8 €V, and the HF curves show a similarly weak sensitivity.

We finally study the effect of nearest neighbor oxygen hopping 7,, (see Fig. 4.7).
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From the figure, we see that the AFM order is effectively frustrated by large 7,,,
similar to the effect of ¢ in the one-band Hubbard model. It has been shown in
Ref. [167] that 7, can vary substantially for different cuprates (unlike 7,4, which
is almost unchanged between materials). Our results here suggest that a reasonable
range for this parameter is around 0.5 - 1.0 €V; too large a 7, will suppress the AFM

order.

Overall, we find that the magnetic phase diagram is sensitive to A, and #,,, but
not to Uy and U,. The improved results of the full model are thus likely due to the
introduction of 7,,, rather than U,. In particular, if we wish to have a reasonable
description of the three-band Hubbard model within a minimal set of parameters,
A 4 should be renormalized to a smaller value to take the effect of 7, into account.
The Hanke parametrization of the full model yields more physical results, and thus
we will only use this full model in the remainder of the discussion. However, we
note that it is still not optimal with respect to choosing values of A ,; and ¢,, that
match experiment. This may in part be due to the mean-field derivation of some of

the parameters.
Electron doped phases in the full model

We now turn to the electron doped orders, which as mentioned above, are different
from the hole-doped orders, unlike in the one-band model [43, 161]. We show the
AFM and SC order versus both hole and electron doping in Fig. 4.8 (the hole doped
side corresponds to solution 1 in Fig. 4.3). As we dope with more electrons, the
AFM order diminishes. The critical doping x. that makes m agy vanish (0.15 - 0.20)
is smaller than that on the hole doped side. This is quite different from what is
seen in experiment: the commonly accepted cuprate phase diagram typically shows
a sudden drop of AFM order on the hole doped side [5], with a larger region of
coexistence on the electron doped side. This likely reflects the fact that a single
parameter set does not describe the electron-doped and hole-doped materials equally

well.

For the SC phase, the overall d-wave pairing magnitude is smaller in the electron
doped region, similar to the lower 7.s seen in experiment. Also, the SC phase
on the electron doped side has an interesting “M” shaped two-peak structure: The
d-wave SC order increases first with respect to the doping, but decays to a small
value around the AFM critical x., before growing to another peak after the AFM
order vanishes. The first peak around x = 0.05 is very similar in shape to the
peak in DMET calculations of the one-band Hubbard model, where the SC order
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emerges immediately after doping (see the lower panel of Fig. 4.8). The second
peak, occurring after the disappearance of the AFM order, is similar to the hole
doped SC peak. The presence of two qualitatively different SC phases may be a hint
of the types of competing orders that can arise on the electron-doped side, which to

date have not been much investigated in numerical studies.
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Figure 4.8: Comparison of electron doped (x < 0) and hole doped (x > 0) orders.
Upper panel: AFM and SC order of the three-band Hubbard model (Hanke full
parameter set). Lower panel: AFM and SC order of the one-band Hubbard model
(2 x 2 DMET cluster), with U fitted such that at x = 0, m gy iS the same as that of
the three-band model.

Atomic scale orders in the full model

Beyond the bulk order parameters, the three-band model and the explicit inclusion
of both copper and oxygen atoms into the DMET impurity cluster allows for the
possibility of studying the magnetic and superconducting order at the atomic scale.
The explicit charge, spin, and pairing orders are shown in Fig. 4.9. We only present
representative results from the Hanke full model at x = 0.0, x = 0.3 (solution 1)

and x = —0.3 doping, since the results from other parametrizations and dopings are
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Figure 4.9: Charge, spin and pairing orders in the three-band Hubbard model. We
use yellow and red circles for Cu and O respectively. The area of the circle reflects
the corresponding local hole density, the length of the arrow denotes the magnitude
of the local magnetic moment, the width of the lines is proportional to the pairing
strength and different colors of the lines denote different coupling signs. The results
are calculated based on the fully parametrized model at x = 0.0 [(a)], x = 0.3
doping [solution 1, (b) - (d)] and x = —0.3 doping [(e) - (g)]. (b) and (e) show the
pairing strength between Cu and Cu; (c) and (f) show the pairing strength between
the next nearest neighbor O; (d) and (g) illustrate the couplings of both the nearest
Cu-0, and the nearest O-O.

qualitatively similar. (Further plots are presented in Figs. E.5 - E.10.) Comparing
Figs. 4.9(a) and 4.9(b), we see that on doping the holes mainly occupy the oxygen
sites and the hole density on copper only increases slightly. Combined with the fact
that doped electrons mainly reside on Cu [see Fig. 4.9(e), the hole density on Cu
is reduced], this reflects the particle-hole asymmetry of the three-band model [43,
161]. With respect to pairing order, we see d,2_,2-wave symmetry clearly between
neighboring Cu sites (i.e. it transforms according to the B-representation of the
C, group and the sign of the pairing changes on rotating by 90°), see Figs. 4.9(b)
and 4.9(e). The Cu-Cu pairing order is the largest pairing order between the atoms.
From Figs. 4.9(c) and 4.9(f), we also see d -wave order between the next-nearest O p
orbitals. Although the magnitude is slightly smaller than that of the Cu-Cu pairing,
it still contributes almost &~ 20% — 40% of the bulk d -wave order in Eq. (2.131). We
note that the O-O pairing contribution is also asymmetric with respect to doping.
In particular, its contribution can be as large as ~ 40% in the hole doped side
but only 20-30% in the electron doped region. Finally, we consider the pairing
order between Cu-O and the nearest O-O atoms, see Figs. 4.9(d) and 4.9(g). We
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see that the coupling between the nearest O-O atoms has s-wave symmetry but is
quite weak, related to the incompatible orbital orientations. On the other hand, we
find the pairing between Cu-O to be relatively strong (in all parameter sets). The
local symmetry of Cu-O coupling has py(y)-wave [or d,(yz)-wave] symmetry (the
pattern transforms according to the E-representation of the C4 group), which to
our knowledge has not previously been reported. We note that the superconducting
phase pattern between Cu and O is similar to the orbital current-current correlation
patterns in Ref. [149], although the current-current correlations were reported to be
extremely weak. The pattern is also similar to the asymmetry reported as a hidden
order in polarized elastic neutron diffraction experiments [7]. Further investigation

of these and other intriguing connections to intracell orders is left to future work.

4.4 Conclusions

In summary, we have used density matrix embedding theory to characterize the
ground-state phases of the three-band Hubbard model. We have calculated the
charge, local magnetic moments, projected energy bands and density of states of the
undoped three-band model, which support a charge-transfer insulating character at

zero doping.

We also studied the doping dependence of the ground-state (phase diagram) of the
model paying particular attention to the local AFM and SC orders. In a broad
range of model parameters we find a decrease in AFM order upon doping and a
SC dome. Unlike in the one-band picture, the models all predict a large region
of coexistence of AFM + SC orders, with the AFM order decreasing quite slowly.
Comparison to experimental data and earlier theoretical studies suggests that the
minimal parametrized models overestimate the AFM order and lead to poorer energy
gaps, relative to the full parametrizations, which also include oxygen and oxygen-
copper Coulomb repulsion, and oxygen-oxygen hopping. The magnetic moment is
particularly sensitive to the A ,4 and 7, parameters, and in the minimal model, the
charge transfer gap A ,; should be renormalized downwards to better capture the
experimental phase diagram. Within the full model, there are qualitative differences
between the SC orders on the hole- and electron-doped side, with the electron-doped
side supporting two different SC domes, one of which appears more similar to the
one observed in the one-band model, and the other like the SC dome observed on
the hole-doped side.

The three-band model further allowed us to study order at the atomic scale. In the
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SC region, we observed strong d -wave pairing between Cu-Cu and the next-nearest
0-0, weak extended s-wave coupling between the nearest O-O atoms, and p- (or
dyxz,dy;)-like symmetry pairing between Cu-O. The intriguing symmetry of the
latter order, similar to that seen in some experiments, illustrates the new physics that
emerges at atomic length-scales in the three-band model. Exploring such physics in

more detail will be the subject of future work.
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Chapter 5

EFFICIENT IMPLEMENTATION OF AB INITIO QUANTUM
EMBEDDING IN PERIODIC SYSTEMS

Based on the works published in J. Chem. Theory Comput. 16, 119 (2020) and
J. Chem. Theory Comput. 16, 141 (2020). Copyright 2020, American Chemical
Society. [98, 100]

5.1 Introduction

In this chapter, we will focus our attention on the ab initio implementation of DMET
and DMFT in periodic solids. Our quantum embedding framework is featured by
the impurities comprising the full unit cell or a supercell of atoms and for realistic
quantum chemical basis sets, and is thus termed as full-cell quantum embedding.

Their formulations have been summarized in Chap. 2.

In the DMET part, We apply DMET in the ab initio framework to a hexagonal boron
nitride monolayer, crystalline silicon, and nickel monoxide in the antiferromagnetic
phase, using large embedded clusters with up to 300 embedding orbitals. We
demonstrate our formulation of ab initio DMET in the computation of ground-
state properties such as the total energy, equation of state, magnetic moment and

correlation functions.

In the DMFT part, we show that we are able to handle embedded impurity problems
with several hundred orbitals. We apply our ab initio DMFT approach to study
a hexagonal boron nitride monolayer, crystalline silicon, and nickel oxide in the
antiferromagnetic phase, with up to 104 and 78 impurity orbitals in spin-restricted
and unrestricted cluster DMFT calculations and over 100 bath orbitals. We show
that our scheme produces accurate spectral functions compared to both benchmark

periodic coupled-cluster computations and experimental spectra.

5.2 DMET computational details

We consider three prototypical solids: a 2D hexagonal boron nitride monolayer (h-
BN), crystalline silicon (Si) and nickel monoxide (NiO). The lattice parameters were
taken from experiment: @ = 2.50A for the BN monolayer[ 188] (with 20.0A vacuum
to eliminate fictitious interactions between mirrors); a = 5.43053A for Si [189],
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and a = 4.17A for NiO [190]. To target the AFM-II state, the minimal unit cell of

NiO was chosen as the rhombohedral cell that contains two formula units of NiO.
We used 28 Intel ES-2680@2.40GHz cores in all the calculations. We summarize
the computational parameters for DMET below. Mean-field calculations. All mean-
field calculations were performed using the PYSCF package [ 138] with Hartree-Fock
or DFT [Perdew-Burke-Ernzerhof (PBE) functional [191]]. GTH pseudopotentials
[192, 193] were used to replace the sharp core electron density, with corresponding
GTH-DZVP (2s2p3s3p3d AOs for B and N, and 3s3p3d4s4p AOs for Si) and
GTH-DZVP-MOLOPT-SR (3s3p3d4s4p4d4f5s AOs for Ni, and 2s2p3s3p3d
AOs for O) basis sets [194] used to represent the valence electrons. Gaussian
density fitting was used to compute the two-electron integrals [81]. We used an even-
tempered Gaussian basis [195] as the density fitting auxiliary basis, i.e. L,;(r)
rexp (ozﬂ”rz), where we used the exponential factor § = 2.3 for NiO and 8 = 2.0
for all other systems. The number of fitting functions was chosen to ensure high
accuracy, and thus the size of the auxiliary basis is about 10 times as large as
the number of AOs. The GTH-SZV (h-BN and Si) and GTH-SZV-MOLOPT-SR
(NiO) basis functions were used as the reference free-atom AOs to construct the
IAOs. In the mean-field calculations used to derive the embedding Hamiltonian and
in the DMET self-consistency, we sampled the Brillouin zone with a I' centered
mesh chosen so as to be able to fit unit multiples of the DMET impurity supercell.
These included a 6 x 6 x 1 mesh for BN, and a 4 x 4 x 4 mesh for Si and NiO.
Larger meshes were used in independent estimates of the mean-field TDL for BN
(up to 12 x 12 x 1) and Si (up to 8 x 8 x 8). All mean-field calculations were
converged to an accuracy of better than 107'° a.u. per unit cell. In the case of
Hartree-Fock energies, all energies included the leading-order exchange finite-size
correction (probe-charge Ewald [196, 197], exxdiv=ewald in PYSCF). Note that
the above correction applies to all DMET energies as these use the Hartree-Fock

expression for the mean-field energy even when density functional orbitals are used.

Impurity solver. We used coupled cluster singles and doubles (CCSD) [128] as an
impurity solver, as implemented in PYSCF [138], which s able to treat a large number
of orbitals efficiently. In NiO where DMET self-consistency produced symmetry
breaking, we used unrestricted CCSD (UCCSD). The CC density matrices were
obtained from the CC A equations [129]. The CC energies were converged to 1078

a.u..
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DMET self-consistency. For BN and NiO, the correlation potential ¥ was added
to only the valence orbitals and for Si, u was added to all impurity orbitals as
this gave smoother DMET convergence. We carried out CSC calculations for all
three systems, and included additional non-CSC results of NiO for comparison.
The convergence criterion on the DMET self-consistency was chosen such that the
maximal change of an element in u was less than 5 x 10~ a.u., which corresponded

roughly to an energy accuracy of better than 1 x 107 a.u..

5.3 DMET results

2D boron nitride

We first study the behavior of DMET on a 2D boron nitride monolayer. In a GTH-
DZVP basis, BN has a unit cell of 2 atoms, with 252 p AOs on each atom giving 8
valence orbitals per cell, and 35s3p3d AOs on each atom providing 18 higher-energy
virtual orbitals per cell. We illustrate the valence IAOs of boron in BN in Fig. 5.1a.

As expected, the IAOs of boron are quite local, retaining their original AO character

2s 2px

2p, 2p:
(a) (b)
Figure 5.1: Impurity orbitals and bath density of BN used in the DMET calculations.
The boron and nitrogen atoms are colored pink and blue respectively. (i) Impurity

valence orbitals associated with one boron atom (IAOs from boron). (ii) Bath orbital
density coupled to the first reference cell.

but with some slight polarization to reflect the mean-field solution in the crystal
environment. The bath orbital density is plotted in Fig. 5.1b (we only show the
total density summed over the bath orbitals here, since the embedded problem only
depends on the linear span of the bath). It is clear that the bath orbitals are localized
around the impurity cluster and give an effective representation of the remainder

of the boron nitride crystal. In particular, the bath orbitals serve to terminate the
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dangling bonds on the impurity boundary, thus turning the embedding problem
into a closed-shell one at the mean-field level. The impurity valence orbitals and
bath orbitals pictured here, together with the impurity virtual orbitals (not shown),

constitute the embedding orbitals.

We computed total energies (per cell) from DMET for different cluster sizes, 1 x 1,
2 x 2 and 3 x 3. We compare these total energies to those from k-sampled periodic
CCSD (k-CCSD) extrapolated to the TDL (see Fig. 5.2) which has recently been
demonstrated to be a high accuracy method in a variety of different materials [80,
198, 199]. Note that, accounting fully for the k-point symmetry, k-CCSD has a
computational scaling of n§,ng. The reference TDL k-CCSD energy is the sum of
the extrapolated HF energy using a large k-mesh (up to 12 x 12 x 1, extrapolating
with the form n; ! after using the Ewald exchange divergence correction [196, 200])
and the extrapolated k-CCSD correlation energy using a smaller k-mesh (up to
6 x 6 x 1, extrapolating with the form n,_!). Compared to the TDL reference energy,
even using the smallest (1 x 1) cluster, DMET gives an accurate total energy that
captures about 95% of the correlation energy. Extrapolating over the DMET cluster
size (using the surface to volume form Nc_l/ 2, where N, is the cluster size) further
improves the accuracy by about 1-2% in the correlation energy. The one-shot
DMET result (i.e. without DMET self-consistency) is less accurate than the self-
consistent one by ~ 8 mHartree (3% of the correlation energy), demonstrating the
contribution of self-consistent matching between the high-level calculation and the
low-level mean-field calculation. We note that self-consistency is generally not very
important in non-magnetic weakly-correlated systems, as there are no symmetry
broken phases to be generated by DMET, and only provides a modest quantitative

correction to the observables.

Compared to small N x N x 1 k-mesh CCSD energies, the DMET total energies
are more accurate for the 1 x 1 and 2 x 2 cluster sizes, but less accurate for the
3 x 3 case. The finite size error in the total energy, arising from the finite k-mesh or
DMET cluster size, can be separated into two sources, (i) the finite size error in the
mean-field energy and (ii) the finite size error in the many-body correlation energy.
For embedding methods like DMET, the error from the first source is (largely)
eliminated. Thus, as shown in Fig. 5.2, the DMET total energy is good even for
a small cluster size. In the CCSD calculation, however, the error from (i) is large
for small clusters, and therefore, a potentially better recipe for the total energy is to

sum the HF energy from a larger cluster (or even extrapolated to the TDL) and the
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Figure 5.2: Upper panel: Total energy from DMET compared with k-sampled
CCSD. In the case of DMET with the interacting bath (IB), both one-shot and self-
consistent energies are reported. DMET with non-interacting bath (NIB) is also
shown for comparison. The extrapolated values of DMET is from an average of
linear regression and quadratic fitting. The error bar is the difference between the
linear and quadratic fitted values. We plot the energy of k-CCSD with small k-
mesh (one curve with HF energy at corresponding small k-mesh and the other with
HF energy at 6 x 6 k-mesh) and the extrapolated TDL results as reference. Lower
panel: Correlation energy ratio with respect to the extrapolated CCSD correlation
energy.

correlation energy from the small cluster calculation. In the upper panel, we show
the k-CCSD correlation energy added to the 6 x 6 HF energy (corresponding to the
size of the DMET lattice), as well as to the extrapolated TDL HF energy. Together
with the data in the lower panel of Fig. 5.2, we see that the correlation energy E.o,
of CCSD, which relies on the above error cancellation, is already very accurate for
the 2 x 2 cluster and is better than that of DMET for this cluster size. It is then



88

worth analyzing the source of errors in the small cluster DMET correlation energy.
One source is the lack of embedding of the non-valence virtual orbitals, which
are localized to the reference cell with the periodicity of the large DMET mean-
field lattice, not the periodicity of the impurity (as in the k-CCSD calculation).
The advantages of DMET in the current implementation thus manifest when the
predominant correlation is within the valence space itself (which is fully embedded)
as is typical of strong correlations, rather than primarily involving excitations to
non-embedded, non-valence, virtual orbitals as in this system. One way to diminish
the boundary effect on the DMET non-valence virtuals is to evaluate the energy
from the central part of the supercell, for which the surrounding atoms effectively
provide a bath for the virtuals. We find then that the energy evaluated using the
central cell of the embedded cluster covers 103.8% of the correlation energy (using
the preceding 3 x 3 cluster calculation) or 100.1% (if no chemical potential fitting is
used), which is better than that obtained by direct energy evaluation using the entire
embedded cluster. It may be possible to further reduce this boundary error using
the dynamical cluster approximation formulation of DMET (DCA-DMET)[33] or
bootstrap embedding[201-203].

We finally consider DMET results obtained using the non-interacting bath (NIB), as
also shown in Fig. 5.2. We see that although the extrapolation is quite systematic,
the accuracy is worse than that of the interacting bath for all three cluster sizes. This
result is generally found in chemical systems with long-range Coulomb interactions,
as the interacting bath carries some information about the inter-cluster interactions.
However, the NIB formalism has the potential computational advantage that the
construction of the NIB embedded Hamiltonian is cheaper than the IB one, since
only the impurity part of the two-particle Hamiltonian is needed. In addition, the
correlation potential can be used to mimic the effect of the long-range Coulomb con-
tributions to the Fock matrix. This makes the NIB scheme an interesting possibility

in large systems.

Bulk silicon

We next test the ability of DMET to describe the structural properties of bulk Si. We
performed a series of calculations on different primitive cell volumes and fitted the
relative total energy £ as a function of the volume V' using the Birch-Murnaghan
(B-M) equation of state (EOS) [204, 205], from which the equilibrium volume and
bulk modulus can then be determined. To obtain accurate results for the TDL, we

considered three clusters of different shapes: a 1 x 1 x 1 primitive cell (2 Si atoms),
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a conventional diamond cubic cell (8 Si atoms) and a 2 x 2 x 2 supercell (16 Si

atoms). We performed the extrapolation with respect to cluster volume V, using
E(V,) = E(c0) + aoV, 3 4. (5.1)

The total energy includes the correction from HF at the TDL. The equilibrium

volumes and bulk moduli are collected in Table 5.1.

Table 5.1: Equilibrium volume of the primitive cell V,, and bulk modulus B, of
silicon from different approaches. The extrapolated values are from the linear fit of
1 x1x1and?2 x2x 2results. The CCSD results are taken from Ref. [80] , which
uses the larger GTH-TZVP basis. The experimental Vj is from Ref. [189] and B is
from Ref. [206] with a zero-point correction.

Methods Vo [A’] B, [GPa]
HF extrap. 40.30 107
DMET Ix1x1 4283 87.9
cubic cell 41.90 88.5
2x2x2 41.26 91.1
extrap. 39.69 99.0
CCSD 3x3x3 3921 103
Expt. 40.04 101

From the table, we see that the equilibrium volume of DMET using the 1x1x1 cluster
deviates from the experimental value by 7%. The error from the smallest impurity
cluster is thus larger for Si than for BN. This is because Si has a much smaller band
gap and thus less local correlation involving the non-valence space. However, the
results improve rapidly when increasing the size of cluster. To illustrate this, we
show the EOS curves for different cluster sizes in Fig. 5.3. Itis clear that the 1 x 1 x 1
curve is shifted to larger volume compared to experiment or CCSD. Increasing the
cluster size systematically shifts the curve back towards experiment and the k-CCSD
benchmark, resulting in a very small relative error (w.r.t. experiment) of 0.9% for Vj
for the extrapolated curve. The extrapolated bulk modulus By also agrees well with
the experimental and kK-CCSD benchmark values. Overall, the accuracy achieved
by extrapolated DMET appears comparable to that of the k-CCSD benchmark in a

full 3 x 3 x 3 periodic calculation, although we note that a different basis was used.

Nickel monoxide
We now demonstrate the ability of DMET to treat a more strongly correlated prob-

lem by considering a typical transition metal compound, NiO. Below the Néel
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Figure 5.3: Equation of state curves of Si from DMET and CCSD. For DMET, we
omit the cubic cell curve for clarity. CCSD data is taken from Ref. [80].

temperature, NiO displays an antiferromagnetic (AFM) phase with a staggered
magnetization along the [111] direction (the so-called AFM-II phase). Although
DFT (with PBE) and HF do predict spin-polarization, it is known that DFT often
underpolarizes while HF often overpolarizes antiferromagnetic states. To avoid
such biases in the DMET calculation, we embed the DMET calculation in an initial
unpolarized mean-field state. We constructed the unpolarized mean-field state by
using the orbitals obtained from the spin-averaged Fock matrix of an unrestricted
Hartree-Fock or DFT calculation. We use the spin-averaged Fock matrix for con-
venience because without finite-temperature smearing, the restricted calculations
either have difficulty converging due to the metallic nature (DFT) or exhibit an
unphysical symmetry breaking of the density between the symmetry-equivalent
nickel atoms (HF). The spin-averaged Fock matrix is similar to the restricted one
with smearing but exactly preserves the symmetry between the two nickel atoms.
We denote DMET calculations based on the spin-averaged mean-field orbitals by
DMET@ &g, (DMET@ &), where “x” means the restricted orbitals are actu-
ally from the spin-averaged unrestricted Fock matrix rather than a real restricted

one.

The spectrum of such a spin-averaged Fock matrix is gapless. After adding an initial

DMET correlation potential, e.g. taken from the local part of the UHF polarized
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potential, the system becomes gapped and S? symmetry is broken. Without CSC,
the final DMET mean-field gap is ~ 3 eV and with CSC, the DMET mean-field
gap is ~ 10 eV, closer to the Hartree-Fock mean-field gap (~ 12 eV). (Note that the
experimental band gap of AFM NiO is ~ 4.3 eV [207]). It should be emphasized
that although the band gap from the DMET lattice mean-field reflects the insulating
nature of the system, its value does not correspond to the true fundamental gap of the
system. Even if the density from the impurity solver were exact and the matching
between density matrices were perfect, the mean-field gap is not exact due to the
derivative discontinuity contribution[208], similar to the Kohn-Sham gap obtained

from an optimized effective potential (OEP) calculation [209].

The ground state charges and local magnetic moments of NiO from DMET starting
from different initial mean-fields (spin-averaged HF and PBE) are summarized in
Table 5.2. Assignment of local observables to different atoms (population analysis)
was performed using the IAOs + PAOs and the density matrix from the CC impurity

solver. We also include unrestricted HF, PBE results for comparison.

Table 5.2: Local charge (in ¢) and magnetic moment (in pug) of NiO from different
methods. The values on Ni (O) are averaged from the two Ni (O) sites in the
primitive cell. We include the DMET results from different initial orbitals (P
and ®yppp), with / without charge self-consistency (CSC). The experimental data is

taken from Refs. [190, 210, 211].

Methods PNi oM mo
HF 1.42 1.86 0.000
PBE 1.02 1.42 0.000

DMET@ &%, w/o CSC  1.32 1.77 0.018
DMET @ &35 w/o CSC 1.27 1.74 0.017
DMET @ &5, w/ CSC 1.37 1.81 0.001
DMET@®F,,c w/ CSC  1.35 1.78 0.000
Expt. 1.70-1.90

First, we observe clear charge transfer from Ni to O in all methods. Among them,
HF gives the largest ionic character while PBE smears out the charge and predicts
the smallest charge transfer. The DMET results from different starting orbitals and
CSC conditions are between these two limits and are relatively close to each other.
The DMET results with CSC (starting from HF and PBE) are particularly close to
each other as the inter-cluster part of density matrix is updated using information
from the high-level embedded calculation. In fact, in the case of CSC, the only
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effect of the initial choice of orbitals in DMET on the final result comes from the

different definition of the local orbitals.

Compared to the experimental estimate of the magnetic moment, unrestricted
Hartree-Fock gives a Ni magnetic moment at the higher-end of the experimen-
tal range, while PBE severely underestimates the magnetic moment. DMET yields
results independent of the starting orbitals with a moment that agrees well with
experiment. To illustrate the AFM distribution in NiO, we plot the spin density
distribution in the (001) plane of NiO in Fig. 5.4. In the figure, the «- and -
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Figure 5.4: Spin density p, — pg on the (001) plane of NiO from DMET@ &},
with charge self-consistency.

spin planes alternately appear along the diagonal direction, showing a clear AFM
pattern. In particular, the spin density on Ni is in the shape of the d,2_,2 orbital,
indicating that its occupation is asymmetric with respect to the « and f electrons. In
fact, the 7, orbitals are almost fully occupied (~ 5.97 e in our population analysis),
and the ey orbitals (d,2_,2 and d,2) are occupied only in one spin sector (~ 1.99
e), and roughly empty in the other (~ 0.19 e). The local magnetic moment on Ni
therefore mainly comes from the contribution of the e, electron density, as expected
from crystal field theory. The density on oxygen is in the shape of a p orbital and
is polarized according to its orientation relative to Ni. The average polarization
on oxygen should be close to zero due to symmetry. As shown in Table 5.2, the
magnetic moments on oxygen from DMET (especially with CSC) are indeed close

to zero.
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We now take a closer look at the spin-spin correlation in NiO. To this end, we

evaluate the spin-spin correlation function between the two nickels in the unit cell,

oo sesh= 3 X (sesg). (5.2)

1 €Ni,, j€Ni, i€Ni;,j€Ni, a=x,y,z

where i and j are the indices of LOs located on the first and second Ni respectively.
In the DMET @ @, calculation with charge self-consistency, the expectation value
is —0.8147, where the minus sign arises from the AFM correlation between the
spins of two nickels. This value, however, is very close to the product (S?) (S?) =
—0.8149. In addition, the spin non-collinear contributions ((S*S*) and (S”S”))
are almost zero (note that the calculation spontaneously chooses a z magnetization
axis due to the initial unrestricted Hartree-Fock reference or form of the correlation
potential). All these features suggest that the ground-state of the AFM spin lattice
in NiO is close to that of a classical Ising model, rather than a quantum one. Our
results are consistent with experimental measurements on the critical behavior of
the magnetic phase transition in NiO [212-214], where the critical exponents are

found to be very close to those of the 3D Ising model.

In the above results, we found that the DMET order parameters are insensitive to
the initial mean-field orbitals, due to the DMET self-consistency. As discussed in
Sec. 2.4, this self-consistency contains two different contributions: self-consistency
of the DMET correlation potential (expressed along the cluster blocks of the mean-
field lattice Hamiltonian) and charge self-consistency of the mean-field Fock opera-
tor (for the off-diagonal blocks of the mean-field lattice Hamiltonian). To show the
robustness of the self-consistency with respect to the correlation potential guess and
the relative magnitude of these two contributions, we show the convergence of the
local magnetic moment of Ni with respect to the number of iterations in Fig. 5.5 (for
initial restricted orbitals from a spin-averaged Fock matrix ®g,;) with two different
initial guesses for the correlation potential: the strongly polarized UHF potential,
and a weakly polarized potential equal to the UHF potential scaled by a factor 0.1,
both with and without charge self-consistency. From the figure, we see that starting
from different initial guesses for the correlation potential, the magnetic moments
from non-self-consistent (i.e. one-shot) DMET (the 0" iteration in Fig. 5.5) can be
very different. However, after only 1 step, the magnetic moments are significantly
improved. Eventually, the magnetic moments from the two guesses converge to a
very similar value, showing that the DMET self-consistency effectively removes the

initial correlation potential guess dependence. The picture with and without charge
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Figure 5.5: The convergence of the magnetic moment on Ni from different initial
correlation potentials. Upper panel: DMET@ ®g ;. without CSC using different
initial guesses: UHF potential (strongly polarized) or UHF potential scaled by 0.1
(weakly polarized). Lower panel: The same as the upper panel but with CSC.

self-consistency is very similar, showing that the DMET correlation potential is the
main factor controlling the local order parameter. Note that in Fig. 5.5, the LOs are
the same (based on Hartree-Fock) for all calculations and hence there is no initial
LO dependence. Finally, as a rough indicator of cost, each DMET iteration takes

about 1 hour (the computational setup is described in Sec. 5.2).

5.4 DMFT computational details

Coupled-cluster impurity solvers

In this work, we will use a coupled-cluster (CC) impurity solver to compute
Gimp(®w) from the embedding Hamiltonian in Eq. (2.29). We recently studied the
coupled-cluster Green’s function (CCGF) approximation as an impurity solver in
DMEFT [215] (see also Ref. [216]) and showed that it performed well for small
impurity clusters in Hubbard models. Here, we further explore its capabilities in the

ab initio setting.

A detailed presentation of the CCGF formalism can be found in Refs. [215, 217—

221]. Here, we will only comment on a few points related to DMFT. First, we use the
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coupled-cluster singles and doubles Green’s function approximation (CCSD-GF) as
the impurity solver here. The cost of ground-state CCSD scales as O(N? ) and
CCSD-GF scales as O(N,, N¢ N;’nb), where N, is the total number of orbitals (sites)
in the embedding problem and N¢ is the number of impurity orbitals. In practice, the
CCSD-GF calculation can be parallelized over N, and N¢. This low cost compared
to ED allows us to treat around 200 embedding orbitals in DMFT. Second, the
CCSD-GF is computed directly on the real frequency axis with a broadening factor
n. We find that in ab initio calculations, when 7 is small (< 0.5 €V), causality issues
may exist where the imaginary part of the CCSD self-energy is not always negative.
We refer readers to Ref. [215] for a practical solution, where one computes the
impurity plus bath self-energy and then uses the impurity block of the self-energy
matrix, instead of directly computing the impurity self-energy matrix. This solution
increases the CCSD-GF cost scaling slightly to O(N,, NembNefnb). We use this more

expensive technique in the final calculation of spectra after DMFT convergence.

We applied the above DMFT scheme to study three realistic solids: weakly cor-
related 2D hexagonal boron nitride (h-BN) and crystalline silicon (Si), and a pro-
totypical “strongly correlated” problem, nickel oxide (NiO) in the AFM-II phase.
The experimental lattice constants were used for all calculations: 2.50A for h-BN
monolayer [188], 5.417A for Si [189] and 4.17A for NiO [190]. For h-BN, we
used a vacuum spacing of 20A along the z axis to avoid image interactions between
neighboring sheets. In h-BN and Si we used (super)cells of the primitive cell as the
impurity. In NiO, we used a supercell with two Ni and two O atoms along the [111]

direction to allow for AFM spin symmetry breaking within the cell.

All mean-field calculations were performed and all integrals were generated us-
ing the PYSCF quantum chemistry package [138]. Norm-conserving GTH-PADE
pseudopotentials [192, 193] were employed to replace the core electrons. The GTH-
DZVP basis set was used for h-BN and Si, while the GTH-DZVP-MOLOPT-SR
basis set [194] was used for NiO. This corresponds to 26, 26 and 78 AOs in the impu-
rity unit cells of h-BN, Si and NiO, and 104 AOs in our largest impurity supercell of
Si. The minimal basis sets GTH-SZV (h-BN and Si) and GTH-SZV-MOLOPT-SR
(NiO) were used as the pre-defined AOs to construct the IAOs, leading to 8, 8 and
28 valence orbitals in each unit cell respectively. Even-tempered auxiliary Gaussian
basis sets were used to compute the GDF integrals. Uniform 6 x 6 x 1 (h-BN),
4 x4 x4 (Si)and 4 x 4 x 4 (NiO) k-point meshes were adopted for the mean-field

and DMFT calculations. All meshes were I'-centered.
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Unless otherwise specified, we used HF as the initial lattice mean-field in the
DMFT embedding. The CCSD-GF method was implemented based on the CCSD
and EOM-CCSD routines from the PYSCF package, and the DMFT algorithm was
implemented in the Potato module. A spin-restricted CCSD-GF (RCCSD-GF)
solver was used for h-BN and Si, while a spin-unrestricted CCSD-GF (UCCSD-
GF) solver within the spin-unrestricted DMFT formalism was employed for NiO.
A simplified and flexible variant of the GCROT method [GCROT(m, k)] [222] was
used to solve the CCSD-GF linear response equations. Gauss-Legendre quadrature
was used on frequency intervals of [—1.04 u, 1.0+ u] a.u. (h-BN), [-0.6+ 1, 1.0+
] a.u. (Si)and [—0.5+ w, 0.5+ ] a.u. (NiO) when discretizing the hybridization.
We used a broadening factor of n = 0.1 a.u. during the DMFT self-consistent
cycles and switched to a smaller 1 (depending on the required resolution) in the
final production runs to compute G(R = 0, w). The DMFT self-consistency was
converged to ||A; 11 (w) — A;(w)|| < 8 = 107* a.u. between two DMFT iterations.

5.5 DMFT results

2D boron nitride

We first investigate the performance of our ab initio DMFT scheme for the 2D
h-BN monolayer. We chose the impurity to be an h-BN unit cell, including the
2s2p3s3p3d orbitals for both boron and nitrogen atoms (26 impurity orbitals in
total). The corresponding IAOs are projected 252 p orbitals, giving 8 IAOs coupled
to the bath. To study the convergence of DMFT with respect to the number of
bath orbitals, we used a series of Gauss-Legendre quadratures to discretize the
hybridization: N, = 4,8, 12, 16. This led to a total number of N = 32, 64, 96, 128
bath orbitals.

Table 5.3: Direct and indirect band gaps (in V) of 2D h-BN.

Method K—-K K—-T I'->T
HF 11.31 10.70 13.14
PBE 4.61 5.90 7.37
DMFT(i26,b32) 5.69 6.85 10.10
DMFT(3i26,b64) 7.23 7.76 9.63
DMFT(3i26,b96) 7.61 8.00 9.75
DMFT(26,b128) 7.73 8.08 9.76

EOM-CCSD 3x3x1) 9.50 9.36 11.44
EOM-CCSD (6 x6 x 1)  7.48 7.78 9.78

The computed direct and indirect band gaps at special k points are presented in
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Table 5.3. In this work, we use the notation “DMFT(iX,bY)” to mean that there
are X impurity orbitals and Y bath orbitals to be treated by the CCSD-GF impurity
solver. The DMFT band gaps are calculated from the valence and conduction
peaks of k-resolved density of states (DOS). We compare our DMFT results to
HF, DFT/PBE [191] and EOM-CCSD [223] gaps computed using PYSCF, all with
6 x 6 x 1 k-point meshes. EOM-CCSD with 3 x 3 x 1 k-point sampling is also
included for comparison. As shown in Table 5.3, 6 x 6 x 1 EOM-CCSD with the
GTH-DZVP basis predicts that 2D h-BN is a direct band-gap semiconductor, with
a gap of 7.48 eV at the K point. The indirect band gap from K to I' has a slightly
larger value of 7.78 eV. These values are taken as the reference values. Compared
to 6 x 6 x 1 EOM-CCSD, HF overestimates the K — K gap by 3.8 eV, while
PBE underestimates it by 2.9 eV. EOM-CCSD with a smaller 3 x 3 x 1 k mesh
also overestimates the band gaps by 1.6-2.0 eV, suggesting the importance of large

k-point meshes to approach the thermodynamic limit.

Even with a small number (32) of bath orbitals, our DMFT(i26,b32) result shows
significant improvement over mean-field methods, although the K — K gap is still
underestimated by 1.8 eV. As we increase the number of bath orbitals N, to 64,
DMEFT produces a better description of all three band gaps and the errors are all
within 0.3 eV, indicating the necessity of using a sufficient number of bath orbitals
to reduce the bath discretization error. Even with a 1 x 1 x 1 unit cell as the impurity,
the DMFT(i126,b64) result is superior to the EOM-CCSD (3 x 3 x 1) result due to
the larger amount of k-point sampling. By further increasing Nj to 128, we also
demonstrate that the DMFT band gaps are converged to around 0.1 eV at N = 96.
Thus, we believe our DMFT results for 2D h-BN to be well converged with respect
to the bath size. The DMFT(i26,b96) calculation takes 1.5 hours to converge on
2 nodes with 28 CPU cores per node. Further obtaining the Green’s function and
DOS at each frequency point takes about 4.5 minutes. This should be compared to
the computational cost of a full EOM-CCSD calculation with the 6 x 6 x 1 k-point
mesh, which takes about 40 hours to obtain 4 IP and EA roots at all k points.

We next show the local density of states (DOS) in Fig. 5.6, where the DOS is
computed from the spectral function: p(R = 0,w) = TrA(R = 0,w). Here we
compare DMFT with HF and 6 x 6 x 1 EOM-CCSD. Since we employ only a single
k-point mesh to minimize cost, we only obtain a finite set of excitation energies
from EOM-CCSD. Consequently, we have applied a Lorentzian broadening to the
IP- and EA-EOM-CCSD roots to generate the corresponding DOS spectrum, as an
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Figure 5.6: Local density of states of 2D h-BN monolayer. DMFT spectral functions
are computed with a broadening factor n = 0.2 eV. EOM-CCSD (6 x 6 x 1) DOS
is generated using a Lorentzian broadening.

approximation to the true CCSD-GF DOS in the TDL. As can be seen in Fig. 5.6,
DMEFT again significantly improves over HF. In addition to the much better band
gaps, the DMFT DOS also has a better structure than the HF DOS. In particular,
the DMFT conduction bands are almost identical to the EOM-CCSD ones, even
for the high-energy bands. This is a result of including the high-energy virtual
orbitals (PAOs) into the impurity problem. Comparing the DMFT(i26,b96) and
DMFT(i26,b128) DOS plots, we find that the DMFT spectral functions are already
well converged at N, = 96.

On the other hand, the agreement between the DMFT DOS of the valence bands
and that of EOM-CCSD is less perfect. Compared to EOM-CCSD, several valence
peaks are broader in DMFT, such as the valence peak near the Fermi surface. To
understand this behavior, we plotted the DMFT band structure of h-BN using the
Np = 96 data, as presented in Fig. 5.7. Compared to HF, we find that the point
group symmetry at certain k points is broken in the DMFT band structure plot.
For example, at the I" point, there is a degeneracy in the highest valence band
observed in both HF and EOM-CCSD, but this degeneracy is slightly broken in
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Figure 5.7: Band structure of 2D h-BN from DMFT(i26,b96) calculation with a
broadening factor n = 0.1 eV (heat map). The blue dashed lines represent the HF
band structure and the black circles are EOM-CCSD (6 x 6 x 1) charged excitation
energies.

DMFT. This explains the broader DMFT valence bands in Fig. 5.6. We believe
such behavior is due to a mismatch between the diagonal and off-diagonal parts of
self-energy in DMFT: the diagonal part is computed from the impurity CCSD-GF,
while the off-diagonal part is from the lattice k-point HF self-energy. Aside from
the slight symmetry breaking, the DMFT band structure is in good agreement with
the EOM-CCSD result.

Overall, however, the data demonstrates that our DMFT scheme works well in 2D
h-BN. The DMFT procedure produces accurate band gaps and is also capable of
modeling bands far away from the Fermi surface, even with a small number of bath
orbitals (N, = 64).

Bulk silicon

We next apply our DMFT implementation to the silicon crystal (Si). Silicon is a
small band-gap semiconductor with delocalized valence electrons. Such a system
presents a challenge to quantum embedding methods, including DMFT, as these
methods all start from a local correlation approximation. Here, we assess the effect
of impurity size on the description of spectral functions of bulk Si. Two different
impurity sizes were considered: a 1 x 1 x 1 unit cell and a 2 x 2 x 1 supercell. The

2 x 2 x 1 cell is the largest impurity size that can currently be handled using our
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CCSD-GF solver. In the 1 x 1 x 1 unit cell, there are 26 impurity orbitals, 8 of
which are IAOs. Two Gauss-Legendre quadratures of N, = 4,20 (Np = 32, 160)
were used to show the effect of bath size on spectral functions. In the 2 x 2 x 1
supercell impurity, there are 104 impurity orbitals. There we used a quadrature of
N, = 4 (Np = 128). A 2 x 2 x 4 k-mesh was employed for the larger impurity to
generate a DMFT lattice 4 x 4 x 4 k-mesh. We note that DMFT(1104,b128) should
be directly compared to DMFT(i26,b32) to demonstrate the effect of impurity size,
as these calculations share the same bath quadrature (N, = 4) and similar bath

discretization error.
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Figure 5.8: Local density of states of bulk Si. DMFT spectral functions are computed
with a broadening factor n = 0.1 eV. The EOM-CCSD DOS is generated using
3 x 3 x 3 k-point sampling and a Lorentzian broadening. The gap values correspond
to the indirect band gap of I' — X, and the EOM-CCSD gap is from a 4 x 4 x 4
k-mesh calculation.

The computed local DOS of bulk Si are presented in Fig. 5.8. HF and EOM-CCSD
results are included for comparison. A full 4 x4 x4 k-point EOM-CCSD calculation
for multiple IP/EA roots is very expensive, so we instead performed a 3 x 3 x 3
k-mesh calculation. All k points in the 4 x 4 x 4 k-mesh were sampled by shifting
the 3 x 3 x 3 k-mesh center. The final reference DOS was then generated by applying
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a Lorentzian broadening. We also conducted a full 4 x 4 x 4 k-mesh EOM-CCSD

calculation to estimate the reference indirect ' — X band gap value, which we
found to be 1.27 €V, as noted in Fig. 5.8.

DMFT(i26,b32) produces a better I' — X gap of 1.90 eV than HF, which overes-
timates the gap by 2.8 eV. Using a larger bath size of N, = 160 further improves
the DMFT gap to be 1.74 eV. However, the error of DMFT(i26,b160) is still around
0.5 eV, which is worse than the observed error of DMFT in 2D h-BN. In addition,
the shape of the spectrum for DMFT(126,b160) is not very accurate. These results
support the observation that bulk Si is indeed a more difficult system for DMFT due
to the stronger effects of the non-local interactions in such small band-gap systems.
After increasing the impurity size, we find that DMFT gives better agreement with
the reference EOM-CCSD spectrum. The DMFT(1104,b128) calculation finds the
I' — X gap to be 1.78 eV, reducing the DMFT(i26,b32) error to 0.5 eV. This is also
better than the 2 x 2 x 1 k-point EOM-CCSD result, which estimates the I' — X
gap to be 0.59 eV (~0.7 eV error). DMFT(1104,b128) does not produce a better
band gap compared to DMFT(i26,b160) due to the insufficient bath size, suggest-
ing that minimizing the bath discretization error is also important. Nevertheless,
the DMFT(1104,b128) spectrum has an improved shape, especially in the valence
region, where the bands have similar peak positions to the EOM-CCSD ones. Thus,
bulk Si provides a good demonstration of the important role of impurity size in
capturing the non-local self-energy in delocalized systems. However, even with
the larger 2 x 2 x 1 impurity, the DMFT results are still not completely accurate,
indicating the need for both larger impurities and a better treatment of long-range

interactions than the HF self-energy.

Nickel monoxide

We finally turn to discuss the prototypical strongly-correlated system, NiO. NiO
has a type-II AFM phase below the Néel temperature (525 K), with ferromagnetic
planes stacked in the [111] direction. Due to the partially filled d orbitals in Ni,
spin-unpolarized DFT methods predict NiO to be a metal, and spin-polarized DFT
(LSDA/GGA) significantly underestimates the band gap and magnetic moment.
DFT+DMEFT simulations with a single Ni 3d impurity have been shown to success-
fully reproduce features of the experimental spectral functions and band structure
of NiO in the paramagnetic (PM) phase [224-230].

In this study, we use a unit cell of two Ni and two O atoms as the impurity in DMFT,
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Figure 5.9: Representative IAOs and PAOs of NiO used in DMFT calculations
within a unit cell. Ni and O atoms are marked in blue and red.

corresponding to 78 impurity orbitals. Compared to earlier single site studies, we
can thus examine antiferromagnetic order within the cell, as well as the effect of all
the interactions in the crystal bands. Some representative IAOs and PAOs in the cell
are shown in Fig. 5.9. The IAOs include the projected 3s3p3d4s orbitals of Ni and
252 p orbitals of O, and the PAOs include the remaining 4 p4d 4 f 5s orbitals of Ni and
3s3p3d orbitals of O. Since the 353 p orbitals of Ni form very flat bands far below the
Fermi surface, we do not couple bath orbitals to them, to reduce the computational
cost. We also used the bath truncation technique described in Sec. 2.4 to remove
very weakly coupled bath orbitals, setting the eigenvalue threshold to A = 0.005
a.u. and A = 0.01 a.u. for Gauss-Legendre quadratures of N, = 4 and N, = 8
respectively. This led to a significant reduction in the number of bath orbitals, e.g.,
from Np = 160 to N = 86 in the DMFT(i78,b86) @ ®yyr calculation.

To obtain an AFM solution in DMFT, we allowed spin symmetry to break by
allowing different self-energies (Egnp(a))) and hybridizations (A (w)) in different
spin channels (0 = «, ). The spin-unrestricted CCSD-GF (UCCSD-GF) impurity
solver was employed to compute X | (w). We started from either spin-restricted
or spin-unrestricted mean-field wavefunctions to construct the embedding problem.
Spin-unrestricted HF (UHF) gives an AFM solution with a large band gap for NiO,
as shown in Fig. 5.10. Starting from UHF, spin symmetry breaking happens already
in the initial DMFT impurity Hamiltonian (Hjy,,) and lattice HF self-energy. On the
other hand, spin-restricted HF (RHF) with finite temperature smearing predicts NiO
to be a metal (in PM phase), with no average local magnetic moment (Fig. 5.10). In
this case, spin symmetry breaking is introduced only during DMFT self-consistency,

which generates symmetry-broken X7 () and A°(w).

In addition to starting from HF orbitals, we also explored the possibility of using
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Figure 5.10: Local density of states of NiO from UHF and RHF. A broadening
factor n = 0.4 eV is used.

DFT (LDA and PBE) orbitals to generate the DMFT impurity problem. We again
emphasize that only the DFT orbitals were used here and no DFT Hamiltonians
or self-energies enter into our DMFT calculations. That is to say, we still use the
Fock matrix as the one-particle effective Hamiltonian, and the only difference is that
the elements of the Fock matrix are evaluated using DFT orbitals. Since the local
Fock self-energy can be exactly subtracted, there are no double counting errors in
these DMFT calculations. One advantage of using DFT orbitals is that fully self-
consistent HF calculations can be avoided, which is very expensive in large systems

due to the quadratic scaling with respect to k points.

We present DMFT results on the band gap, magnetic moments and local charges of
NiOin Table 5.4. The band gap is computed from the half maxima of the first valence
and conduction bands of local DOS, as done in the XPS/BIS experiment [207].
Meanwhile, we also report the band gap values calculated from the valence and
conduction peaks of the k-resolved DOS. The magnetic moments and local charges
are calculated from the impurity UCCSD density matrix with atomic decomposition
in the IAO+PAO basis. As can be seen, DMFT(i78,b86) @ ®yyr improves the UHF
band gap by 2.6 eV and produces an accurate magnetic moment. However, the
band gap is still too large when compared to experiment (4.3 eV). This is likely
because the off-diagonal (inter-cell) part of the self-energy from the inaccurate

initial UHF solution has a large residual effect on the lattice Green’s function. In
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Table 5.4: Band gap (E,), magnetic moment (my;) and local charge (pn;) of NiO in
the AFM phase. The first column of band gaps is computed from the half maxima
of the first valence and conduction bands of the local DOS, as done in Ref. [207].
The second column of band gaps (in brackets) is computed from the valence and
conduction peaks of the k-resolved DOS. The notation “@ ®yg/pgg/1pa” indicates
the underlying orbitals used to construct the Fock matrix in DMFT.

Method E; (eV) my;i (4B) Pni (e)
UHF ~(11.6) 1.86 1.42
UPBE - (1.3) 1.42 1.02
ULDA ~(0.6) 1.28 0.94
DMFT(i78,050)@®ypr 9.6 (9.4) 1.80 1.35
DMFT(i78,086)@®yyr 9.2 (9.0) 1.80 1.35
DMFT(i78,b52)@ ®ypge. 7.4 (7.1) 1.65 1.12
DMFT(i78,b90)@ ®ypgr. 7.1 (6.5) 1.63 1.11
DMFT(i78,b52)@®y1ps 6.5 (6.0) 1.63 1.10
DMFT(i78,b90)@ ®1ps 6.5 (5.8) 1.60 1.08
DMFT(i78,056)@ ®ppr 3.5 (3.3) 1.67 1.22
DMFT(i78,b98) @ ®p 3.0 (3.1) 1.60 1.17

Exp 4312071 (- 1.77 [211,1.90[190] -

particular, this inaccurate off-diagonal self-energy leads to too large an amount of
symmetry breaking in the initial impurity Hamiltonian, which cannot be completely
corrected by the DMFT local self-energy. In contrast, when using UPBE orbitals,
DMFT(i178,b90) @ ®ypgr gives a better k-resolved band gap of 6.5 eV, suggesting
that employing UPBE orbitals reduces the error in the off-diagonal HF self-energy.
Using ULDA orbitals further improves the k-resolved band gap to 5.8 eV, although
the error is still more than 1 eV. Overall, these results show that when starting from
a spin-symmetry broken solution, our DMFT scheme is sensitive to the choice of
underlying orbitals, which may lead to a variation of 3 €V in the predicted band
gap of NiO. This sensitivity may be alleviated if charge self-consistency is further
imposed outside of the DMFT loop [106, 231], which is absent in our current
implementation. However, the systematic overestimation of the band gap suggests
that besides charge self-consistency, non-local contributions to the self-energy need
to be treated more accurately [232-235].

When we switch to a spin-restricted HF reference, the DMFT results are more
accurate than the UHF-based DMFT results. DMFT(i78,b98) @ ®ryr predicts a
reasonable k-resolved band gap of 3.1 eV and magnetic moment of 1.60 pg. This

superior performance can be attributed to the fact that the initial incorrect symmetry



105

breaking in the lattice HF self-energy and impurity Hamiltonian is avoided by using
a spin-restricted reference. As a result, the spin symmetry breaking is solely deter-
mined by the accurate DMFT self-energy obtained from the UCCSD-GF impurity

solver, leading to improved results, particularly for the spectral functions.

- DMFT(i78,b86)@®
“  — DMFT(i78,b90)@®;ps ]

DOS

DOS

Figure 5.11: Local density of states of NiO in the AFM phase. The XPS/BIS exper-
imental DOS is from Ref. [207]. The DMFT DOS is computed with a broadening
factor n = 0.4 eV, and is shifted horizontally for an easier comparison to experiment.

We present the local DOS of NiO in Fig. 5.11. The upper panel shows that
DMFT(@178,b86)@®y; py gives a similar spectral shape to experiment, although
the band gap is larger and the first valence peak is broader. On the other hand,
DMFT(i78,b90) @ ®yyr spectrum has too wide a band gap. In the lower panel, the
DMFT(178,b98) @ dryr result agrees well with experiment near the Fermi surface.
However, the main valence peak is separated into two peaks, where the highest
peak is around -3.5 eV and a shoulder peak appears around -1 eV. Such a two-peak

structure is not observed in experiment.

To understand the deviations from experiment and to further study the character of
the insulating gap, we plot the components of the NiO DOS in Fig. 5.12. From Panel
1 of Fig. 5.12a, DMFT(i78,b90) @ @y pa predicts that the insulating gap is from a
complicated charge transfer transition with mixed Mott character: the valence peak
is of O 2sp and Ni 7, and e, characters, and the conduction peak is mainly of an

eg character with a small O 2sp contribution. On the other hand, it can be seen
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Figure 5.12: Components of NiO density of states from (a) DMFT(178,b90) @ @y pa
and (b) DMFT(178,b98) @ ®ryr calculations. Panel 1 shows the local DOS, and
Panels 2 and 3 show k-resolved DOS at I" and X points.

in Fig. 5.10 that UHF predicts the insulating gap of NiO to be from a pure charge
transfer transition from O 2p to Ni e,. This comparison indicates that DMFT
significantly corrects the positions of the Ni 7, and e, bands. Meanwhile, as shown
in Fig. 5.12b, DMFT(i78,b98) @ ®ryr also predicts mixed charge transfer and Mott
character for the insulating gap, although the first valence peak has almost no Ni 7,4
contribution. This indicates that the artificial shoulder valence peak near the Fermi
surface arises because of a mismatch in the relative positions of the Ni 7,, and O
2sp/Ni eg bands. Once again, these results lead us to conclude that to obtain both the
band gap and spectral shape accurately, we require either larger impurities or a more
sophisticated treatment of the inter-cluster interactions. We also plot the k-resolved
DOS in Panels 2 and 3 in Fig. 5.12. It can be seen that the O 2sp main valence peak
is shifted by 2 eV at the X point compared to the I' point. Interestingly, we find that
the conduction band at the I" point has a significant contribution from the Ni 45 and
O 2sp orbitals. This has not been reported in previous DFT+DMFT studies but has

also been found in quasiparticle self-consistent GW calculations [236].

5.6 Conclusions
In this chapter, we described ab initio quantum embedding schemes for density
matrix embedding and dynamical mean-field calculations in solids, focusing on

the practical implementation choices needed for an efficient computational scheme.
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Our tests on the BN, Si, and NiO systems, that span a range of electronic structure,
demonstrate that our implementation can handle both realistic unit cells and basis
sets. The strengths of DMET and DMFT are most visible in the simulations of
NiO, where the wide spread in magnetic behavior generated by different mean-field
approximations is almost entirely removed in the subsequent DMET calculation. In
more weakly correlated systems, more work is needed to improve the quantitative
accuracy of DMET and DMFT arising from the treatment of excitations to non-
valence orbitals and long-range screening effect, which are not fully embedded
in our scheme. Overall, however, our results lead us to be optimistic that this
computational framework provides a means to realize ab initio calculations on

interesting correlated solids using quantum embedding.
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Chapter 6

SYSTEMATIC ELECTRONIC STRUCTURE IN THE CUPRATE
PARENT STATE FROM QUANTUM MANY-BODY
SIMULATIONS

Based on the work published in Science 377, 1192 (2022). Copyright 2022, Amer-

ican Association for the Advancement of Science. [114]

6.1 Introduction

Currently, we have a qualitative theoretical understanding of many electronic phases
of matter. However, there remains a deficit in the quantitative understanding of
correlated electron materials [70, 237]. This limits our ability to connect the atomic
structure and composition to the electronic phenomena, as well to answer funda-
mental physical questions related to microscopic mechanisms. Here, we describe
and apply a strategy to precisely simulate properties of a prototypical family of
correlated electronic materials, the high-temperature superconducting cuprates, in
their undoped, parent, electronic state. We directly approximate the solution of the
ab initio many-electron Schrodinger equation instead of solving a low-energy effec-
tive model, within an approach that is numerically improvable without adjustable
parameters. Using this strategy, we show that we can reveal the systematics of
the cuprate parent state across a family of layered cuprate materials, connecting
the observed low-energy physics to specific microscopic processes governed by the

atomic and structural composition.

Among correlated quantum materials, the high temperature (7;.) superconductors
remain a fertile source of new physics[17, 238-240]. We focus on the cuprates,
where one finds the highest superconducting 7, in the mercury-barium cuprate
family [4]. Although progress has been made in understanding the universal phase
diagram through numerical calculations on lattice models, the understanding of
properties of individual compounds remains largely empirical, with substantial

difficulties in linking the observed trends to model parameters.

In principle, a quantitative understanding is simply a matter of many-electron quan-
tum mechanics, but solving the Schrodinger equation beyond lattice models involves

three challenges: the quantum many-body correlations, the thermodynamic limit
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(TDL), and the high-energy degrees of freedom / long-range interactions of real ma-
terials. We here adopt a pragmatic computational framework where the challenges
can be tackled simultaneously: ab initio solvers for the many-body problem beyond
models [215, 241]; self-consistent quantum embedding to develop phases in the
TDL [98, 100, 242]; and periodic quantum chemistry using local bases [81, 82] to
efficiently treat long-range interactions and high-energy degrees of freedom. Each
component has been individually tested in prior work, but the important feature of
our combined strategy is that the solution process bypasses models with uncon-
trolled parameters; the only remaining parameters are the size of the computational
cell, the basis size, and the level of the many-body solver. Thus, all aspects of the

calculation can in principle be controlled towards exactness.

In this chapter, we describe the full application of this strategy to the ab initio
simulation of a family of cuprates in their parent phase at zero temperature. Although
the parent phase is qualitatively simple, and elements of our framework have been
used to understand exotic physics in simplified models [24], obtaining quantitative
material systematics and functional relationships even in the parent phase is a major
challenge, which serves as a litmus test of the promise of our overall ab initio strategy.
As we shall describe, our detailed simulations bring a new level of resolution to
the electronic structure, with which we uncover direct links between the material

specific physics and composition.

6.2 Cuprates and the parent state

Structure. The main structural feature of the cuprates is the two-dimensional
CuO, (formally [Cu02]2_) square lattice plane [Fig. 6.1 (a)]. In different cuprates,
the copper-oxygen plane is surrounded by other atoms and buffer layers in the
vertical direction. We consider three specific compounds, in addition to layer-stacked
idealized CuO, planes (geometries in Table F.1). The first is infinite layer CaCuO,
(CCO) [Fig. 6.1 (d)], where calcium counterions intercalate between the CuO,
planes in an infinitely repeating structure. CCO does not itself superconduct, due
to difficulties in doping the material. However, high 7.s are observed in the related
mercury-barium cuprates (the Hg-Ba-Ca-Cu-O family). Here, the CuO, plane is
decorated by apical oxygens, which connect to buffers of Hg and Ba ions. Unlike
in CCO, the buffer layers form large spacers between the copper-oxygen layers.
Different mercury-barium cuprates can be synthesized with different numbers of
CuO, planes between each buffer layer, leading to single-layer, double-layer, etc.

cuprates. We consider two members in this family: HgBa,CuO, (Hg-1201, single-
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Figure 6.1:  Structures and computational strategy. (a) [Cqu]z‘ plane(s)
in cuprates. (b) — (¢) — (d): Relationship between single-layer Hg-
1201 (HgBa,CuO,), double-layer Hg-1212 (HgBa,CaCu,Oy), infinite layer CCO
(CaCu0,); Ca layers replace the Hg-Ba-apical-O layers. (e) The ab initio density
matrix embedding framework. The Hg-1212 lattice is divided into an impurity (e.g.,
the 2x2 cell) with the environment replaced by a bath; the atoms are represented
by local valence and virtual orbitals, and the impurity problem is solved for the
many-body wavefunction . (f) Correlation and finite size effects in the nearest-
neighbor Heisenberg exchange coupling J;. We compare the exchange coupling
(y axis) from a full crystal CCSD calculation as a function of CCO crystal size
[plane side-length in units of Cu atoms, n¢, (x axis)] in a small basis, to embedded
calculations with two impurity sizes and two solvers DMRG, CCSD. The embedded
2 x 2 impurity is already close to the TDL, while the DMRG and CCSD impurity
solvers agree well in the smallest impurity.

layer, 7. = 97 K) and HgBa,CaCu,O, (Hg-1212, double-layer, 7, = 127 K). Hg-
1201 exhibits distorted octahedral Cu-O coordination [2 apical oxygens per Cu, Fig.
6.1 (b)], while each layer of Hg-1212 contains pyramidal Cu-O coordination [1 apical
oxygen per Cu, Fig. 6.1 (¢)]. Hg-1201, Hg-1212, and CCO are compositionally
related by replacing Hg-Ba-apical O layers by Ca layers.

Parent state. Unlike conventional superconductors, the parent state of the cuprates
is an antiferromagnetic (AFM) insulator with long-range order, due to the strong Cu
d-d electron interaction. Typical Néel temperatures for the AFM state range from
about 250 K (in Nd,CuO,) to 450 K (in YBa,Cu,0O) [239], and only after doping

does the ground-state enter the superconducting phase. It is generally thought
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that the antiferromagnetism is to first order approximated by 2D nearest-neighbor
(NN) Heisenberg-like physics. However, the 2D NN Heisenberg model does not
reproduce the dispersion of the experimental spin-wave spectrum and questions
remain as to the magnitude, sign, and material specific origin of corrections to the

nearest-neighbor picture.

There have been many attempts to correlate properties of the cuprates in the super-
conducting phase (such as 7;) with structure, composition, and band structure [169,
243-247]. However, without a direct ability to simulate the material 7, with dif-
ferent parameters it is difficult to distinguish correlation from causation. Although
there has been less focus on correlating properties of the parent state with physical
features, many proposals relate the high Néel temperatures and strong exchange cou-
pling in the parent state to the superconducting mechanism and other exotic physics
under doping. Below, we establish causal, quantitative relationships between the
magnetic features of the parent state and the atomic-scale structural and electronic

features of the materials.

6.3 Theoretical techniques

Strategy. Previous numerical work on cuprate electronic structure [with a few
exceptions e.g., [248, 249]] falls in two classes: (i) ab initio all electron simulations
with a modest treatment of electron correlation [145, 250, 251], often used to derive
low-energy effective models, and (ii) accurate many-body methods applied to low-
energy effective models, to obtain phase diagrams and more exotic orders [161, 167,
252-256].

Our strategy is to use families of methods associated with the model studies of
(i1), but technologically elevated to the fully ab initio Hamiltonians of (i). This
bypasses the ambiguities of intermediate downfolded models, while allowing cor-
related physics to emerge. The three numerical components are the quantum em-
bedding, the ab initio all-electron infrastructure, and the many-body solvers. Our
technical setup uses density matrix embedding theory (DMET) to self-consistently
embed a 2 x 2 supercell (impurity) of the cuprate material within an all-electron
description, and we solve the resulting embedded impurity with an ab initio many-
body approximation [coupled cluster (CC) theory]. To do so feasibly and reliably
relies on recent advances and new techniques specific to this work, such as a
sub-impurity formalism and improved DMET self-consistency algorithms for large

impurities; improved ab initio matrix element generation; and careful solver bench-
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marking against a massively parallel ab initio density matrix renormalization group
(DMRG) implementation. Below we describe the quantum embedding and many

body solvers; the ab initio infrastructure is discussed in Sec. 2.4.

Quantum embedding. This provides a framework for phases that emerge due to
interactions [45], and includes dynamical mean-field theory and its relations [27,
28, 54], and the DMET [30, 35] used in this work. The material is separated into
an impurity region and a bath that describes fluctuations out of the impurity, and
their self-consistency yields emergent phases. The embedding becomes exact with

increasing impurity size.

In previous work on the 1-band and 3-band Hubbard models, DMET has been ex-
tensively benchmarked against other methods, and for example, accurately resolves
exotic order in the underdoped region [24, 33]. (The ability of DMET to capture
exotic physics in doped lattices shines a light on the path from the ab initio studies
of the parent state here to the physics of the doped materials). To move beyond
models to the ab initio physics, we start from our recently introduced all-electron,
full cell approach [98, 100, 242]. Here, the impurity is a supercell of the cuprate
containing all atoms and orbitals, with all quartic interactions between the orbitals.
In contrast to downfolded approaches with a handful of impurity orbitals and pos-
sibly simplified interactions [19, 28], our largest impurity (in Hg-1212) contains 48
atoms and close to 900 orbitals [Fig. 6.1(e)]. These orbitals include many “virtual”
bands, which capture quantitative electron correlation effects and screening. Part of
the reason why these large impurities are feasible is the DMET formulation itself,
which bypasses expensive frequency dependent quantities. The other critical factors
are the choice of solvers discussed below, and the periodic quantum chemistry in-
frastructure based on local atomic basis sets, which compactly discretize the virtual

bands for electron correlation.

Ab initio many-body solvers. The quantum impurity problem in the full-cell ap-
proach is a many-body problem with hundreds of orbitals. This can be solved
because many orbitals do not display strongly correlated physics. We use two im-
purity solvers in this work. The majority of the results are obtained using ab initio
coupled cluster singles and doubles (CCSD) [128] solvers. Although approximate,
they exactly treat clusters of (arbitrarily) strongly correlated particles, and have pre-
viously been shown to yield accurate results in various quantum impurity problems
[98, 100, 215, 216, 242], particularly in ordered phases. To verify the accuracy

of the CC approximation, we use a second solver, the quantum chemistry DMRG
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[241, 257] to benchmark a subset of problems [see Sec. F.2].

Computational setup. The 2 x 2 supercell impurities are shown in Fig. 6.1 for the
different mercury-barium cuprates. [In Sec. F.2, we also discuss a benchmark study
of lanthanum copper oxide]. Every atom is represented in a valence double-{ with
polarization basis [def2-SVP [258]] e.g., each Cu is represented by [5s3p2d1f]
shells and each O by [3s52pl1d] shells, and the embedding lattice is chosen to be an
8 x 8 x 2 lattice of the primitive cell. Large impurities (e.g., in Hg-1212) were further
fragmented into smaller sub-impurities with up to 364 orbitals (280 impurity orbitals
and 84 valence bath orbitals), and impurity solutions were obtained using CCSD or
DMRG. (Unless otherwise indicated, data is from the CCSD solver; DMRG data
is in Sec. F.2). The DMET equations were then solved with self-consistency and

valence-shell lattice-impurity density matrix fitting.

Benchmarks. Within the above strategy, the only sources of error are from the
finite size of the impurity (and embedding lattice), the approximate nature of the
impurity solver, and the finite size of the local atomic basis. We have carried out
extensive benchmarking to verify the specific approximations. In Fig. 6.1(f) we
compare results from finite impurities to the TDL (which can be estimated from a
full crystal calculation within a small local atomic basis) for the energy difference
between the ferromagnetic (FM) and the AFM state (o< the NN exchange coupling
J1). We also show the deviation between this energy difference estimate from the
ab initio DMRG and CCSD solvers in a small impurity where DMRG is tractable.
Both sets of data illustrate that the TDL and many-body character of the physics is
well-captured within the approximations in this work. Additional benchmarks (e.g.

basis set convergence) can be found in Sec. F.2.

6.4 Results
Multi-orbital electronic structure
We start with general electronic trends across the series Hg-1201, Hg-1212, CCO,

and [Cqu]z_ as a baseline to understand trends in the physics in later sections.

Order parameters and bonding. We first extract order parameters from the 2 x 2

computational supercell: charge, local moment, bond orders (from the off-diagonal
il
J
spin correlation function (S,(0)S,(r)) measured across the full crystal [Figs. 6.2

(@) - ()]

elements of y;; = <a a,-> where i, j label local atomic orbitals in the cell); and the

The key features are: (i) The ground-state is AFM with long-range order, with the
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Figure 6.2: Charge, spin and bond orders. (a)-(d): Charge ¢, magnetic moment
m and bond order b of different cuprates. Cu: yellow; O: red; Hg: violet; Ba:
green; Ca: blue. Atomic sphere radius - number of electrons n (local charge
Z — n is labelled, Z: nuclear charge); arrow length - magnitude of local moment
m = n' — n'; bond width - bond order b. (e) Spin-spin correlation function
(S;(0)S,(r)) in CCO. (f) Cu orbital-resolved bond orders. (g) Apical O orbital-
resolved bond orders. For more details, see Sec. F.3.

moment in the Cu half-filled 3d2_,2 orbital. Cu 4s5/4 p occupancy reduces the total
moment by about 10%. The unit cell moment ranges from 0.71 in Hg-1201 to 0.55
in [Cqu]z‘. (ii) Charge is transferred from in-plane O orbitals to the other ions,
with the degree of transfer increasing across the series. There is significant charge
transfer to the Cu minority spin orbitals (as much as 0.3 electrons in [CuO2]2_).
(iii) Ca and Ba buffer atoms in CCO, Hg-1201, and Hg-1212 are ionic, with Hg
covalently bonded to the apical oxygen via the O 2p,-Hg 6s, 5d,> bonds. Hg-1201
and Hg-1212 do not differ much with respect to the out-of-plane observables, but do
differ for their observables in the CuO, plane. (iv) In-plane o-bonding [Fig. 6.2(f)]
is predominantly Cu 4p-O 2p and does not differ much across the compounds.
However, Cu 3d-O 2p bonding and out-of-plane 7 bonding increase across the
series, reflecting increasing in-plane 3d/4 p hybridization. The change in bonding
is not (solely) due to the structural changes (e.g., CCO and [Cqu]z‘ have the
same Cu-O bond-length but different bond orders) but instead reflects redistribution
of charge from the buffer layers. (v) The apical oxygen bond order [Fig. 6.2(g)]
decreases from Hg-1201 to Hg-1212, with the oxygen only weakly bound to Cu. Cu
4s and 4 p, contribute to apical bonding, with little 3d,> participation.
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Figure 6.3:  Natural occupancy distribution (eigenvalues of the single-particle
density matrix) and quasiparticle character.  (a) Occupancy of natural orbitals
around the Fermi level (dashed line), from the spin-traced density matrix (y® + y#)
in Hg-1201, Hg-1212 and CCO. Orbital character denoted by colors and labels.
(b) Half-filling index of the different local orbitals [Eq.(2.130)], measuring their
importance in the most correlated orbitals of the calculation. (c) Orbital component
analysis of the spin-resolved mean-field (HF) and correlated (DMET) top valence
(V) and bottom conduction (C) bands of CCO at different k points (averaged from
the 8 bands near the Fermi level), I': (0,0); X: (3,0); M: (3. 3).

Natural occupancy distributions and effects of correlation. We obtain additional
insight from the spin-resolved (y?) and spin-traced (y = > y?) single-particle
density matrices (equal-time Green’s functions) evaluated in the full crystal. These
provide non-local and k-space information on correlations. We first discuss the spin-
traced single-particle density matrix. The eigenvalues (i.e., the natural occupancy
distribution, sometimes called the momentum distribution function) and eigenvec-
tors (natural orbitals) illustrate the degree of symmetry breaking and highlight the
important degrees of freedom near the Fermi level. The spin-traced natural occu-
pancy distribution together with the projected atomic character of the eigenvectors
is shown in Figs. 6.3(a), (b). We see that the most important orbitals near the Fermi
level are the classic 3-band orbitals - Cu 3d,2_,2 and O 2p,, 2p,. We also find no
single next most important orbital: Cu 4s, 4p, 3d,2, as well as the apical oxygen

and Hg orbitals all contribute to a similar degree.

The spin-resolved natural occupancies and eigenvectors indirectly reflect the nature
of the quasiparticles and the importance of dynamical effects. The eigenvectors

with natural occupancies closest to the jump across the Fermi level can be viewed as
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“pseudo”’-valence band maximum (VBM)/conduction band minimum (CBM) states.
Defined in this way, from Fig. 6.3(c), we see that the pseudo-VBM is dominated
by O 2p«(y), while the pseudo-CBM is dominated by Cu 3d,2_,2 (and the apical
O and Hg bands in the Hg-Ba compounds). This classifies all the compounds as

charge-transfer insulators.

We can further untangle the effect of interactions from pure single-particle physics by
comparing the spin-resolved natural occupancies of the correlated calculation with
that of a spin-polarized Hartree-Fock (HF) reference. The correlated spin-resolved
natural occupancies are all quite close to 0 and 1 (Fig. F.14), i.e., the mean-field
values, thus dynamical effects are small. However, the orbital components of the
eigenvectors are very different between the mean-field and correlated distributions
[Fig. 6.3(¢c)], indicating strong static effects. It appears in the AFM state, the effect
of interactions on the quasiparticles is mainly static rather than dynamical, and
can be largely captured via static screening of the interactions, correlation driven

rehybridization of the orbitals, and renormalization of their energies.

Magnetic trends across the cuprates
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Figure 6.4:  Spin wave dispersion of Hg-1201, Hg-1212 and CCO. (a) The 2D
magnetic Brillouin zone is sampled along I': (0, 0), X: (3, 0), R: (3, 3), k- is fixed
at 0.46 to match the experimental conditions in CCO, and fixed at O for Hg-1201
and Hg-1212. NN Heisenberg (1/) and multi-J model curves are shown. The
multi-J model includes a quantum renormalization factor of Z, = 1.219 [259].
Experimental RIXS data is extracted from [260], [261] for Hg-1201 and Hg-1212;
[262] for CCO. (b) Trends in the multi-J model parameters across the cuprate
family. Hybrid density functional (PBEO, HSE06, B3LYP) results for the first two
Hg compounds are also shown with symbols. For details, see Sec. F.4.

We next characterize the low-lying magnetic excitations across the series of cuprates.
To do so compactly, we introduce a magnetic model (not to solve for the electronic

structure, but for interpretation) and extract exchange couplings from our correlated
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calculations of different spin-configurations: the AFM state, the FM state, and
a spin-density wave state (Fig. F.2). From these we derive parameters for the
NN Heisenberg model (J) and a multi-J Heisenberg model where the exchange
couplings Jy, J,, J3 and J, are related via the perturbation expansion of the 1-
band Hubbard model (with only 3 free parameters). [A 3J°T model where J, is
renormalized into the Jy, J,, J3 parameters can also be derived. In CCO, we also
derive an interlayer J using two AFM layer configurations. For a full discussion of
all models and the spin-wave calculation see Sec. F.1]. The parameters are illustrated
in Fig. 6.4(b) and tabulated in Tables F.14-F.17. We display the corresponding spin-

wave spectrum from linear spin wave theory in Fig. 6.4 (a).

Spin-wave spectrum. In CCO the full experimental dispersion is available, while
for Hg-1201 and Hg-1212 only part of the dispersion near the I point has been
measured. As is well-known the NN Heisenberg model does not capture dispersion
away from the I' point, but the derived NN J agrees well with that derived from
experiment by fitting near the I" point; for example, in CCO, the NN J fit to DMET
data yields J = 155 meV, compared to J = 142, 158 meV (the two numbers are
from different experiments) [262, 263]. The multi-J model with ab initio parame-
ters yields improved agreement across the experimental dispersion, illustrating the

importance of long-range exchange. The discrepancies are largest near the X point
11
42
confounding factors from the experimental setting in Hg-1201, Hg-1212 [Sec. F.4].

), likely due to finite size effects in the embedding, although there are also

Compared to CCO, the Hg-Ba compounds display flatter dispersions, and we capture

this in our derived spin-wave spectrum.

Magnetic parameters. Trends in the magnetic couplings of the multi-J Heisenberg
model among the four compounds are shown in Fig. 6.4 (b). Across the series Hg-
1201, Hg-1212, CCO, Cu022‘, all couplings J;, J,, J5 and J. increase significantly.
J1 roughly doubles and J. increases by a factor of 5, illustrating (i) the importance
of the buffer layers in the long-range exchange coupling and (ii) the increasing
“delocalization” across the series of compounds. A recent resonant inelastic X-
ray scattering (RIXS) experiment [260] suggests that J; increases significantly (by
about 20 % - 30 %) from the single-layer Hg-1201 to the double-layer Hg-1212,
similar to the increase in 7.. We find quantitative agreement with our correlated

calculations, where Hg-1212 shows an increase in J; by about 18 %.

Effect of interactions. To understand the effect of interactions, we can compare

to the mean-field HF results. These give almost flat dispersion curves, since the
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J couplings are very small (e.g., J;1 ~ 40 meV), while the magnon energy at the
I' point is also lower than the experimental value. Thus, the observed magnetic
energy scales require a careful treatment of electron correlation. As suggested
in the last section, a large part of the effect of interactions can be captured by
a renormalization of the low-energy band structure and interaction. Choosing a
density functional treatment or Hubbard U parameter can mimic this, however, we
do not find a single choice of functional or Hubbard U consistently or accurately
reproduces the material trends. For example, moving from Hg-1201 to Hg-1212
should yield a significant increase in the exchange couplings, but from Fig. 6.4 (b)
(symbol data), one finds J; decreases with the B3LYP functional, and increases
only marginally with HSEO06 (5%) and PBEO (6%). In addition, J; is significantly

overestimated by all the above functionals.

Untangling layer effects
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Figure 6.5: Effects of buffer layers. Representative out-of-plane orbitals (isosur-
faces) in (a) Hg-1201 and in (b) CCO. (c) The effect of freezing fluctuations to
out-of-plane orbitals on the NN magnetic coupling J; and cyclic exchange coupling
J.. (d) Excitations relevant to exchange pathways in cuprates: super-exchange is
facilitated by excitations from in-plane oxygen orbitals to empty copper states (i); in
Hg-1201, substantial excitations from the copper-oxygen plane to the buffer layer (ii)
reduce super-exchange. The numbers (AT, AT,) reflect the change in excitation
weight upon unfreezing the buffer orbitals. (e) Influence of apical Cu-O distance on
exchange coupling J; and J. at the mean-field (HF) and correlated (DMET) level.

We now connect the microscopic correlated electronic structure with the trends

in the magnetic physics observed above to derive mechanistic insights. As seen
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above, changing the buffer layer leads to large changes in the exchange couplings
(particularly for the non-local terms). However, this effect does not appear at the HF
mean-field level. To verify that it originates due to fluctuations (electron correlation)
with the buffer layers (and not simply via the effect of the electrostatic potential of
the buffer layer on electron correlation within the cuprate plane), we first devise a
procedure that allows us to switch electron correlation with the buffer layer orbitals
onand off. Todo so, we explicitly freeze excitations involving out-of-plane orbitals in
the correlated impurity solver calculations [i.e. the impurity wavefunction excludes
configurations with such excitations relative to the HF determinant, Sec. F.5]. Any
changes from freezing and unfreezing these fluctuations therefore directly reflect

the influence of electron correlation with the orbitals of the buffer plane.

Representative out-of-plane orbitals of Hg-1201 and CCO are shown in Fig. 6.5(a)
and (b). The out-of-plane impurity orbitals consist of empty outer valence shells
on Ca, Hg, and Ba, apical oxygen orbitals, and other orbitals that originate from the
adjacent copper-oxygen plane. The Ca and Ba centered localized orbitals (4s and
6s) are similar in CCO and Hg-1201.

The changes in the J; and J. from unfreezing the out-of-layer orbitals are shown in
Fig. 6.5(c). In both compounds, the exchange couplings are decreased by freezing,
but in CCO, the effect is stronger and J. is especially strongly influenced by freezing,
decreasing by as much as 71% in CCO. To understand this, we analyze the corre-
lated impurity wavefunctions in CCO and Hg-1201. Shown in Fig. 6.5(d) are the
changes in the weights of single-particle excitations A7} and connected two-particle
excitations AT, upon unfreezing the buffer layer in the two compounds. Generally
speaking, when the buffer layer is unfrozen, the increased excitation manifold in-
creases screening and decreases the energetic penalty to excite from filled to empty
states, such as the empty Cu and buffer layer states. In CCO and Hg-1201, we find
that this increases the O — Cu excitation associated with superexchange [process
(1) in Fig. 6.5(d)], increasing the exchange couplings. However, in Hg-1201, we
see in addition a significant increase in excitations from in-plane Cu, O orbitals to
the empty Hg, apical O states [process (ii)]. This change in the copper-plane to
buffer excitation is more than twice as large in Hg-1201 than in CCO, and it de-
pletes the ground configuration associated with in-plane exchange and reduces the
effective non-local hopping by rehybridizing the Cu empty states [243], cancelling
the enhancement of in-plane O — Cu excitations, and yielding an aggregate small

change in exchange coupling upon unfreezing the buffer orbitals [Sec. F.5]. Note
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that this also explains why the exchange couplings of Hg-1212 lie in between those
of Hg-1201 and CCO, as the buffer suppression of in-plane super-exchange occurs
via a single buffer layer in Hg-1212 versus two on either side in Hg-1201. The
analysis also reveals (smaller) differences between the compounds in the connected
two-particle fluctuations involving the buffer [processes (iii), (iv)]; these are mate-
rial specific effects that cannot be folded into a static renormalization. Finally, in
Fig. 6.5(e) we show the effect on the exchange coupling of increasing the apical
oxygen distance in Hg-1201, both at the mean-field level and at the correlated level.
Consistent with the above mechanism, we find that increasing apical oxygen dis-
tance removes the buffer suppression effect in the correlated calculation (increasing
the exchange coupling), but makes little difference in the mean-field calculation, as
fluctuations must first renormalize the energies of the empty states for them to be

accessible.

6.5 Concluding remarks

We have demonstrated that through a numerical strategy combining quantum embed-
ding, ab initio quantum solvers, and periodic quantum chemistry, we can determine
at the many-body level, material specific correlated electron structure in the parent
state of the cuprates. This reveals trends in the multi-orbital bonding, correlation
effects in the Fermi distribution and quasiparticles, and gives a quantitative de-
scription of the low-energy magnetic excitations. Across a series of homologous
mercury-barium and calcium cuprates, the systematic trends in the nature of the
magnetic exchange can be explained through the analysis of the many-body state,
which uncovers a competition between super-exchange and plane-to-buffer excita-

tion processes.

A general observation is that while the interactions are strong, many of their effects
in the parent state can be renormalized into a static low-energy theory. This supports
the long-standing practice of interpreting physics in this region through simple band-
structures and static interaction parameters. However, we also find that empirical
approaches to determine this renormalization do not have the accuracy to capture
the trends amongst the materials, unlike the controlled many-body approaches used

here.

A strength of the many-body approach is that we can interrogate individual electronic
processes, and our ab initio formulation allows us to trace these processes beyond

models to the individual atomic orbital level. We use this capability to untangle the
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links between layer composition and magnetic exchange. In prescient work, it was
conjectured that the range of magnetic exchange is related to electronic processes
involving an effective apical conduction band, and that this further correlates with
the superconducting transition temperature [243]. We now have a direct picture of

the first part of this conjecture, with rich atomic-scale and many-body resolution.

Components of the numerical strategy in this work have previously been used to
describe exotic phases in models. The success of the current ab initio realization for
cuprate parent states thus extrapolates to the exciting prospect that a similar approach
may eventually yield a quantitative picture of more complex cuprate phases. If that
is the case, we may be able to answer the second part of the above and similar
conjectures about superconducting properties, through a direct ab initio simulation
of the superconducting orders and the energy scales of the cuprates in their doped

states.
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Chapter 7

SUPERCONDUCTING STATES IN DOPED CUPRATES FROM
AB INITIO QUANTUM EMBEDDING

This chapter presents work that has not been published before.

7.1 Introduction

We have shown that in both the one-band (Chap. 3) and the three-band model
(Chap. 4), quantum embedding can provide reasonable phase diagrams in either
magnetic or superconducting orders. In addition, we already see that the oxygen
degrees of freedom are heavily involved in the d-wave superconducting orders. It
is of great interest to see whether more degrees of freedom in the realistic crystal
structures can participate in the phase diagram. In the meantime, we have provided
an ab initio perspective on the magnetic trends in different cuprate parent states
(Chap. 6). Following the roadmap in Sec. 1.2, we now have all components of
the ab initio simulations of high-7, superconductivity and attempt to predict the

material-specific physics in the doped cuprates.

In conventional superconductors, the isotope effect provides decisive evidence for
the electron-phonon coupling “glue” of the Cooper pair. In HTSCs, we also aim
to search the clue of their superconducting mechanism. There are two important
experimental observations that shed light on the possible superconducting mecha-
nisms. One is the pressure effect, i.e., how 7, changes with respect to the external
pressure the crystal. For most conventional superconductors, the pressure makes the
T. lower. This can be understood from Eq. (1.1). Although the lattice stiffness will
increase and the density of states Ng remains essentially unchanged, the electron-
phonon coupling g actually is weakened and therefore reduces the 7.. For HTSCs,
how these factors influence the 7 is still not clear. Although there is anisotropy
on three lattice vectors, most existing experiments suggest a positive d7; max/dp in
the 2D-CuO, plane directions [239]. For example, the tri-layer HgBa,Ca,Cu;0g.45
(1223) compound also achieved a higher 7. of 164 K under 30 GPa pressure than
under the ambient pressure (133 K) [264]. Therefore, we will explore this effect

using the ab initio quantum embedding by changing the pressure.

The other important experimental fact is the layer effect. As we have shown in
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Chap. 6, cuprates with different layers of CuO, and different buffer layers in a unit
cell, have different 7.. For instance, the Hg-based cuprates have an interesting trend
in T¢, from the single-layer compound Hg-1201 (97 K) to the double-layer Hg-1212
(127 K), to the tri-layer (133 K). However, the 7. will decrease if more than 4 layers
of CuO, exist in a unit cell [244], possibly due to the imbalanced doping charges in
different layers. One may also wonder whether we can predict the superconducting
strength of the infinite-layer compound CCO and see if it can reach higher 7.

Besides breaking the particle-number symmetry (see the GSO formalismin Sec. 2.5),
one have to deal with the complexity of atomic modeling of the dopants since the
parent state does not show any superconductivity. We will discuss the modeling of
the doped cuprates in Sec. 7.2.

In this chapter, we focus on the application of the ab initio superconductivity
formalism to the doped cuprates. As we shall describe, the superconducting states
can spontaneously emerge not only in the model system but also in the realistic
materials with doping. We showed that the d-wave superconducting magnitude
increases with the pressure applied to crystals and the trend connects to the exchange
coupling J. Furthermore, we also explore the buffer layer effect in the single-layer

and infinite layer compounds.

7.2 Computational details

Atomic modeling of doping

The hole or electron doping of cuprates is generated by introducing substitution of
buffer layer cations or additional anions. One famous example is the hole doping of
La,CuO, by replacing some of the La (III) ions using Sr (II), which effectively put a
hole to the system. Another example is the hole doping of Hg-based cuprates, which
introduces additional oxygen at the Hg-plane, such that some electrons of the CuO,
plane is removed. The ideal way to simulate such doping is to use the supercell that
explicitly includes the dopant atoms. Unfortunately, the supercell method is very
expensive in practice and only high concentration of doping is possible, especially
for methods beyond DFT.

To allow arbitrary doping concentration, the simplest way is the rigid band approx-
imation (RBA) that directly dopes the hole or electrons in the system. This has the
same spirit as doping in lattice models, since they both directly modify the number
of electrons in the system. The tricky part in the ab initio system is the treatment

of the Coulomb integral. Because of the additional charges, the electrically neu-
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tral condition of the crystal is violated. One has to remove the divergent part of

Eq. (2.35) by an additional neutralizing background charge.

Another method is the virtual crystal approximation (VCA) [265, 266], where the
nuclear attractive potential is a simple mixing of different site compositions, e.g. if
a lattice site has x probability being occupied by atom A, and (1 — x) probability
by atom B, the VCA potential immediately follows,

HYA(r) = xVA (r) + (1 —x)VE (r) (7.1)

nuc nuc

This approximation is still very crude as one can imagine the potential generated
by a half-occupied oxygen (Z = 8) site is fundamentally different to the potential
from a Be atom (Z = 4). A rigorous way to study the disordered system can
be established by Green’s functions G. One representative method is the coherent
potential approximation (CPA) [267, 268], which introduces a single-site effective
potential € that generates an effective medium Green’s function G. The replacement
of the coherent potential € by a real site energy €, on average, does not change the

effective Green’s function on a single site i,
(Gis) = ([& — e + Gi' ) = Gi (7.2)

For the current stage, we consider mainly the RBA and VCA in the chapter and
leave supercell method and CPA to future development. The total lattice is neutral
and the number of electrons is kept as an even integer (although the number of
electrons per cell is typically a fractional number). We use a 2 x 2 supercell to
allow superconducting orders. If we define the doping concentration as the number
of additional charge per Cu, then this allows a minimal doping concentration of
1/(4ny), where 4 is the number of Cu per cell. For VCA calculations of CCO,
the VCA potential mixing happens at the Ca ion, whose nuclear charge is modified

according to the doping.

Mean-field settings

The single particle mean-field (SCF) calculations (HF, DFT) were conducted in
crystalline Gaussian bases using the PYSCF package [82, 138], and were cross-
checked with plane wave basis calculations using the VASP package [269-273].

For CCO and Hg-based cuprates, we used correlation consistent double-{ basis
GTH-cc-pVDZ (specially optimized for the solid-state calculations) and used the
GTH pseudopotential for the core electrons [192, 193]. The basis then consists of
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3s3p2d1f shells for Cu, 2s2pld for O, 3s3p2d for Ca, 3s3p3d1f for Hg and

45s3p2d for Ba. GDF was used to compute the two-electron integrals. We used a
self-optimized Gaussian basis as the density fitting auxiliary basis of Cu, O and Ca;
and used def2-TZVP-RI basis for the auxiliary basis of Hg and Ba (n,,x ~ 5na0).

For the plane wave basis calculations, a projector augmented wave (PAW) [273,
274] representation was used to treat the core electrons and we used a plane wave

kinetic energy cutoff of 500 eV.

We sampled the Brillouin zone with a I'-centered k mesh: 4 x 4 x 2 for the 2 x 2
supercell of the single layer compounds CCO and Hg-1201.

All mean-field calculations used a Fermi-Dirac smearing of 0.2 eV. All mean-field

calculations were converged to an accuracy of better than 10~ a.u. per unit cell.

We used the PBEO [275] hybrid functional for all doping RBA and VCA concentra-
tions. The VCA is implemented by directly modifying the nuclear charges of Ca.
All calculations are unrestricted so that the AFM order can be stabilized at the DFT
level. HF calculations are also performed. However, due to the poor description of
HF in the doped states, we use PBEO as the DMET starting point.

DMET settings

All DMET routines, including the bath construction, integral transformation, solver
interface and correlation potential fitting, are implemented in the LIBDMET package
[98, 180]. To remove core orbitals, which make the bath construction unstable and
increases computational cost, we froze the lowest mean-field bands (3s3p bands for
Cu and Ca, 2s bands for O, 55 bands for Ba); and we also froze the Cu 4f and O

3d virtuals to further reduce the cost.

We added the correlation potential u to the CuO, three-band orbitals and only fit
the three-band orbital anomalous blocks of the density matrices, i.e., (a;qa j8) where
ij € 3band orbitals (and the self-consistency of the normal magnetic part is not
considered in this work). We also enforce the Cy; symmetry of u since we do not
consider inhomogeneous orders. The initial guess of u is chosen as a d -wave pattern
on Cu 3d,2_,2 orbitals with a small amplitude 10~>. The convergence criterion on
the DMET self-consistency was chosen such that the maximal change of an element

in u was less than 5 x 10~ a.u..

In the DMET mean-field and correlation fitting, a small smearing of § = 1/kgT =
1000.0 is added to the lattice.
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Solver settings
We used the Newton-Krylov GCCSD methods implemented in MPI4PYSCEF [133]
as solvers. The CCSD T and A equations were converged to a residual smaller than

107* a.u.

The largest embedding problem we treated using the GCCSD solver was of size
(3760, 188e), with multiple such size fragments solved in the multi-fragment em-

bedding formalism.

Mean-field basis set completeness

0.7 ' ' ' ' ' =

141 meV

O 6 4 217 meV 173 meV

281 meV & 216 meV

MAFM

285 meV

0.51

0.4-

VASP GTH-cc-pVDZ def2-TZVP
GTH-SZV O  GTH-DZVP

10
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Figure 7.1: Mean-field basis check on the equation of state, magnetic moment 7 apv
and magnetic exchange coupling J of CCO using unrestricted PBEO. J’s are labeled
as numbers.

We test different bases on CCO using unrestricted PBEO. From Fig. 7.1, it is clear
that all basis beyond single-¢ level provide reasonable Birch-Murnaghan (B-M)
equation of state (EOS) [204, 205]. The single-¢ basis (GTH-SZV), however, is too
small to give the correct EOS.

In terms of magnetic properties, there is a decreasing trend in the magnetic moment
when pressure increases (volume decreases); and there is a significant increasing

trend of magnetic coupling J. The single-{ basis trend is reversed, although the
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J trend is qualitatively correct. The GTH-DZVP basis has a qualitatively correct
trend but the absolute number of J (141 meV) is still far away from the plane-wave
reference (217 meV). Optimized GTH-cc-pVDZ basis and all-electron triple-¢-level
def2-TZVP basis are both good agreement with the plane-wave reference (error in
AJ < 5meV). We therefore in the following use the double-{ level GTH-cc-pVDZ

basis as it best balances the accuracy and efficiency.

7.3 Results
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Figure 7.2: Pressure effect on hole-doped cuprates using DMET @ PBEO + RBA.
We consider three pressures, -15 GPa (left), 0 GPa (middle, the experimental struc-
ture) and 33 GPa (right). The pressure is applied to the horizontal ab plane.

We consider the pressure effect on CCO. The pressure is introduced by changing
the lattice parameters in a and b axes uniformly. The hole doping is introduced
through the RBA and VCA to the system. We show three pressure points in Fig. 7.2,
corresponding to p = —15 GPa (V = 209 &%), p = 0 GPa (V = 189 A”) and
p =33 GPa(V =171 A3). The negative pressure is hypothetical but in principle
can be realized by chemical pressure or substrates with larger lattice constant. The
magnetic and superconducting orders are plotted as a function of doping x (number

of holes per Cu).

The AFM order decreases with respect to the doping concentration (for p = 0),
similar to what we have seen in the one-band and in the three-band models. However,
the dropping of AFM order is generally slower than that in the experiments (and
in the model calculations). There are several confounding factors in this slower
decay. (i) It can be partly attributed to the distribution of the doped holes. In a
realistic material, the doping charges will not completely fall into the CuO, plane,
but will have substantial population on the buffer atoms. Of course, this is also

related to the atomic models of the doped materials, where VCA and RBA are not as
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accurate as the supercell approach. Nonetheless, the supercell approach is unlikely
to have a faster decay of the AFM order, as the doped charges are even harder
to move to the CuO, plane. (ii) The screening effect in realistic materials is not
fully considered in the quantum embedding approach. The 2 x 2 supercell may not
be large enough to take into account all long-range correlations. Also, we do not
consider the self-consistency of the AFM order in this work. In the model systems,
the screening effect is renormalized to the model parameters and thus has a faster
decay. (ii1) In experiments, the order parameters are measured in a long-range and
thermo-averaged sense, meaning that the local orders may still exist. If we want to
fully reproduce the experimental observations, it may require a larger supercell to

consider the ensemble average of the inhomogeneous orders.

In general, the AFM order decay faster when pressure is applied (the extreme case is
the negative pressure, where the AFM order does not vanish even with large doping
x > 0.5). This is similar to the trend of the magnetic layer effect from Hg-1201
to CCO, where the stronger covalent bonding makes the J larger, but the magnetic

moment smaller.

It is clear that there is SC dome(s) when doping happens. In some sense, we
numerically verified that the theoretical prediction of the d -wave superconductivity
in the lattice models is not an illusion, but is also valid in the ab initio settings.
The d-wave order primarily consists of Cu-d characters (and in particular 3d,2_2),
the oxygen contribution is generally smaller and is more evident when pressure is
low. One interesting feature is that we sometimes see a two-peak structure in the SC
orders. It could be related to the different d -wave atomic characters, or the influence
of AFM strength (i.e., one with a large AFM order, the other with a small AFM

order).

It is interesting to see the SC order increases with respect to the pressure, in agree-
ment with the experimental observations (7; increases when pressure is applied to
the CuO, plane). Here, we analyze the cause of the phenomenon. For the same
compound, the doping charge distribution is largely similar, and therefore, the main
change in the electronic parameter is the magnetic parameter (from Fig 7.1, we
see that there is a significant change in J from 172 to 285 meV). A related fact
is that the SC order always appears when the magnetic order starts to decay. Our
result then supports the AFM fluctuation as the driving force of superconductivity
(i.e. the wy in T is related to the magnetic energy scale), and J is a good de-

scriptor for the SC strength with pressure. The 7.-J relation has been proposed



129

recently by experiments [260] (see also the theoretical discussion in the three-band

models [276]).
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Figure 7.3: Pressure effect on hole-doped cuprates using DMET @ PBEO + VCA.
We consider three pressures, -15 GPa (left), 0 GPa (middle, the experimental struc-
ture) and 33 GPa (right). The pressure is applied to the horizontal ab plane.

In Fig. 7.3, we consider the VCA modeling of the doping holes. The general
features, such as the decay of AFM orders, the emergence of SC dome(s), SC
strength increases with pressure, are almost the same as the RBA. This indicates the
robustness of our order parameter calculations. One interesting feature is that in the
VCA, the SC order is very weak in the negative pressure case, possibly owing to the

fact that fewer charges go the CuO, plane compared to the RBA.
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Figure 7.4: Layer effect on doped cuprates using DMET @ PBEO with dopants
simulated by (a) RBA and (b) VCA.

In Fig. 7.4 (a), we consider the Hg-1201 using RBA. It shows a slightly smaller SC
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dome, seems to suggest the same trend of magnetic properties. However, we have
not converged the points larger than x > 0.6. At the current stage, we can not draw
decisive conclusions on the layer effect. There is more complexity, since the doping
charge distribution is very different to that in CCO. We have shown that the RBA and
VCA results of CCO are quite similar, but it is not the case for Hg-1201 (Fig. 7.4).
In CCO, the buffer layer contains only Ca atoms and most of the doped charges enter
into the CuO, layers, while in Hg-1201, the additional charges from the oxygen
atoms have a greater effect on the buffer layer and make the phase diagram different.
We see that in Fig. 7.4 (b), only a small SC region exists around x = 0.2. The
results of Hg compounds then raise the necessity of careful assessment of different

atomic modeling approaches for the doping phenomena.

Analysis on multi-orbital pairing orders

We first consider the orbital components of the d-wave parameter as a function of
doping x (see Figs. 7.5 and 7.6). The largest component is the nearest 3d,2_2-
3dy2_,2 coupling, which verifies the conclusion in the three-band Hubbard. The
other important components are 3d,2_y2-4s, 4d,2_,2-3d,2_y> and 4s-4s. For
oxygen couplings, the important ones are 2p-2p and 2p-3p. The results then
suggests that for an accurate simulation, one should at least use a double-¢-level
basis. We also observed the change in the orbital characters during the doping. For
example, the 3d-4s coupling is important at x = 0.2, whereas the 3d-4d and 4s-4s
couplings become more important around x = 0.5. To some extent, this explains
the different SC peak structures in Fig. 7.3 (b).

We then discuss the orbital components of the s-wave parameter (see Figs. 7.7
and 7.8). Overall, the s-wave order is much smaller than the d-wave one, especially
for the Cu couplings. The s-wave, if can be observed in experiments, should more

closely relate to the oxygen degrees of freedom.

7.4 Conclusions

The superconductivity in realistic materials is simulated for the first time without
relying simplified models. The pressure effect and layer effects can be captured
by the ab initio quantum embedding approach and supports the proposals of the
relation between magnetic parameters and 7.. We also performed the orbital-
character analysis on the d-wave and s-wave SC pairing order parameters, which
highlights the orbital character evolution during the doping process. The work

provides a promising route to study the material-specific physics of high-temperature
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Figure 7.5: Copper orbital-resolved d-wave order parameter of CCO from
DMET @ PBEO using VCA (4 f orbitals are omitted for clarity).

superconductivity.
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Figure 7.6: Oxygen orbital-resolved d-wave order parameter of CCO from
DMET @ PBEOQ using VCA.
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Figure 7.7:  Copper orbital-resolved s-wave order parameter of CCO from
DMET @ PBEOQ using VCA (4 f orbitals are omitted for clarity).
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Chapter 8

CONCLUDING REMARKS

To summarize, we presented our efforts in developing and applying quantum chem-

istry methods for faithful simulations of high-temperature superconductivity.

At the Hamiltonian level, we extended the original density matrix embedding theory
and dynamical mean-field theory from the lattice models to the periodic ab initio
materials. At the symmetry-breaking level, we developed a generalized spin-orbital
formalism to simultaneously study the magnetic and superconducting phases. At
the many-body solver level, we adapted the quantum chemistry solvers (coupled
cluster, density matrix renormalization group etc.) to large-scale quantum embed-
ding problems and made them suitable for symmetry-breaking Hamiltonians. At
the technical level, we enhanced the robustness of the embedding self-consistency

as well as the efficiency of the entire embedding and solver algorithms.

With these methodology advances, we studied the one-band and the three-band Hub-
bard model, which are minimal models for the high-7; cuprates. Several interesting
features are observed, such as the coexistence of AFM and SC orders occurs in all
parameter sets, oxygen-participated d-wave SC orders, phase sensitivity to model
parameters A,y and 7,,. These all raise questions about whether real cuprates
behave differently and how the structure determines the properties. With this in
mind, we investigated a family of cuprate superconducting materials in their parent
undoped states. We uncovered microscopic trends in the electron correlations and
revealed the link between the material composition and magnetic energy scales via
a many-body picture of excitation processes involving the buffer layers. We further
applied our methods to the doped cuprates and studied the pressure and layer effect
on the d-wave superconducting orders. The increased SC orders against pressure
support the magnetic “glue” as the main driving force of the Cooper pair formation.
The results also showed that even with a local quantum chemistry description, the
material-specific trends of exotic phases can be reliably simulated without any ar-
tificial parameters. Our work illustrates a path towards a quantitative and reliable
understanding of complex states of correlated materials at the ab initio many-body

level.

Based on the existing works, there are several possible future directions to pursue.
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(1) Searching for the descriptors of higher 7;. Although we can perform the quantum
embedding on every possible material in the high-throughput screening, the embed-
ding is still not a black-box tool and is very costly. It is useful to search for some
simple descriptors and fit a function that could predict the 7; by a series of normal-
state DFT calculations. (ii) Larger supercell for inhomogeneous orders. Similar to
the study of the stripe order in the one-band Hubbard model [24], one could study
the stripe order, density wave, and many other orders through an impurity beyond
2 x 2 supercell. This certainly makes the calculations more expensive. Nevertheless,
it is still possible as we have demonstrated that the multi-fragment scheme allows
for a further dividing of sub-impurities in the supercell. The bottleneck would
then be the mean-field calculations and the correlation potential fitting. In these
cases, a more mean-field implementation (potentially a linear scaling algorithm)
would be preferred. (iii) Explicit doping atoms. The atomic model of doping in
our work is still preliminary, i.e., using rigid band approximation or virtual crystal
approximation. The optimal way is to enable a supercell calculation with explicit
doping atoms. How different doping atoms / concentrations influence the magnetic
and superconducting orders are of great interest to both computational modeling
and experimental realizations. (iv) Long-range correlation. The local nature of
the quantum embedding makes the description of inter-cell correlation is relatively
inaccurate (we have seen this in the spin-wave spectrum in Chap. 6). There are
several possible ways to improve it, e.g., a better set of baths that include more
entanglement between the impurity and environment; more orbitals that follow the
local correlation orbital selections; a better low-level theory beyond DFT (e.g., MP2
or GW). (v) Better multi-reference impurity solvers. The coupled cluster theory, al-
though accurate enough for a moderately correlated system, could fail for extremely
strong interactions. A quantum Monte Carlo solver can be a good candidate, but
special treatment is needed to reduce the stochastic error in the density matrices or
Green’s functions. (vi) Excited states in the superconducting states. There exist
many experiments like angle-resolved photoemission spectroscopy that measure the
charge excitations in the cuprates. We can extend our scheme to the full-cell DMFT
to study such phenomena. (vii) Finite temperature effect. As we have mentioned in
Chap. 1, many phases emerge at finite temperatures, such as the pseudogap phase
and strange metal phase. How to simulate the materials with realistic ensemble

distribution is another important topic.

We hope that by combining the latest theoretical progresses and efficient algorithms,

the ab initio prediction of properties of high-temperature superconductors is within
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reach, and eventually the rational design of correlated materials can be routinely

achieved in silico.



Appendix A

FOURIER TRANSFORM IN SOLIDS

A.1 Convention
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The transformation between real R and reciprocal k spaces are ubiquitously used in the

quantum embedding of solids and utilizing the k-point symmetry is important for an efficient

implementation. In the following, we will use P,Q,R,S,-.- for cell indices, and use

X,Y,Z,W,-.. for k-point indices.
We first define the convention of discretized Fourier transform of operators,

Pt iPX

Clp \/_Za

where N is the number of cells (or k-points) in the lattice .

We can get the transformation rule of orbitals by acting Eq. (A.1) on the vacuum,
|¢§) = a;fT |vac) = \/_ZaPT ePX |vac) = \/_Z ‘d)p )ePX,

By applying (r| to left, we have

X — L P iP-X
¢p (r) - «/ﬁ §¢p(r)e ’

(A.1)

(A2)

(A.3)

which gives the definition of crystalline gaussian bases [Eq. (2.32)] (up to a normalization

factor).

Similarly, for the inverse transform, we have

P _L X —iX-P
P (r) = W;%(r)e

There are several useful identities when working with discrete Fourier transforms,

1 CR—R).
N Zel(R R)k _ SR,R”
k

1

N Z e ik—K)R _ Ok
R

The continuous version of such identity is

1 ~ /
vV / dre 7O = g 60

(A4)

(AS)

(A.6)

(A.7)
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A.2 Orbital coefficients

Given a set of MOs in k-space,
Yrr) =Y ¢ mCh;, (A8)
"
and the corresponding representation in R-space (Wannier function),

YR =D ¢ mCIF. (A.9)
T

We want to know the relation between C fii and CTR, To do so, the L.h.s. of Eq. (A.9) can

be expanded in k,
1 . 1 ‘
R K (1o —ik'R k k .—ikR
S(r) = — F(r)e = — r)C e , (A.10)
W; \/N ; wZ \/ﬁ % d)u ni
and the r.h.s. can be expressed as
1 ‘
— > ppme *TCIR. (A.11)
\/N Tu k

Equaling the two parts, we have

Cry =) e @ RCIR (A.12)
T—R

Similarly, the inverse transformation can be derived by multiplying Rk on both sides and

summing over k. The final expression is,

1 <« i(1-R)
5 2R (A.13)
k

TR
Note that the resulting supercell coefficients may have imaginary parts due to the phase
discontinuity in K.

Sometimes it is useful to project back the supercell (SC) band structures to the unit cell

(UC) Brillouin zone. This procedure is called Brillouin zone unfolding. To do so, we need
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to evaluate the AO overlap matrix between different k-meshes,

(05 ]¢5)
1 * ’ N a—ik- (T +V iK-
/drm%%u—n + V)T 1 — (T + vo) T

1 B / 7
Sl Koy s =D DD DL A S LR T i
NueNse o4 071 vy 1w

% ¢q (r)e—ik-(T+V0)eiK-T

1 / * N ik T/ :| |: —ik-v i(K—k)-T:| (A.14)
= drg (r—T)e Pg(r) [| e Y0 e
v NucNsc [T;c g ! TGZSC

1 . .
- - Sk e—lk-Vo el(K—k)~T
NucNsc 74 [ Z

TesC
Nsc i
k _—ik-v,
=1/ Sp€ " COk—K,nb
Nuc
_ ¢k
=S pq JiK.v0

where Q = vogq with vy is any lattice vector of the unit cell within the supercell; nb is

integer multiples of reciprocal lattice vectors.

The projection of MO coefficients then reads,
Cha= 2 St {05]05) CEn
P@K

K
=Y fikvoCo

Kvo

(A.15)

We thus do not need to pre-compute the UC MOs and overlap matrices, only a structure
factor f is needed. If the SC MOs have the same symmetry of UC (no symmetry breaking
happens), the resulting UC MOs will have zero columns, i.e., at some Kk-points, there is no
projection from a specific SC MO state (the number of bands is reduced). Otherwise, there

will be multiple bands with non-integer spectral weights.
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A.3 Overlap and one-body matrices

The orbital overlap matrix can be computed as the integral over the normalized k-adapted

orbitals,
SXY = / dr X (06 ()
_ / dr % Z ¢+ (e PXpQ(r)e' QY

dr — ¢P Q* (r) o—iX-(P—Q) #°(r) e—iX=Y)Q
/ PXQ:Q 1 (A.16)

_ X (P— 1 —i(X=Y)-
= /dr Zgbg Q* (p)e=X-(® Q)qﬁg(r) NZe iXx-v)-Q
P—Q Q

— ey e [ argl g
T

where we have used } po = > p_q o by shifting the origin of r to Q and Eq. (A.6). The
6 function makes the overlap matrix diagonal in the k space. This completes the derivation
of Eq. (2.33).

In general, a translational invariant one-body quantity A (such as Hamiltonian matrix 4 or

density matrix y) can be compactly stored as a stripe (columns of the reference cell),
APQ = AP-Q0, (A.17)

We now consider how it can be related to the k-space quantity.

A=) ) Apjdyag

PQ pq
1
_ _Z Z APQ XTo—iX-P, Y iY-Q
pa%p q
N XY PQpgq
. 1 .
_ P—Q,0 —iX-(P—Q) Xt Y —i(X—Y)-Q
= Z ZAM e apTaq Nze 1 (A.18)
XYpq P—Q Q
_ P—Q,0 —iX-(P—Q) Xt X
=D D 15 e Vaag
Xpg P-Q
_ X ,Xt, x
=D Apgaytay.
Xpgq
where
= ) AP QlemX(P-Q), (A.19)
P—Q

which corresponds to the forward fast Fourier transform (FFT). This also verifies the Eq.
(A.16).
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For the inverse transformation, we have

A= 2 Apgtp'ay

X pq
_ p P—Q)X /X
=Y dpfa Q Zel( DXAYq (A.20)
PQpq
_ PT Q 4PQ
Z ap'apApgs
PQpq
where
PQ P— QO i(P—Q)X 4X
AR = 4P Zel A%, (A2D)

which corresponds to the inverse FFT (iFFT). Note that there is a 1 /N factor.

A4 Two-body quantities
Following the same trick, we can obtain the relation of two-body quantities between R and

k space.

P = 33 VSRS

PQRS pqrs
_ Z Z V;(?,IES 1X-PeiY-Qe—iZ-ReiW-Sa)’§Ta%fazva;(
XYZW PQRS pgrs
1 (P=S) iY-(0—S) —iZ-(R—S)  —i(X—Y+Z—W)-
= Z Z V;;)rlzs X+t Zw‘awa;(e iX-(P—8) 5iY(Q—S) o —iZ-(R—S) ,—i(X—Y+Z~W)-S
XYZW PQRSpgrs
:_ Z Z /PQRS XT ZT aw aYe™ 1X-(P—s)eiY.(Q—s)e—iZ-(R—s)i Ze—i(X—Y+Z—W)cS
pqrs q
XYZWPQqurs N S
:_ Z Z PPQRS X‘r ZT aW aYe X (P=8),iY-(Q—S) ,—iZ-(R—S) SX_Y+Z.W
pqrs q - ,
XYZWPQqurs
Z Z yP—S.Q—S.R-S5.0 XT ZT X —Y+Z,Y ,—iX-(P—8) ,iY-(Q—S) ,—iZ:(R—S)
pqrs agc
XYZpqgrs P—S,Q—S,R—S
_ XYZ X ,ZF, X —-Y+Z,Y
= Z Vpgrsap'ar'a dgs
XYZpqgrs
(A.22)
where
V;(q‘% _ Z V:(?rlio —iXP,iY-Qu—iZR (A.23)
PQR
Similarly, the inverse transformation reads,
PQRO __ XYZ,iX-P,~iY-QuiZR
qurs N2 Z qurs : (A.24)

XYZ
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Note that in PYSCF’s implementation of ERI, there is an additional N factor in Eq. (A.23)
that cancels the 1/ N factor.
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Appendix B

SINGLE-PARTICLE METHODS

Here, we briefly review three kinds of single-particle approaches. The first two are HF
and hybrid DFT, which form the low-level mean-field methods that are the starting points
for the quantum embedding. The third is the DFT+U calculation. The primary drawback
of DFT+U is the level of empiricism that enters in the choice of U and double-counting
correction, which means that the errors are not simply improvable. We provide DFT+U

results in this thesis purely for comparison.

B.1 Coulomb and exchange matrices

The 7-dimension (7D) ERIs can be constructed from the density fitting integrals,

pRokqks Kpky q Ky (kg
Voirs —ZW;’q"WLri g (B.1)

where K is not independent. Note that there is no need for explicit complex conjugation
since

W:;;q = (L|pkpgky) = (L‘qkql’kp) (Pkpgkq|L). (B.2)

Coulomb J and exchange K matrices can be obtained directly from the 7D ERI,

K pKpkakr kp
Jrsr pqrs qp ’ (B3)
kp kprs
kK q
Vaardry (B.4)
q kgqr

In the PySCF program, thanks to the local Gaussian basis set and the density fitting tech-
niques, the HF exact exchange can be efficiently evaluated in the all-electron periodic

calculations. We first compute the auxiliary density,

= — Z Wi, (B.5)

kpq

and then J is evaluated as a contraction of 3-center integral and py,,
Z pLWLS,. (B.6)

Note that J matrix only requires the diagonal part of the 3-center integral.
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K matrix, however, requires the off-diagonal part of the integral (two K points are involved).

The first step is a partial contraction between the integral and density matrix,

ykako kg pp/kakp

qu Z Yqr Lrs 2 (B ‘7)
and the second contraction gives the final exchange matrix,

pKakp* ykak
Kpf =+ Z Wiy X1y (B.8)
kq Lqg
where we have used Eq. (2.43). By using the complex conjugation, there is no need to
load different k-point pairs at one time (for efficient implementation). Note that the MPI
parallelism can be ideally performed over k for the J matrix and for k-pairs for the K matrix,

and only the final step requires communications (reduce or gather operations).

B.2 Model system
Here, we discuss how several model Hamiltonian can be written in the PBC quantum

chemistry format.

One-band Hubbard model.

Vol = Ubp,08Q,00R,08pg8rsqr- (B.9)
In k-space,
XYZ —iX-P.iY-Q .—iZR
qurs == Z USP,OSQ’OSR’OSPqus(Sqre € €
PQR (B.10)
1
:Nngq(Srs(Sqr.
Therefore,
A 1
Hub _ Xt Zt X-Y+Z Y
vie =~u Y aptaglay ™ ay, B.11)
XYZp

The corresponding J and K matrices (useful for HF),

s = Z V;glr(s Yap = 7 Z Ypp> (B.12)
kpq
K KKk K
Kps = Vearstar = quq (B.13)
kgr

Local Hamiltonian.
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More generally, for models with local interaction (i.e., without inter-cell two-body Hamil-

tonian),

Viars' = Vpars®p.080,00R,0. (B.14)

Therefore,

1 D .
yXYZ _ v Z 170000 5p.050.00R.0 o IXPLiY-Q,—iZR

pqrs pqrs
rek (B.15)
1 = 0000
- ﬁqurS'
Corresponding J and K,
/ ’ 1
K _ kkk’ . k _ 0000 Kk
JrS - Ztherqu - vaqrs |:Nzyqpi|a (B16)
kpq pq k
’ ’ 1
Kk K'kk . k 0000 Kk
Kps = Z qursyqr = Z qurs |:N Z J/qr:|. B.17)
kgr qr Kk

From above, we see that the local Hamiltonian gives k-independent ERI, J and K.

Extended Hubbard Model.

Vogrs = Vaars 8p.Q0R 0- (B.18)

Therefore,

1 —iX-P_iY-Q . —iZ
Vqu‘;'E — N Z V;&E}O’O(SP,QSR,OC iX PelY Qe iZ-R
PQR

B.19
_ b PP.P.00~i(X~Y)-P ( )
=¥ § .

P

pqrs

where Z is a redundant label, i.e., for all Z, the integrals are the same, and only Vqu_,}{ is

need to be stored.

The corresponding J and K matrices are

7 _ XXZ. X
Jrs = Z VoarsYap

Xpq
1
— P,P,0,0 X
x|z [y o0
pa L P < pars X qp

_ P,P,0,0 0
= Z Z Vpars Yap>
pa L P

- pqrs
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X XYY, Y
Kps = Z parsYqr
Ygr

_ ZZV;;;SOO —1XP|:]1] Z 1YPy;ri|
Y

_ P,P,0,0 —iXP
= Z Vpars: Vqr
Pgr

_ P _—iX-P
= E Kpse .
P

These formulations are used for the three-band Hubbard model with inter-cell U 4 interac-

(B.21)

tions.

B.3 Hartree-Fock and hybrid functionals
Hybrid functional is an extension of pure density functional through introducing a certain

fraction of Hartree-Fock exact exchange. For example, one typical form of hybrid functional,
E™[p(r), y] = & (EXT[y] = EXT [p()]) + Ex T [p(x)], (B.22)

incorporates a fractional substitution of DFT exchange energy, while the correlation part

is still approximated by the original functional. The fraction of exact exchange can be

rationalized by the adiabatic connection, which bridges the free particle and fully interact-

ing limits [275]. A reasonable choice of af'f' was obtained by matching the atomization

energies of Mgller—Plesset perturbation theory (MP4). Using Perdew—Burke-Ernzerhof

(PBE) functional as the normal DFT part, this gives the so called PBEO functional, whose
HE —1/4.

During the past decades, hybrid functional has achieved remarkable success, initially in the
field of quantum chemistry [275, 277-280], and later in the area of solid-state physics [200,
208, 281-285]. It partially remedies the deficiency of the local, semi-local approximate
functionals, including the self-interaction error (SIE) and the underestimation of the fun-
damental band gap. Due to the less SIE, for localized electrons, hybrid functional often
behaves better. DFT+U can also be understood as a local hybrid functional, in which the
hybrid region is limited to the correlated d or f orbitals and the exchange integral value is

semi-empirically chosen so as to take the screening effect into account.

Compared to the standard DFT, hybrid functional is computationally more expensive, espe-
cially in the periodic system, where the exact exchange scales as O( knbas) [cf. local DFT

scaling (’)( knbag)]. This issue is more severe if the plane wave basis is used [286].

The final expression of the hybrid Kohn-Sham Hamiltonian (restricted case) is thus,

1
hybk __ k k HF -k HF\ .. x,k k
hpg = W + J%, — ¢ Kpg + (1—a)vyg 4+ vy, (B.23)
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where v* (v°) is the normal Kohn-Sham effective exchange (correlation) potential expanded

in the crystalline Gaussian basis set.

H

HF is the extreme case where ¢ = 0 and the correlation term v° is omitted.

B4 DFT+U

DFT + U can be viewed as a combination of the DFT and the HF of a Hubbard model
(with a few correlated orbitals). In the PYSCF program, we have implemented Dudarev’s
rotationally invariant DFT+U formulation [287] in a periodic Gaussian basis. Suppose we

have a set of local orbitals {¢} expanded in a crystalline AO basis {x},

[98) = 2 1x5) " (B.24)
p
and a set of molecular orbitals,
V) = D [x5) Com ™ (B.25)
p

The default localized orbitals are atomic orbitals in the Gaussian basis set, whose projector
is defined as,

7 = 3 [0k uhe) 7 (vie]ot)

m
> o sk e sh el

= rs>rj
pqrs

(B.26)

MO.ko ,ko CMO,kaT
m mq

where Slgq is the AO overlap matrix and y';g => .Com is the reduced

one-particle density matrix in the AO basis where f,}l“’ denotes the occupancy of molecular

orbital ¥X7 (r). The DFT+U Hamiltonian is then obtained from a partial derivative,
o EDFT a(EU _ Edc)

k K
Wap Wap

UI o ]I
_ 1, DFT.k k LO, Ik (oI 1k LO,IkT ok
=Mo"+ D2 Spr 2 Cri (85 —2rF) 38,
1 rs

jDFT+Uko _
pq

ij
(B.27)

where I labels the atom whose d or f orbitals are corrected by the U — J term.

Although conceptually very simple, the detailed implementation of DFT+U can differ in
different computer programs due to two factors: (1) several versions of DFT+U exist,
including various choices of double counting corrections [288, 289]. (2) different choices
of local orbital projectors. For example, in the PYSCF program, we implement U in a
standard Gaussian basis, while in plane-wave codes, the local orbital is often chosen to be a

pseudopotential atomic orbital [290] or a localized Wannier orbital [291, 292].
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Besides some ambiguity in the implementation, the computational results further depend
on the values of U and J, and the choice of orbitals where U is added. U and J are
usually treated as semi-empirical parameters, or estimated via a variety of methods such as
constrained DFT [173, 293, 294], linear response theory [295, 296] or constrained random
phase approximation [297-301].



150
Appendix C

LOCALIZED ORBITALS

C.1 Maximally localized Wannier functions

The Maximally localized Wannier function (MLWF) aims to minimize the spatial spread,
2
Q= Z (wp@)]r2[wp ) — | (we @) |r|wy@)]" (C.1)
n

where the position operator r and 72 will involve the Vy of orbitals, and the cost function can
be expressed using the overlap matrix between orbitals with a finite momentum difference
b,

MRS = (k). <2

where
u]';-i—b(r) — e—i(k-}—b)'rw'lz(-i—b(r) (C3)

is the periodic part of the MOs. C is the MO coefficients,

<P () = gr P () CirP. (C4)

Expanding Eq. (C.2), we have

MY+ = f dr o (0 (e)

. (C.5)
= Cop (#p]e™""l¢g™") Cau™
<¢; }e—ib'r{(pg-i-b) — / dr e—ib'r i()* (r) ¢g+b(r)
1 . . , .
— N Z e—lk'Tel(k+b)'T / dr e—lb'r¢; (r _ T) ¢q (I' _ T/)
" (C.6)

1 —ik-T ,i(k+b)-T/ —ib-(r+T) 1 * /
= NZe kTl dre T Dgx(r) gy (r — (T' = T))

TT/

— Z ei(k-f-b)’T / dr e—ib-r¢; (l’) ¢l] (I‘ _ T)
T

This integrals can be evaluated by the ft_ao_pair function in PYSCF,

frakj.G.q) =) e"T / dre CHDTY* (1), (r — T), (C.7)
T
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by settingk; = (k+b), G=band q = 0.

The M matrix is used as an input of wANNIER90. The other input quantity is the A',‘ni matrix
(CMOLOY wwhich serves as the initial guess. This is typically constructed by projected

Wannier functions, e.g., IAO orbitals that we will discuss in the following.

C.2 Intrinsic atomic orbitals

k-adapted IAO. The key ingredients for IAO construction [95] are the occupied MOs {| ¥/, ) }
and two sets of bases, B1 and B,. Concretely, By is the normal AO basis used in the mean-
field calculation (labeled by p, v, ---) and B> is the reference minimal basis set (labeled by
p,0,-++). By usually contains the space of B, and the extra part reflects the polarization.
The goal of IAO construction is to obtain a set of AO-like orbitals that contains the occupied
space but has the size of the small basis set B,. To achieve this, we first define the depolarized
MOs {N/m)} by projecting the MOs to B», then back to Bj,

[¥m) = Orth(PB‘PB2 Iwm)), (C.8)

where P is the resolution of identity (or projector) of AOs, e.g.

P = Z ) S21 (o (C.9)

Using the depolarized MO projector O = Yom ‘&ngﬁm{, we can split the By set into
occupied O }gbp) and virtual spaces (1 — 0) {qﬁp). The TAOs {|w;)} are obtained by further
projecting these two subspace bases onto their polarized counterparts (O = >, |V )XVm|

and 1 — O) and applying Lowdin orthogonalization,

lwi) = orth{[00 + (1 — 0)(1— 0)]|¢p)}- (C.10)

In periodic systems, the quantities in the above equations should be understood to carry k
labels, e.g. ‘¢M> — {q&}i) is a crystal AO, and SB1 — S%B1 is the corresponding overlap
matrix. These quantities are already evaluated in the mean-field calculations. The only
thing we need additionally is the overlap matrix S, between basis By and B, which can

be evaluated directly,
SkBiB> — Z / dre™ e (r)¢,(r — T), (C.11)
T

where the summation is over the periodic images T. After the IAOs are constructed, the
k-adapted PAOs are obtained by projecting out the IAO components from the AOs at each
k-point.

IAO with frozen-core orbitals. When dealing with frozen-core orbitals, the construction of

IAOs needs to be adjusted. The key idea is that B basis now becomes a subset of MOs (i.e.,
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only treat the non-core part of MOs), Cp,p (we use capital letters P, Q,--- for non-core

indices). So that new occupied coefficients in the non-core basis,

Cooe — Y Ch SypCrie. (C.12)
rq

The large basis overlap S; matrix changes as the following,

Spg = Spg =Y C} SpaCao. (C.13)
prq

Similarly, the inter-molecular overlap S12 reads,
Spu = Spu=Y_CL Spu. (C.14)
p

The core and non-core IAOs are then constructed separately.

IAO with finite-temperature smearing. For large basis O, we can replace occupied projector

by a finite-temperature projector

occ

0= [¥m) Wml = > 1¥m) fn (Yml. (C.15)
where .
I = B (€.16)
The depolarized MO projector O becomes,
0= |Um)[Wm| > D |¥m){Vm|. (C.17)
m em<L

We can not use the same formula in Eq. (C.15) since {1}} is not a orthogonal orbital set.
These definition makes the IAOs still roughly span the “occupied space” of the smeared

wavefunction. The deviation of electron number is of order 1/8.

C.3 Projected atomic orbitals

Projected atomic orbitals can be constructed by projecting out the contribution of valence
part (i.e. [AOs),

TAO
[1 —Z_ i) <i|} )
120
=|:1 — chvi [v) (Al C)Tz} |14)
i vA

IAO
=lu) =D ) (Z > CviCiTASM)
v i A
=2v: Iv) [SW, - (ccTs)W].

(C.18)
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Appendix D

ANALYTIC GRADIENTS OF DENSITY MATRIX FITTING

D.1 Analytic gradients of cost function Eq. (2.57) at finite temperature

Once the gradients of Eq. (2.57) are obtained, we can utilize efficient gradient-based nu-
merical methods, such as CG or the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm,
to optimize the correlation potential. By differentiating Eq. (2.57) with respect to u;; we

have,
ow

\ Iyt
=22 0" = g, (D.1)
kil

and thus the key task in Eq. (D.1) is to evaluate the response of the mean-field density

314,']'

matrix with respect to a perturbation, ay;gl,f /0u;;. The response at zero temperature can be
written in terms of orbital coefficients and energies (see e.g. Refs. [35, 101]) using first

order perturbation theory,

occ virt CkpC Clq quC C C]p

au,, Z Z (D.2)

p_gq

where we have assumed the system is gapped. However, when the system becomes (nearly)
gapless, this expression diverges. In such cases, the divergent gradient causes the optimiza-

tion to fail, and this is a source of many convergence difficulties in DMET.

One way to ameliorate this issue is to introduce a finite temperature smearing, similar to
what is used in mean-field calculations of metals. With an inverse temperature 8 and a
perturbation §u, the Fermi-Dirac density matrix is defined as,

1
Vil [1 4 el “+5”)]kl (D.3)

where w is the Fermi level for the (quasi-)particles. The response of y with respect to the

correlation potential u then involves two terms,

Ayrr Ip
o duyj’

dyrilu, @)l _ v
du;j oujj

D4

“w

where the first term is the direct response of the density at a fixed Fermi level, while the
second term reflects the contribution of the implicit change in the Fermi level due to the

change in potential. The final expression for the first term in Eq. (D.4) is,

chpc,prqc,qC,q, (D.5)
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where
1— eﬂ(sp_eq)
Kpg=np(l —ng)——. (D.6)
€p —&q

It is easy to check that K ,, is always finite when £, = ¢4. One can also let 8 go to infinity
and choose p / g to label occupied / virtual orbitals; the gradient then gives the correct zero

temperature limit in Eq. (D.2) (up to a symmetrization).
The final expressions for the second term in Eq. (D.4) are,

V1

9y = 2 BCeonp(1=np)Cp.

p

ad

3qu = |:an(1 —np)Ci’;ij:|/|:an(l —np):|.
14 p >

Usually this contribution is very small at low temperatures, compared to the direct response

D.7)

in Eq. (D.5). However, this contribution will be important in a real finite temperature

simulation, e.g. in Ref. [302].

Now we first evaluate the direct response [Eq. (D.5)]. One can expand the exponential using

the interaction picture,
h 8 b h
ePh—nt+duw) — T exp / dedu(z) [ePB—), (D.8)
0

where u(7) is in the interaction picture,
Su(r) = et =M syet(h—1), (D.9)

To first order, the exponential becomes,

B
{1 + / drSu(f)i|e‘B(h_“). (D.10)
0

The density matrix is then

8 -1
y = |:1 + Pl -I—/ dtdu(r) eﬂ(h_“):|
0

(1 + eﬂ(h_“)) |:1 + (1 + eﬂ(h_“))_l /(;ﬂ drSu(r)eﬂ(h_“)j| }_1

-1
-1 B -1
= |:1 + (1 + eﬂ(h—u)) / dfgu(r)eﬂ(h—u)i| (1 + eﬂ(h—,u))
0

(D.11)

B
_,0_,0 / drsu(z)y @ eBt—n).
0
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We can expand the first order term in the eigenstates of 4 (MO basis),

1 B e 5 eBa—)
— _ P —{q]. D.12
;U’) 1+eﬂ(£p—u)/0 dre (ploulq) 1+ oPleq—m) (gl ( )
Performing the integral yields
l_eﬂ(sp eq)
Z|p P e plula) (1 =ng) gl (D.13)
€q

where n, = 1/ [1 + ef (‘91’_“)]. This expression can be easily transformed to the site basis
using [p) = >y [k) Crp.

1— eﬂ (ep—eq) " "
Y k) Cpn p——————Cio8uij Cig(1 — ng)Crl (1], (D.14)
ijklpq
and we finally get the derivative of the density matrix with respect to the correlation potential

at a finite temperature:

Yk
T chpc,prqc,qC,q, (D.15)
where
1— eﬂ(gp_gq)
qu Enp(l—nq)W (D16)

We then consider Eq. (D.7), i.e. if the Fermi level is allowed to change, this is the contribution
from the change in Fermi level. The density response with respect to p, by definition, is
3yk’ =2, BCipnp(1—np)C l’;. The response of ; with respect to u can be evaluated by

taklng the derivative with respect to u;; on both sides of the equality,

1
2oy~ N >17

leading to the following expression,

8uu [an(l—np)—} [Xp:np(l—np):|. (D.18)

By using the first order perturbation expression for the orbital energy, we reach the final

expression for the p contribution,

0
aul%_ = [Z”p(l - np)cizcjpi|/|:z np(l— np)}- (D.19)
ij ) >
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Appendix E

SUPPLEMENTARY MATERIALS FOR CHAPTER IV

E.1 Numerical convergence

Here we assess the accuracy and convergence of the DMET procedure in the three-band
model calculations. The error in the DMET calculations arises from three possible sources:
(a) DMET self-consistency error (from incomplete convergence), (b) DMRG solver error
due to the finite bond dimension, and (c) error from the finite size of the impurity. The finite
size error (c) can, in principle, be eliminated by increasing the cluster size and extrapolating
to the thermodynamic limit (TDL), as performed in the one-band Hubbard model case [32].
In this work, we use a fixed 2 x 2 cluster size due to the increased computational cost of the
three-band model, thus we cannot assess the finite-size error, except via some comparisons
to the 2 x 2 cluster error in the one-band model. However, the error due to (a) and (b) can

be directly estimated in our framework, which we now discuss.

4
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0.36- + 0301
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0.15°
80.010- L 0,101
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0 2 4 6 0‘000 5 10 15 20
iteration iteration

Figure E.1: DMET energy (in units of 7 ,;) and order parameters of the Hybertsen minimal
parametrized three-band model, with respect to the number of iterations, at doping x = 0.0
(left) and x = 0.2 (right).

Fig. E.1 shows the overall convergence of DMET with respect to the number of DMET
self-consistent iterations. We observe qualitatively different convergence in the normal and
superconducting parts of the DMET phase diagram. To illustrate this, we plot the DMET
energy, AFM, and (d -wave) SC order parameter for the Hybertsen model at different dopings
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x. (These order parameters are defined precisely in Sec. 4.2). We first discuss the undoped
system. Here we see that the DMET cycle converges smoothly within 7 iterations. For the
DMET energy, a single DMET step is enough to converge to ~ 10™#, demonstrating the
utility of single-shot DMET calculations in normal (and especially non-magnetic) states. The
order parameters (density matrices) are more strongly affected by self-consistency. We find
that the AFM order increases during the iterations, while the SC order is suppressed, giving
a pure antiferromagnetic state at convergence. We next consider x = 0.2 doping. Here, the
self-consistency cycle converges more slowly, requiring about 20 DMET iterations to reach
convergence. The total energy as well as AFM order converges at around the 10™ iteration,
while the SC order oscillates until the 20" iteration. This in part reflects the influence
of the initial guess: the AFM guess [v? in Eq. (2.17)] is quite close to the converged
potential, while the SC guess [A*? in Eq. (2.17)] is initialized randomly and thus needs
more iterations to converge. If we were to restrict the DMET optimization to only pairing
potentials with d -wave symmetry (as is commonly done in most cluster DMFT [53] or VCA
calculations [172]), the convergence would be much faster. However, the more general form
of the correlation potential in DMET allows for the possibility of other pairing channels
and orders to emerge, as we will see in the discussion below. The remaining DMET self-
consistency error can be estimated from the difference between the expectation values (e.g.
DMET energy) of the last two iterations [32], e.g. §E = %|E (n — 1) — E(n)|. Consistent
with our chosen convergence criterion, the typical size of the DMET self-consistency error
in the undoped region is less than 10~ (for both the energy and order parameters), and less

than 10™# (for the energy) and ~ 10~3 (for the order parameters) in the doped region.

The error from the DMRG solver can be estimated using standard techniques based on
the discarded weight in the DMRG calculation [124—-126] and can be further reduced by
extrapolation. The error in the impurity observables (used to evaluate the DMET energy
and order parameters) is linear in the (sufficiently small) discarded weight § and hence can
be extrapolated to the exact result (§ = 0) [126]. The convergence with bond dimension
M for fixed correlation potential u# is shown in Fig. E.2. We find that the discarded
weight in the normal state (undoped model) is extremely small and usually less than 1078,
thus extrapolation is unnecessary. In fact, calculations can be carried out using a bond
dimension as small as M = 100 without any significant error. On the other hand, when the
system becomes superconducting, the discarded weight also increases, e.g. to 3 x 107> at
M = 800, indicating that the system is more entangled. In such situations, extrapolation
has a significant effect on the DMET expectation values. Compared to the extrapolated

values, at M = 800 the error in the energy (per site) and order parameters is about 1073,

In summary, from the above analysis, we find that the DMET calculations can be smoothly

converged, with minimal error from either the self-consistency or from the solver.
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Figure E.2: DMET energy (in units of 7 ;) and order parameters of the Hybertsen minimal
parametrized three-band model, with respect to the discarded weight § of the DMRG solver,
atdoping x = 0.0 (left) and x = 0.2 (right). The values are linearly extrapolated to the limit
where § = 0.0 (dash line). The error shown is the standard deviation of linear regression.

E.2 Antiferromagnetic order of one-band Hubbard model
See Fig. E.3 for the AFM order of the one-band Hubbard model from DMET with different

cluster sizes.
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Figure E.3: AFM order parameter of the doped one-band Hubbard model (U = 6) from
DMET with different cluster sizes (2 x 2, 2 x 4 and 4 x 4) and the corresponding extrapolated
value. The data are taken from Ref. [32].
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E.3 Phase diagram of Hybertsen and Martin models
See Fig. E.4 for the antiferromagnetic (AFM) and superconducting (SC) order of the three-

band Hubbard model with Hybertsen and Martin minimal parametrizations from DMET.
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Figure E.4: AFM and SC order parameter of the hole-doped three-band Hubbard model
(Hybertsen and Martin parameter sets) from DMET.

E.4 Charge, spin and pairing orders at different dopings and parametrizations
See Fig. E.5 - E.10 for charge, spin and pairing patterns at different dopings and parametriza-
tions of the three-band Hubbard model.
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(a) 0.0, Cu-Cu (b) 0.0, next-nearest O-O (c) 0.0, Cu-O, nearest O-O
(d) 0.1, Cu-Cu (e) 0.1, next-nearest O-O (f) 0.1, Cu-O, nearest O-O
(g) 0.2, Cu-Cu (h) 0.2, next-nearest O-O (i) 0.2, Cu-O, nearest O-O
(G) 0.3, Cu-Cu (k) 0.3, next-nearest O-O (1) 0.3, Cu-O, nearest O-O

Figure E.5: Charge, spin and pairing patterns for the hole-doped Hybertsen model. See
the caption of Fig. 4.9 in Chap. 4 for details.



161

(a) 0.0, Cu-Cu (b) 0.0, next-nearest O-O (c) 0.0, Cu-O, nearest O-O
(d) 0.1, Cu-Cu (e) 0.1, next-nearest O-O (f) 0.1, Cu-O, nearest O-O
(g) 0.2, Cu-Cu (h) 0.2, next-nearest O-O (i) 0.2, Cu-O, nearest O-O
(G) 0.3, Cu-Cu (k) 0.3, next-nearest O-O (1) 0.3, Cu-O, nearest O-O

Figure E.6: Charge, spin and pairing distributions of the hole-doped Martin model. See
the caption of Fig. 4.9 in Chap. 4 for details.
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(a) 0.0, Cu-Cu (b) 0.0, next-nearest O-O (c) 0.0, Cu-O, nearest O-O
(d) 0.1, Cu-Cu (e) 0.1, next-nearest O-O (f) 0.1, Cu-O, nearest O-O
(g) 0.2, Cu-Cu (h) 0.2, next-nearest O-O (i) 0.2, Cu-O, nearest O-O
(G) 0.3, Cu-Cu (k) 0.3, next-nearest O-O (1) 0.3, Cu-O, nearest O-O

Figure E.7: Charge, spin and pairing distributions of the Hanke minimal model. See the
caption of Fig. 4.9 in Chap. 4 for details.
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(a) 0.0, Cu-Cu (b) 0.0, next-nearest O-O (c) 0.0, Cu-O, nearest O-O
(d) 0.1, Cu-Cu (e) 0.1, next-nearest O-O (f) 0.1, Cu-O, nearest O-O
(g) 0.2, Cu-Cu (h) 0.2, next-nearest O-O (i) 0.2, Cu-O, nearest O-O
() 0.3, Cu-Cu (k) 0.3, next-nearest O-O (1) 0.3, Cu-O, nearest O-O

Figure E.8: Charge, spin and pairing distributions of the hole-doped Hanke full model
(solution 2, from the strongly polarized guess). See the caption of Fig. 4.9 in Chap. 4 for
details.
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(m) 0.4, Cu-Cu (n) 0.4, next-nearest O-O (o) 0.4, Cu-O, nearest O-O
(p) 0.5, Cu-Cu (q) 0.5, next-nearest O-O (r) 0.5, Cu-O, nearest O-O
(s) 0.6, Cu-Cu (t) 0.6, next-nearest O-O (u) 0.6, Cu-O, nearest O-O

Figure E.8: Charge, spin and pairing distributions of the hole-doped Hanke full model
(solution 2, from the strongly polarized guess). See Fig. 4.9 in Chap. 4 for details. (cont.).
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(a) 0.3, Cu-Cu (b) 0.3, next-nearest O-O (c) 0.3, Cu-O, nearest O-O

(d) 0.31, Cu-Cu (e) 0.31, next-nearest O-O (f) 0.31, Cu-O, nearest O-O

(1) 0.325, Cu-O, nearest O-
(g) 0.325, Cu-Cu (h) 0.325, next-nearest O-O O

(§) 0.35, Cu-Cu (k) 0.35, next-nearest O-O (1) 0.35, Cu-O, nearest O-O

Figure E.9: Charge, spin and pairing distributions of the hole-doped Hanke full model
(solution 1, from the weakly polarized guess). See the caption of Fig. 4.9 in Chap. 4 for
details.
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(a) —0.1, Cu-Cu (b) —0.1, next-nearest 0-O (c) —0.1, Cu-O, nearest O-O
(d) —0.2, Cu-Cu (e) —0.2, next-nearest 0-O  (f) —0.2, Cu-0O, nearest O-O
(g) —0.3, Cu-Cu (h) —0.3, next-nearest O-O (i) —0.3, Cu-O, nearest O-O
(j) —0.4, Cu-Cu (k) —0.4, next-nearest O-O (1) —0.4, Cu-O, nearest O-O

Figure E.10: Charge, spin and pairing distributions of the electron-doped Hanke full model.
See the caption of Fig. 4.9 in Chap. 4 for details.
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(m) —0.5, Cu-Cu (n) —0.5, next-nearest O-O (0) —0.5, Cu-O, nearest O-O

(p) —0.6, Cu-Cu (q) —0.6, next-nearest 0-O  (r) —0.6, Cu-O, nearest O-O

Figure E.10: Charge, spin and pairing distributions of the electron-doped Hanke full model.
See the caption of Fig. 4.9 in Chap. 4 for details. (cont.).
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Appendix F

SUPPLEMENTARY MATERIALS FOR CHAPTER VI

F.1 Computational details

System
Cu o
“ o “ Ca Cu Cu
o (6]
Ba Ba
Hg Hg
(a) Hg-1201 (b) Hg-1212 (c) CCO (d) CuO,~

Figure F.1: Crystal structures of HgBa,CuO, (Hg-1201), HgBa,CaCu,O, (Hg-1212),
CaCuO, (CCO) and CuO,".

Table F.1: Crystal structures of HgBa,CuO, (Hg-1201), HgBa,CaCu,O, (Hg-1212),
CaCuO, (CCO) and Cu0,*".

Compound a [A] N £ Cu-O-Cu[°] apical §2,_, [A]
Hg-1201 2 3.8714 9.5023 180.0 2.767
Hg-1212° 3.8630 12.6978 179.5 2.822
Ccco® 3.8556 3.1805 180.0

Cu0,>~ 3.8556 3.1805 180.0

2 From Ref. [303]. 5 From Ref. [304]. ¢ From Ref. [305].

We primarily consider 4 compounds in this work: (a) the single-layer compound HgBa,CuO,
(Hg-1201), (b) the double-layer compound HgBa,CaCu, O, (Hg-1212), (¢) the infinite-layer
compound CaCuO, (CCO), and (d) a hypothetical Cu022‘ layer (repeated in the vertical

direction) (see Fig. F.1). The lattice parameters are summarized in Table F.1.

We use two types (v/2 x /2 and 2 x 2) of supercells in this work to accommodate different
magnetic configurations (see Sec. F.1 for details). Their crystal structure files can be found

at the GitHub repository https://github.com/zhcui/cuprate_parent_state_data.


https://github.com/zhcui/cuprate_parent_state_data
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(a) AFM (b) FM (c) SDW

Figure F.2: Magnetic configurations considered in this work. Only Cu atoms are shown in
the figure and the two flavors of spin are represented by up and down arrows respectively.

Magnetic configurations and model mapping

In this work, we consider 3 magnetic configurations for the in-plane exchange coupling in
all cuprate calculations, namely AFM, FM, SDW states (see Fig. F.2). The spins in the AFM
state [Fig. F.2(a)] are arranged in a checkerboard pattern while in the FM [Fig. F.2(b)] state
the spins are all aligned in the same direction. In the SDW phase [Fig. F.2(c)], spins are

aligned along the x direction, but are anti-parallel along the y direction.

Heisenberg model. In this work, we consider a nearest-neighbor (NN) Heisenberg spin

Hamiltonian with the nearest (J1) neighbor coupling parameter,
H=1J)8;8;. (E.D)
(i)

where (---) denotes the nearest neighbors. Within the Heisenberg model, the energies of
the 3 magnetic states can be expressed as,

EAM — Eo— 1N Z,S?,

E™ = Eo+ JINZ, S, (F.2)

ESOY — E,

where Z, denotes the average number of n™ nearest neighbors (here Z1 = Z, = 2), N is
the number of Cu atoms per cell (here N = 4 for the 2 x 2 cell) and S = 1/2.

1-band Hubbard model. Using the fourth order perturbation theory of the one-band Hubbard
model (with hopping ¢ and onsite interaction U') around the U = oo limit, we obtain a spin
Hamiltonian with 4 terms [306],
H :les,- Sj+ /> Z Si-S;+J3 Z Si-S;
(i) (@i (i

+Je Y (Si-S;)(Sk-Sp) + (Si - S1)(Sk - S5) — (Si - Se)(S; - ).
(ijkl)

(F.3)

where
12 t*
J1=4——-24—

, F4
U 3 (F.4)
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and
4

t
Jo = SOﬁ (E5)

is the cyclic magnetic coupling parameter that measures the exchange pathway around the

plaquette of the four Cu’s.

J—J—JC—4[4 (E.6)
SR TR TEN '

Within this expansion of the Hubbard model, the energies of the 3 magnetic states can be
expressed as,
EMM = Eg — JyNZ1S* + JuNZ,S* + J3NZ3S* + J.NZ.S*,
E™ = Eo+ INZ1S? + Ju,NZS? + JsNZ3S? + J.NZ.S*, (E7)
ESPV = Eg — JhNZ,S* + J3NZ3S* + J.NZ.S*,

where Z1 = Z, = Z3 = 2, Z. = 1. Equivalently, the energies can be expressed in terms

of the two independent Hubbard parameters, ¢ and U,

AFM r? t*
t? 4
l»4

SDW __
E —E0+20U3.

These parameters can be determined from the least-squares solution of the above equations.
Effective 3J (multi-J ) Heisenberg model. The magnetic couplings from the 1-band Hubbard

model can be renormalized into a multi-J Heisenberg model with couplings Ji, J> and
J3 [259, 262].

H=J"Y"S;-S;+ 5" > 8;-8; + 55" Y 8;-8;. (F9)
(ij) (@ (@
The effective J’s are related to the previous 1-band Hubbard J’s,
J =y —2J.52,
IS =g, — J.S2, (F.10)

5T = Js.

Inter-layer coupling J) . We consider both inter-layer AFM and FM coupled configurations
for CCO to evaluate the inter-layer coupling J ,

_ Epvm— Eapm

J = , F11
LT ONaZ.S? (E1D

where the perpendicular coordination number Z; = 1. (Note: the individual cuprate layers

in CCO are AFM coupled; FM above refers only to the inter-layer, or layer-layer, coupling).
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The inter-layer magnetic order of the double-layer compound Hg-1212 is fixed to be AFM
coupled; we do not evaluate J, for this compound since it is not required for the spin-
wave spectrum at k, = 0, the setting for Hg-1212. The inter-layer couplings in the other

compounds are very weak and are thus neglected.

Spin wave spectrum. Once the spin model parameters are determined from the ab initio
calculation, the spin wave spectrum can be obtained from linear spin wave theory, which
converts a spin problem to a quadratic bosonic problem [307, 308]. We use the SPiInW
program [308] to generate the spin wave dispersions of the three compounds and we compare
them to data from resonant inelastic X-ray scattering (RIXS). We present spin-wave spectra
for the NN Heisenberg and 3.J T model. Following typical experimental conventions (which
allows us to compare directly to the experimental couplings), we do not use a quantum
renormalization factor for the NN Heisenberg spin-wave spectrum, but use a quantum

renormalization factor of Z, = 1.219 [259] for the multi-J model.

Single-particle method settings
The single particle mean-field (SCF) calculations (HF, DFT, DFT+U) were carried out in
crystalline Gaussian bases using the PySCF package [82, 138], and were cross checked with

plane wave basis calculations using the VASP package [269-273].

For CCO and Cu0,?~, we used the minimal basis GTH-SVP-MOLOPT-SR for various
benchmarks. This consists of 1s1pld shells for Cu, 1slp for O, 2s1p for Ca, and uses
the GTH pseudopotential for the core electrons [192, 193]. GDF was used to compute
the two-electron integrals. We used an even-tempered Gaussian basis as the density fitting

auxiliary basis (11,yx ~ 10710).

For the more realistic calculations, we used an all-electron basis of polarized double-zeta
(split-valence) quality, def2-SVP [258] for all elements (consisting of 55s3p2d1f shells for
Cu, 3s52pld for O, 4s2pld for Ca, 55s2p2d1f for Hg, 3s2pld for Ba, and 5s2p2d1f for
La). The sufficiency of the basis was further checked with a larger polarized triple-zeta
basis set def2-TZVP [258] as well as plane-wave basis calculations. For Hg, Ba and La, an
effective core potential (ECP) was used to handle the core electrons and scalar relativistic
effects [309, 310]. For the Hg, Ba, Ca and La bases, small exponent Gaussians (< 0.05) were
dropped to remove linear dependencies and to ensure numerical stability. GDF was also
used for the two-electron integrals. We used the density fitting auxiliary basis def2-SVP-RI
[311, 312], which is specially optimized for correlated calculations with the def2-SVP basis

(Maux ~ Sna0).
For the plane wave basis calculations, a projector augmented wave (PAW) [273, 274]

representation was used to treat the core electrons and we used a plane wave kinetic energy
cutoff of 500 eV.
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We sampled the Brillouin zone with a I'-centered k mesh: 6 x 6 x 2 for the \/5 X \/5 cell
of the single layer compounds Cquz’, CCO and Hg-1201; 6 x 6 x 1 for the +/2 x +/2 cell
of the double layer compound Hg-1212; 4 x 4 x 2 for the 2 x 2 supercell of the single layer
compounds CuO,, CCO and Hg-1201; 4 x 4 x 1 for the 2 x 2 supercell of the double layer
compound Hg-1212. All mean-field calculations were converged to an accuracy of better

than 10~8 a.u. per unit cell.

We used the Perdew-Burke-Ernzerhof (PBE) functional [191] in the DFT+U calculations
and also used the PBEQ [275] hybrid functional. PBE+U calculations were performed using
Dudarev’s approach with a U value of 7.5 eV for the Cu 3d AOs. We also refer to additional

DFT data using other functionals from the literature (see below).

DMET settings

All DMET routines, including the bath construction, integral transformation, solver inter-
face, chemical potential and correlation potential fitting, are implemented in the LiBDMET
package [98, 180]. To remove core orbitals, which make the bath construction unstable and
increases computational cost, we froze the lowest mean-field bands (15252 p3s3p bands for
Cu and Ca, 1s2s bands for O, 5s5p bands for Hg, Ba and La). We added the correlation
potential u to all Cu and O orbitals and fit the three-band orbital blocks of the density
matrices, which avoids any instabilities in the DMET self-consistency. The convergence
criterion on the DMET self-consistency was chosen such that the maximal change of an
element in u was less than 5 x 107> a.u., which corresponds roughly to an energy accuracy
of better than 1 x 107> a.u.

Solver settings
We used the UCCSD and UCCSD(T) methods implemented in PYSCF as solvers. The

CCSD energy and A equations were converged to an energy of better than 1076 a.u.

The DMRG impurity solver used the BLock?2 program [125, 139-141, 241]. We used the
standard DMRG sweep settings and a genetic algorithm for orbital ordering. The tolerance
of the DMRG sweep energy was set to 107° a.u., the largest bond dimension was chosen to

be 5000 and extrapolation of the DMET energy was performed (see below).

The largest embedding problem we treated using the UCCSD solver was of size (3640,
168e), with multiple such size fragments solved in parallel in the multi-fragment embedding
formalism. For the UCCSD(T) and DMRG solvers, the largest problems treated were of
size (1220, 60e) and (600, 60¢) respectively.
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Figure F.3: Benchmark with k-CCSD. See the caption of Fig. 6.1(f). Here, we additionally
show DMET 1-shot results and HF results.

F.2 Benchmarks

Finite size effects

We first benchmark the finite impurity size error of the DMET calculations. We extract the
nearest-neighbor coupling J; in a large periodic lattice from a k-CCSD solver, and compare
that to J; extracted from impurity calculations of different sizes, also with the CCSD solver.
The difference between these results is the finite size error. The largest periodic lattice used
for this purpose was a 6 x 6 x 1 lattice of the AFM cell of CCO (72 primitive unit cells). In
Fig. F.3, we show the convergence of the J; values from k-CCSD calculations and different
k meshes (cluster sizes) (note that the mean-field finite size error is always corrected by the
result from the largest mean-field calculation, so the data is showing the convergence with

respect to correlation effects only).

For the impurity, we use two cluster shapes (/2 X +/2 and 2 x 2 cells of CCO). Even in the
very small /2 x +/2 impurity (the smallest magnetic supercell), the embedding calculation
gives a very accurate Jq. Importantly, the DMET calculations show significantly less finite
size error compared to CCSD on periodic clusters of the same size, showing the effectiveness
of the embedding. Another feature we observe is that the 1-shot DMET calculation (1%
iteration) gives similar results to the self-consistent one. This indicates that the initial
mean-field, which breaks S? symmetry, is already close to the final one corrected by the
correlation potential. This is, however, not true in the larger basis set calculations, where

correlations produce larger corrections and self-consistency is important.
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Table F.2: Local magnetic moment and nearest exchange coupling parameter of CCO with
a minimal basis set.

Method marm (8] mgm [1B] J1 [meV]
multi-frag (+/2 x +/2 cell, 1-shot) 0.62 0.76 178
multi-frag (+/2 x +/2 cell, SCF) 0.61 0.76 191
full-cell (v/2 x +/2 cell, 1-shot) 0.63 0.77 185
full-cell (v/2 x +/2 cell, SCF) 0.62 0.77 197
multi-frag (2 x 2 cell, 1-shot) 0.63 0.77 183
multi-frag (2 x 2 cell, SCF) 0.63 0.77 211
full-cell (2 x 2 cell, 1-shot) 0.63 0.78 184
full-cell (2 x 2 cell, SCF) 0.63 0.78 202
UCCSD (extrap.) 194

Multi-fragment scheme

We next test the accuracy of the multi-fragment scheme. From Table F.2, we see that the
error in Jq from the multi-fragment treatment is less than ~ 10 meV and indeed energies
in all the schemes are very close to the TDL k-CCSD value. The multi-fragment scheme
also does not affect the local magnetic moments. Since the multi-fragment scheme does not
introduce significant errors in the minimal basis but greatly reduces the computation cost,

we use it in all following calculations.

Basis set completeness

We first check basis set convergence for the mean-field (single-particle) methods. Cross-
checks between def2-SVP and a plane-wave basis are summarized in Tables F.3-F.6. The
data clearly show that the relative energies in both the HF and DFT calculations are well
converged. The error is 5 meV or less in HF, and 10 meV or less in PBEO. The deviation
in PBE+U is larger, primarily due to the different choices of local projector, but not the
basis set completeness. The basis convergence in HF is also shown in Table F.7, where the
difference among def2-SVP (the main basis used in this work), def2-TZVP and plane wave

is less than 1 meV.

Converging the correlation parts of the energy is in principle more challenging, requiring
bases with more valence, polarization, and diffuse functions. We assess the basis set
completeness in the small impurity (+/2 x +/2 cell) DMET calculations in Table F.7.
Compared to a larger basis def2-TZVP, the magnetic moments from def2-SVP agree well,
and the difference in the derived NN magnetic coupling J; is only 5 meV. This suggests
that def2-SVP basis provides a satisfactory balance between accuracy and efficiency for this
study, allowing for reasonably converged energy scales while enabling larger impurity sizes

(2 x 2 supercell) in the following realistic calculations.
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Table F.3: Comparison of the single-particle approach results for Hg-1201 from PySCF
and VASP. Some long-range parameters are left blank since the SDW state in the plane wave
basis converges to a paramagnetic state.

Method software Heisenberg 1-band Hubbard 3J° Heisenberg
J1 v S U/eogftoogst st
J3
PBE+U PySCF 149.7 149.7 97 1947 46 524 -389 97
VASP 175.2 1752 80 159.0 53 957 -31.8 8.0
PBEO PYSCF 198.8 198.8 113 2254 49 861 -451 113
VASP 206.0 2060 139 2782 46 669 -55.6 139
HF PYSCF 33.7 33.7 1.0 202 63 236 -40 1.0
VASP 342

Table F.4: Comparison of the single-particle approach results for Hg-1212 from PYSCF
and VASP.

Method software Heisenberg 1-band Hubbard 3J° Heisenberg
J1 v S Ueogftoogst et
J3

PBE+U PYSCF 159.6 1596 11.0 2209 45 491 -442 110
VASP 181.5 1815 75 1495 55 1068 -299 75

PBEO PySCF 210.2 2102 125 2502 48 851 -50.0 125
VASP 214.1 2141 146 2915 45 683 -583 146

HF PyYSCF 36.3 36.3 12 234 6.1 246 47 12
VASP 36.1

Table F.5: Comparison of the single-particle approach results for CCO from PySCF and
VASP.

Method software Heisenberg 1-band Hubbard 3J° Heisenberg

J1 v L S Ueogftoogst st
J3

PBE+U PYSCF 168.9 1689 140 2790 43 294 -558 14.0
VASP 199.6 199.6 14.0 279.7 45 597 -559 140
PBEO PYSCF 2139 2139 134 2672 47 803 -534 134
VASP 217.2 2172 160 3190 44 576 -63.8 160
HF PyYSCF 38.0 38.0 14 270 58 245 54 14
VASP 37.1 37.1 1.7 332 53 205 -66 1.7

Solver accuracy
We further check the accuracy of the solver (CCSD) against more accurate solvers [CCSD(T)
and DMRG]. In Fig. F.4(a), we extrapolate the DMET energy from the DMRG solver to
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Table F.6: Comparison of the single-particle approach results for CuO,>~ from PYSCF
and VASP. Some long-range parameters are left blank since the SDW state in the plane wave
basis converges to a paramagnetic state.

Method software Heisenberg 1-band Hubbard 3J° Heisenberg
J1 v Je UeooJitogst st
J3
PBE+U PyYSCF 165.5 1655 26.0 5204 3.5 - -104.1  26.0
94.7
VASP 194.8
PBEO PYSCF 269.8 269.8 119 2384 54 1506 -47.7 119
VASP 280.9
HE PYSCF 55.5 55,5 21 419 57 346 -84 2.1
VASP 50.9

Table F.7: Basis set size convergence. Both mean-field (HF) and correlated (DMET with
V2 x /2 impurity cell size) calculations of CCO are shown.

Basis set method mapm [uB] mem [uB] J1 [meV]
def2-SVP

HF 0.81 0.87 38.0

DMET (CCSD) 0.68 0.77 122
def2-TZVP

HF 0.81 0.86 37.5

DMET (CCSD) 0.68 0.77 117
plane wave

HF 37.1

Table F.8: DMET solver benchmark. The results use the embedding Hamiltonian from the
last DMET self-consistent iteration in CCO ( V2x /2 cell) with the minimal and def2-SVP

basis sets.

Basis set method marMm [B] mem [uB] J1 [meV]
minimal basis
CCSD solver 0.61 0.76 191
CCSD(T) solver 0.61 0.75 195
DMRG solver (M = 1000) 0.61 0.76 231
DMRG solver (M = 5000) 0.61 0.75 212
DMRG solver (extrap.) 0.61 0.75 195 + 22
def2-SVP
HF 0.81 0.87 38
CCSD solver 0.68 0.77 122
CCSD(T) solver 0.67 0.76 132
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Figure F.4: Linear extrapolation of the DMET energy using a DMRG solver for (a) CCO
and (b) CuOZQ‘. The energies are generated by reverse sweeps of the DMRG calculation
from bond dimension M = 5000. We use M = 1500, 2000, 2500, 3000, 3500, 4000, 4500
to perform the linear energy extrapolation with respect to the discarded weight. The energy
zero is taken as the extrapolated AFM energy (per Cu). The error bar is estimated as 1/5 of
the extrapolation distance, i.e., [E(M = 4500) — E(M = o0)]/5.

zero discarded weight § — 0 [infinite bond dimension (M — 00)] for CCO. Both the AFM
and FM states energies exhibit good linearity with respect to the discarded weight (the AFM
state energy is slightly more linear). Despite the small size of the energy difference, the
extrapolated J; agrees very well with the CCSD solver. This illustrates the accuracy of
CCSD for the AFM ordered state starting from the symmetry broken mean-field reference.

Similarly, the magnetic moments are also very close.

CCSD(T) includes more dynamical correlation than CCSD and this becomes important in
larger basis sets. From Table F.8, one can see that for the minimal basis, CCSD(T) gives
a very small correction of 4 meV in J;. For the larger basis def2-SVP, as expected, it
gives a slightly larger correction of 10 meV. The change in the magnetic moment is about
0.01 up. We also show HF reference magnetic moments. The CC results are significantly
different from the Hartree-Fock reference, showing the magnitude of magnetic fluctuations.
In summary, for the parent state, CCSD yields good accuracy in the magnetic properties
and its error mainly comes from the neglect of some dynamical correlation (about 10 meV

in J), rather than any breakdown of the CC approximation due to multi-reference effects.

We also benchmarked the artificial Cquz’ material using the same strategy as above. The
results are summarized in Fig. F.4(b) and Table F.9. The DMRG extrapolation shows a
similar degree of linearity and energy uncertainty as in CCO, and the conclusions about the
accuracy of CCSD in comparison to CCSD(T) and DMRG are unaltered.
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Table F.9: Same as caption of Table F.8, but for CuO,>~.

Basis set method marm [uB] mem [uB] J1 [meV]
minimal basis
CCSD solver 0.50 0.69 294
CCSD(T) solver 0.50 0.69 297
DMRG solver (M = 1000) 0.50 0.70 395
DMRG solver (M = 5000) 0.49 0.69 349
DMRG solver (extrap.) 0.49 0.69 315+ 22

Additional data for La,CuO,

As a more realistic benchmark example, we applied our methods to La,CuO,, which has
been extensively studied both experimentally and theoretically. There are two commonly
studied structural phases of La,CuO,, namely the high-temperature tetragonal (HTT) and
low-temperature orthorhombic (LTO, stabilized below 520 K) phases. In the HTT phase,
the CuOg octahedra are perfectly aligned along the z axis and all Cu’s are equivalent while
in the LTO phase, the octahedra are distorted and the Cu-O-Cu angle is no longer 180° (see
Fig. F.5). We computed the exchange coupling parameters in the two phases in Table F.10
and plot their spin wave dispersions in Fig. F.5. When fitted to the NN Heisenberg model,
the Jp results of the two phases are similar and agree well with experimentally derived
parameters, which reflects the fact that the local chemical environments of Cu are similar.
However, the long-range parameters (J2, J3 and J.) in the two phases are different and
larger in the HTT phase. Itis likely that the distortion among the CuOg octahedra is harmful
for the long-range exchange process due to weaker overlap of orbitals. In general, the LTO
phase spin-wave spectrum agrees better with the experimentally measured spectrum. Away
from the I' point and the Brillouin zone boundary, the error compared to the experimental

spectrum is larger; this can be traced to the smaller value of J; compared to experiment.
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Figure F.5: Spin wave spectrum of HTT 102 1027 135
La,CuO,. Experimental data is taken from LTO 106 106 2 42
Ref. [306]. Special points in Brillouin zone: ~ Expt.” 112 133 2 39
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F.3 Multi-orbital electronic structure

Population analysis

Table F.11: Population analysis. n: number of electron; m: magnetization.

Element orbital Hg-1201 Hg-1212 CCO Cu0,%~
n m n m n m n m

Cu
4s 0.18 -0.02 021 -002 024 -002 027 -0.03
4px 024 -002 025 -002 020 -002 028 -0.03
4py, 025 -0.02 026 -002 027 -002 028 -0.03
4p, 0.18 000 019 0.00 018 0.00 025 0.00
3dxy 1.99 000 199 0.00 199 0.00 199 0.00
3dy; 198 000 198 0.00 198 000 198 0.00
3d;x 198 000 198 0.00 198 000 198 0.00
3d,2 195 000 193 001 191 000 190 0.00
3dy2_y2 120 076 121 074 122 072 129 0.63
58 0.00 0.00 000 0.00 000 0.00 000 0.00
ddyy 0.01 000 001 0.00 001 0.00 001 0.00
4dy, 0.01 000 001 0.00 001 0.00 001 0.00
4d > 0.01 000 001 0.00 001 0.00 001 0.00
4dy; 0.01 000 001 0.00 001 0.00 001 0.00

4dy>_y> 001 000 001 0.00 001 000 0.01 0.00
41 (x7) 0.00 0.00 000 0.00 0.00 000 0.00 0.00
total 1001 0.71 10.06 0.69 1010 0.67 1030 0.55

O in-plane
2Dy 1.0 0.00 158 000 155 000 150 0.00
2py 192 000 192 000 192 000 194 0.00
2p; 190 000 1.87 000 184 000 1.85 0.00
3s 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00
3px 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00
3py 0.01 000 0.01 000 0.01 000 0.01 0.00
3p;z 0.01 000 0.01 000 0.01 0.00 0.01 0.00

3d(x5) 0.00 000 000 0.00 0.00 000 0.00 0.00
total 546 000 540 000 535 0.00 533 0.00
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Table F.11: Population analysis (cont.).

Element orbital Hg-1201 Hg-1212 CCo Cu0,*~
n m n m n m n m
O apical
2px 195 0.00 195 0.00
2py 195 000 195 0.00
2p; 1.63 0.00 1.65 0.00
3s 0.00 0.00 0.00 0.00
3px 0.01 000 0.01 0.00
3py 0.01 000 0.01 0.00
3p: 0.00 0.00 0.00 0.00
3d(x5) 0.00 0.00 0.00 0.00
total 557 000 558 0.00
Ca
4s 0.15 0.00 0.16 0.00
3d(x5) 0.00 0.00 0.00 0.00
total 015 0.00 0.16 0.00
Ba
6s 0.16 000 0.16 0.00

5d(x5) 000 0.00 000 0.0
6p(x3) 000 000 000 0.0

7s 0.00 000 0.00 0.0
total 0.16 0.00 0.16 0.00

Hg
6s 1.03 000 103 0.0
S5dyy 198 000 198 0.0
5dy, 198 000 198 0.0
5d;x 198 000 198 0.0
5d 155 000 152 0.0
Sdy_y2 198 000 198 0.0
6px 001 000 001 0.0
6py 001 000 001 0.0
6D 0.00 000 0.0 0.0

5f(x7) 0.01 000 001 0.00
6d(x5) 0.00 0.00 0.00 0.00
7s,8s,9s 0.00 0.00 0.00 0.00
total 10.59 0.00 10.57 0.00
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Bonding analysis

Table F.12: Bonding analysis of different compounds. Both the total bond order » and
orbital specific bond order are shown.

Bond type Hg-1201 Hg-1212 CCO Cu0,%~
length order length order length order length order

Cu-O (in plane) 1.936 0.320 1.932 0.352 1.928 0.377 1.928 0.430

Cu-O (apical) 2.767 0.060 2.824 0.055

Cu-Cu (intra-layer) 3.871 0.044 3.863 0.052 3.856 0.060 3.856 0.073

Cu-Cu (inter-layer) 9.502 0.000 3.119 0.025 3.180 0.023 3.180 0.047

O-O (nearest) 2737 0.005 2.732 0.007 2.726 0.008 2.726 0.010

O-0 (next nearest) 3.871 0.002 3.863 0.002 3.856 0.001 3.856 0.001

Ca-Cu 3.145 0.004 3.156 0.004

Ca-O 2488 0.030 2.499 0.033

Ba-Cu 3.340 0.002 3.351 0.003

Ba-O 2722 0.035 2.732 0.035

Hg-O (apical) 1.984 0.393 1.966 0.386

Orbital specific bond order

Cu3dya_y2-02py 0.073 0.075 0.077 0.092

Cuds-02py (0) 0.043 0.047 0.054 0.057

Cuidpy-02py (0) 0.157 0.160 0.162 0.161

Cu4py -0 2py () 0.009 0.012 0.015 0.024

Cudp;-02p; () 0.038 0.055 0.068 0.093

total 0.320 0.349 0.376 0.427

Cu 3d,2 - O 2p, (apical) 0.000 0.000

Cu 4s - O 2p, (apical) 0.009 0.008

Cudp; - O2p; (apical) 0.051 0.047

total 0.060 0.055

Comparison to DFT population
Table F.13: DFT charge, magnetic moment, bond order of CCO compared to DMET.

Method ncuo, Mmcuy bcu—o
PBE 15.58 0.00 0.442
PBEO 15.54 0.54 0.476
DMET 15.45 0.67 0.377
HF 15.37 0.81 0.356

We compare the population from different DFT functionals to DMET and HF in Table F.13.
The semi-local PBE functional, as expected, completely fails in describing magnetism

(mcy = 0). HF is in another limit, where the electrons are over-localized and the magnetic
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moment is overestimated. PBEQ, due to the mixing of 25% HF exchange in the functional,
is between the two limits and predicts reasonable charge and magnetic moment similar to
DMET. As described in the main text, hybrid functionals like PBEO, gives qualitatively
correct results for a single compound. However, hybrid DFT or DFT4U may fail in
predicting systematical trends among different compounds, especially for the subtle influence

of the buffer layer.

Real space density and ELF analysis

Hg-1201 Hg-1212 CCO CuO3-
0 1 2
0.12
p

0.08

QU

< 110.04
0.00
—-0.02

Figure F.6: Electron density contour in the CuO, plane of different compounds (From left
to right: Hg-1201, Hg-1212, CCO, CuOZZ_). Only the valence electron p%(r) of the AFM
state is shown. The second row shows the density difference between compounds X and the
reference Hg-1201, i.e., Ap = p(X) — p(Hg-1201).

For a real space description of the charge and bonding in the xy plane, we have analyzed
the electron density p(r) in Fig. F.6 and the electron localization function (ELF) in Fig. F.7.
In general, the three compounds have very similar plots of the density and ELF. From the
density plot (Fig. F.6), the differential density shows that the Cu electron density increases
from Hg-1201 to Cu022‘, consistent with the previous population analysis. In the ELF
plots, we clearly see the lone electron pairs on the non-3-band oxygen 2p’s. Between Cu
and O, although there is a maximum in the ELF function, it does not show a very typical
covalent bonding pattern. This suggests the bonding between Cu and O is more ionic than
covalent. The differential ELF plots show that the electron is less likely to localize around
the core region of oxygen moving from Hg-1201 to CuOZZ_, i.e., the covalent bonding in

the inter-atomic bonding region is increasing and the ionic character becomes weaker.

A similar analysis can be done for the xz plane, see Fig. F.8 and F.9. In the differential
density plot, we see that the electron density around Cu increases in the xy plane, but

decreases in the xz plane. This can be interpreted as a change in bond order. When the
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Figure F.7: Electron localization function (ELF) contour in the CuO, plane of different
compounds (From left to right: Hg-1201, Hg-1212, CCO, Cu022‘ ). Only valence electrons
ELF*(r) of the AFM state are shown. The second row shows the difference of ELF between
compounds X and the reference Hg-1201, i.e., AELF = ELF(X) — ELF(Hg-1201).
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CCo Cu03-
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Figure F.8: Same caption as Fig. F.8, but on the xz plane.

system has apical oxygens, it has two effects: the first is to form bonds in the z direction
with Cu. Since the total valence of Cu (the ability to form covalent bonds) is finite, Cu
then has less ability to form covalent bonds in the CuO, plane. The other effect is to
make Cu’s change more positive and the whole system becomes more ionic and the overall
covalent bond order is then decreased. In the language of electronic bands, the inclusion
of apical oxygen enlarges the orbital energy gap between the Cu 3d and O 2p bands (c.f.
A pq = €p—€g is an important parameter in the 3-band model) and makes the hybridization

weaker. Also, the density / ELF plots show covalency between Hg and the apical O, which
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Figure F.9: Same caption as Fig. F.9, but in the xz plane.

has been discussed in the bond order analysis.
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Spin-traced natural orbitals around Fermi level
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Figure F.10: Spin-traced natural orbitals of Hg-1201 from DMET around the Fermi level
(dash line) at different k points. The main orbital character and the occupancy are labelled.
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Figure F.11: Spin-traced natural orbitals of Hg-1212 from DMET around the Fermi level
(dashed line) at different k points. The main orbital character and occupancy are labelled.
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Figure F.12: Spin-traced natural orbitals of CCO from DMET around the Fermi level
(dashed line) at different k points. The main orbital character and occupancy are labelled.

Although the correlated band structure is not currently available in our DMET calculations,
one can analyze the orbitals around the Fermi level through the natural orbitals, see Figs. F.10,
F.11 and F.12. Starting with the CCO natural orbitals, we can see that around the Fermi
level, the valence bands mainly have O p character and the conduction bands have a mixture
of Cu d and Cu s characters, which is typical for a charge transfer insulator. There is some
dispersion along the different k points, but it does not change either the orbital character
or natural occupancy significantly. The natural occupancies are not very far from 1 and 0,
which means the system is not far from a symmetry-breaking single reference system (and

this is why UCCSD gives a very accurate description).

Compared to the CCO natural orbitals, Hg-1212 has some Hg-apical O bands among the
low-lying virtual bands (even more appear for Hg-1201). This feature has also been observed
in the band structures using hybrid functionals [313], i.e., as the number of Hg-O layers
increases, the system CBM is dominated by the Hg-O bands and the band gap approaches

zero. This plays a role in the layer effects on the superexchange constants, as discussed in
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the main text and further below.

Spin-resolved natural orbitals around Fermi level
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gure F.13: Spin-resolved HF orbitals of CCO around Fermi level (dash line) at different

k points. The main orbital character and the occupancy are labelled.
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Figure F.14: Spin-resolved natural orbitals of CCO from DMET around the Fermi level
(dash line) at different k points. The main orbital character and the occupancy are labelled.



191

F.4 Magnetic trends across the cuprates
We present additional data from the literature and mean-field methods on the magnetic

exchange coupling parameters in this section. (Tables F.14, F.15, F.16, F.17).

Hg-1201

Table F.14: Magnetic exchange coupling parameters (in meV) of Hg-1201 calculated from
different methods, fitted to different spin models.

Method Heisenberg 1-band Hubbard 3J° Heisenberg
J1 J1 Ja, J3 Je U/Z Jfff J;ff J;’ff

PBE+U 149.7 149.7 9.7 194.7 4.6 524  -389 9.7

PBEO 198.8 1988 11.3 2254 4.9 86.1  -45.1 11.3

HF 33.7 33.7 1.0 20.2 6.3 23.6 -4.0 1.0

DMET 103.8 103.8 24 48.4 7.0 79.6 -9.7 24

HSEO06 204

B3LYP 235

DDCI 136.22, 141 °

CASPT2 123 ¢

Expt. 1234, 135°¢

2 From Ref. [250], difference dedicated configuration interaction (DDCI) (molecular model) cal-
culation fitted to the Heisenberg model.

From Ref. [314], difference dedicated configuration interaction (DDCI) (molecular model) cal-
culation fitted to the Heisenberg model.

¢ From Ref. [314], complete active space second-order perturbation theory (CASPT2) (molecular
model) calculation fitted to the Heisenberg model.

From Ref. [261], resonant inelastic X-ray-scattering data fitted to the Heisenberg model.

From Ref. [260], resonant inelastic X-ray-scattering data fitted to the Heisenberg model.
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Hg-1212

Table F.15: Magnetic exchange coupling parameters (in meV) of Hg-1212 calculated from

different methods, fitted to different spin models.

Method Heisenberg 1-band Hubbard 3J° Heisenberg

J1 Jio I Js o Je u/ie  Jst J5 J5T
PBE+U 159.6 159.6 11.0 220.9 4.5 49.1 -44.2 11.0
PBEO 210.2 210.2 12.5 250.2 4.8 85.1 -50.0 12.5
HF 36.3 36.3 1.2 234 6.1 24.6 -4.7 1.2
DMET 122.1 122.1 53 106.7 54 68.7 -21.3 53
HSE06 215
B3LYP 224
DDCI 153.8 %
Expt. 176

4 From Ref. [250], DDCI (molecular model) calculation fitted to the Heisenberg model.

®  From Ref. [260], resonant inelastic X-ray-scattering data fitted to the Heisenberg model.

CCO

Table F.16: Magnetic exchange coupling parameters (in meV) of CCO calculated from
different methods, fitted to different spin models.

Method  Heisenberg 1-band Hubbard 3J°M Heisenberg J1
J1 J1 J2, Joufegftoogsto gt
J3
PBE+U 168.9 1689 140 2790 43 294 -558 140 104
PBEO 213.9 2139 134 2672 47 803 -334 134 120
HF 38.0 330 14 270 58 245 54 14 27
DMET 155.4 1554 97 1944 47 582 -389 97 89
QMC 1422
Expt. 142° 158¢ 1829 103 2056 499 795 411 103 6.5°
d d e e e

% From Ref. [248], fixed-node diffusion Monte Carlo (FN-DMC) (crystal) calculation fitted to the
Heisenberg model.

From Ref. [263], Raman spectrum data fitted to the Heisenberg model.
¢ From Ref. [262], RIXS data fitted to the Heisenberg model.

4 From Ref. [262], RIXS data fitted to the 1-band Hubbard model.

¢ From Ref. [262], RIXS data fitted to the 3J ¢ Heisenberg model.

b}
i
)
b}
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Cu0,2~

Table F.17: Magnetic exchange coupling parameters (in meV) of Cquz‘ calculated from
different methods, fitted to different spin models. U = 7.5 eV is added to the Cu 3d orbitals
in the PBE+U method.

Method Heisenberg 1-band Hubbard 3J° Heisenberg
J1 J1 J2, Jo u/e gttt gt
J3
PBE+U 165.5 1655 260 5204 35 947 - 26.0
104.1
PBEO 269.8 269.8 119 2384 54 1506 -47.7 119
HF 55.5 55.5 2.1 41.9 5.7 346 -84 2.1

DMET 2055 2055 140 2796 46 658 -559 14.0
QMC 24148

2 From Ref. [248], fixed-node diffusion Monte Carlo (FN-DMC) (crystal) calculation fitted to the
Heisenberg model.

Remarks on sign and error of exchange coupling parameters

We note that the sign of the 2" neighbor exchange coupling parameter J, is related to
the specific spin model that is being fit. When fitting to a J;-J> Heisenberg model, J; is
positive, indicating an antiferromagnetic coupling. On the other hand, in the effective 3J
model, after absorbing the cyclic exchange J. , J> becomes negative, i.e., ferromagnetic

coupling.

When comparing to the experimental spectra, there are several possible sources of error:
(i) Finite-size effects: As the largest cluster size we used in the embedding calculation is a
2 x 2 supercell, it is more likely that the long-range parameters J,, J3, J; have larger error.
Errors in these parameters can typically be seen in the spin-wave dispersion away from the
I'" point (e.g. the X point in Fig. 6.4 in the main text, where the curvature is dominated by
J¢). Also because of the current mean-field Hartree-Fock treatment of long-range Coulomb
interactions outside of the computational cell (and given that Hartree-Fock underestimates
the Heisenberg exchange parameters in this system) we expect that if the cluster size is
further enlarged, the derived J’s will only increase, further improving agreement with with
experiment. (ii) Model error: the current spin-wave spectrum is derived by fitting energies
to spin models and then applying linear spin-wave theory. It is possible that the chosen
spin models do not fully capture the high-energy part of the spin wave dispersion. Also, the
mapping from the ab initio energies to the spin model assumes that the chosen electronic
energies relate to Ising-like effective spins, but there is some ambiguity in this mapping.
For instance, the current mapping assumes that (S;) = :I:%; however, due to the charge

fluctuation of 3d,2_,> orbitals, their [(S;)| < % and fitting to such S, will make the
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J values larger. (iii) Experimental uncertainty: the mercury-barium cuprate samples are
typically doped and the spin-wave dispersion can differ from that of the undoped parent
state. The doping dependence of the spin-wave dispersion in La,CuO, has been studied
and the dispersion along I" to R was found to be softened (to lower energy) compared to the
parent state. On the other hand, the dispersion along I'" to X was insensitive to the doping
[315].
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F.5 Untangling layer effects

Freezing out-of-plane orbitals

Cu O Ca Hg Ba
Cud Cud Cud Cud

(a) Cu d orbitals in the adjacent layer.

Cud+Cas Cud+Cas Cud+Cas Cud+Cas
Cas Cas Cas Cas Cas Cas
Cas Cas Cas Cas Cas Cas

(b) Cu d / Ca s hybrid orbitals.

Cas Cas Cas Cas Cas

(c) Ca s orbitals.
Figure F.15: Out-of-plane localized embedding orbitals (isosurfaces) of CCO (view along

x axis). The main character of each orbital is labeled.

Table F.18: Effect of freezing orbitals on the magnetic exchange coupling parameters of
CCO and Hg-1201 (in meV).

Compound Heisenberg 1-band Hubbard 3J° Heisenberg
J1 Jv S ds Je U gttt st
CCO (1-shot) 114.6 1146 3.3 67.0 63 81.1 -134 33
CCO (frozen buffer) 105.7 1057 1.0 19.7 106 958 -39 1.0
change -8% -71%  +68%
Hg-1201 (1-shot) 92.3 923 1.1 220 95 813 -44 1.1
Hg-1201 (frozen buffer) 90.3 90.3 0.8 169 106 819 -34 0.8
change -2% -23%  +12%

To understand the effects of the buffer layers (including the apical oxygens), we first localized
the embedding orbitals using PM localization (see Fig. F.15 for CCO and F.16 for Hg-1201).
We see that most of the out-of-plane orbitals are part of the virtual bands, except for some

of the apical oxygen orbitals. The two compounds are similar w.r.t. Ca and Ba centered
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Cu O Ca Hg Ba

Op Op Op Op Op Op
Op Op Op Op Op Op
(b) apical O p orbitals.
Hgsd+Op Hgsd+Op Hgsd+Op Hgsd+Op

(c) Hg s and d orbitals hybridized with O p.

Cud+Bas Cud+Bas Cud+Bas Cud+Bas

(d) Cu d / Ba s hybrid orbitals.

Bas Bas Bas Bas Bas

(e) Ba s orbitals.

Figure F.16: Out-of-plane localized embedding orbitals (isosurfaces) of Hg-1201 (view
along x axis). The main character of each orbital is labeled. Only the bottom buffer layer
orbitals are shown.

orbitals. The CCO bath also has some additional orbitals that come from the Cu d of the
adjacent layers, while Hg-1201 has additional apical O and Hg orbitals.

We then freeze the out-of-plane orbitals in CCO and Hg-1201 and recompute the (1-shot)
DMET impurity wavefunctions. Concretely, the buffer and its coupling to the CuO, layer are
treated by HF in the impurity solver; then the freezing procedure forbids the excitation/de-
excitation process (excitation = particle-hole excitations, including multiple particle-hole
channels) from the CuO, layer to buffer layers. Thus the correlated impurity wavefunction,
when formally expanded in singles, doubles, etc. excitations relative to the Hartree-Fock
determinant, is missing those specific excited configurations. The resulting J values are
shown in Table F.18. One sees that J; decreases by 8 %. J. is very strongly influenced
by the freezing of the buffer layer orbitals and decreases by 71%. This suggest that J; is a
relatively local property and is less influenced by freezing exchange pathways that involve

the buffer layers; J. is a long-range property and its value is more strongly controlled by



197

excitations to / from buffer layers. In Hg-1201, J; is almost unchanged and the magnitude
of the change in J; is significantly smaller than in CCO. After freezing the buffer layer, the
exchange couplings in CCO and Hg-1201 become very similar, highlighting the importance

of explicit excitations involving the buffer in differentiating the physics.

Wavefunction excitation analysis
Additional insight into the type of excitations involving the buffer layer that affect the
magnetic physics can be obtained by explicitly analyzing the CC wavefunction in the impurity

solution. This is discussed below.
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Figure F.17: Visualization of the coupled-cluster 77 amplitude in a local orbital basis. The
row indices are transformed from the occupied molecular orbitals and the column indices
are transformed from the virtual orbitals. (a) 77 amplitude of Hg-1201, where the important
orbital hybridization excitations are labeled: O - Cuand Cu 3d - 4d. (b) Difference between
T before and after freezing out-of-plane (buffer) orbitals of Hg-1201, where the primary
changes are labeled: O - Cu and Cu - buffer. (c), (d): Same as (a), (b), but for CCO.

We first transform the CCSD 77 amplitudes to the local orbital basis

T = CpitCJ,. (F.12)
ij
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and this quantity is plotted in Fig. F.17. The T amplitude carries information on the single-
particle excitations that correct the Hartree-Fock solution. It thus describes the change
in orbital character (rehybridization) driven by fluctuations. Visualizing this quantity (a
matrix) in the local orbital basis allows us to describe the rehybridization in terms of the
atomic orbitals. The difference in the 77 amplitude on freezing the orbitals thus identifies
the change in fluctuation driven hybridization, where the fluctuations involve the buffer

degrees of freedom.

The basic feature seen in the 7y amplitude is a strong excitation from O 2p to Cu 3d and
hybridization between Cu 3d and 4d. The former is slightly stronger in CCO (0.070) than in
Hg-1201 (0.065), reflecting the stronger super-exchange in CCO, which has a larger J; than
Hg-1201. The latter has also been observed in some recent CASPT?2 calculations [316].

We next focus on the amplitude change after freezing the buffer orbitals [see Fig. F.17
(b), (d)]. It is clear that freezing has three significant effects: (i) excitations within the
buffer layer are prohibited (bottom right corner); (ii) excitations from the CuO, plane to the
buffer layer are blocked (upper right corner); (iii) since screening effects from the buffer
are also removed (which increases the charge-transfer gap), there is a change in the in-plane
excitations, in particular the in-plane O — Cu excitation (upper left corner). (i) does not
directly affect the in-plane magnetism, as it is limited to rehybridization of the buffer orbitals
themselves. The change in (iii) is similar in the two compounds. However, the change in (ii)
is almost two times larger in Hg-1201 than in CCO, due to much stronger CuO, — buffer

(Hg and apical O) excitation.

The effect of these processes on the resulting super-exchange can be understood to come from
several effects. First, the in-plane O—Cu excitations directly lead to increased superexchange
(as this is part of the superexchange mechanism). Second, longer range exchange (including
ring-like exchange J.) can be connected to non-local hopping between oxygen orbitals
facilitated by a diffuse orbital on Cu. The strong excitation into the buffer layer changes
the character of this orbital, reducing its effective mixing with the oxygen orbitals in the
virtual hopping process. [This is similar to the mechanism envisioned in Ref. [243, 317]].
Third, excitations from the ground-configuration to other non-super-exchange configurations
overall renormalizes all the exchange constants. The first and second effects are the likely
the largest ones and they act in opposite directions in Hg-1201, leading to the overall

insensitivity of the couplings to freezing/unfreezing the buffer orbitals.

The T, amplitudes contain information on the connected two-particle excitations (see
Fig. F.18 for the largest 2000 elements in 7> and AT,). Again, the amplitudes are trans-
formed to the local orbital basis and partitioned into 4 types: pure in-plane excitations;
coupled and double excitation terms involving indices in both the buffer and the CuO, plane

(double refers to two holes/two-particles in the buffer); pure buffer-buffer excitations. We
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Figure F.18: Visualization of the coupled-cluster 7, amplitude in a local orbital basis.
The largest 2000 elements of (72) 54, are labelled as in-plane (all 4 indices belong to the
in-plane orbitals), coupled/double (some indices are in-plane and some are out-of-plane) and
out-of-plane (all 4 indices are for out-of-plane orbitals). (a) 7> of Hg-1201. (b) Difference
between 7> before and after freezing out-of-plane (buffer) orbitals of Hg-1201. (c), (d):
Same as (a), (b), but for CCO.

find that CCO has a larger change in the coupling component of the two-particle excitations
than Hg-1201. Note that this change in the connected two-particle excitation reflects a fluc-
tuation that cannot be renormalized into an effective static picture, and is thus not contained
in earlier arguments that rely on such a picture, e.g., Ref. [243, 317]. Although we have not
carefully derived the influence on superexchange of this dynamical effect, it seems likely that
the larger coupled layer-buffer excitation can couple into longer-range exchange processes

in CCO, further increasing J. relative to Hg-1201.
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Effect of shifting apical oxygen
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Figure F.19: Effect of apical oxygen distance § on (a) Jy and (b) J. of Hg-1201.

We studied the influence of apical oxygen in more detail by shifting the apical oxygen closer
or further away from the CuO, plane of Hg-1201. Its influence on J; and J. is shown in
Fig. F.19.
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