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In this work, we use the thermodynamically consistent and conserving self-energy embedding
theory (SEET) to study the spectra of the prototypical undistorted cubic perovskites SrVO3 and
SrMnOs. In the strongly correlated metallic StVO3 we find that the usual attribution of the satellite
peaks at -1.8eV to Hund or Hubbard physics in the t24 orbitals is inconsistent with our calculations.
In the strongly correlated insulator StMnO3s we recover insulating behavior due to a feedback effect
between the strongly correlated orbitals and the weakly correlated environment. Our calculation
shows a systematic convergence of spectral features as the space of strongly correlated orbitals is
enlarged, paving the way to a systematic parameter free study of correlated perovskites.

I. INTRODUCTION

The simulation of strongly correlated solids within a
rigorous parameter-free ab-initio theory is one of the big
challenges of modern quantum physics. The goal is to
find approximate methods able to describe the complexi-
ties of the electronic structure problem while, at the same
time, taking into account electron correlations accurately.

The distortionless cubic oxide perovskites SrVOs and
StMnOj3 form an ideal testbed for these theories [1-
13]. Of particular interest is the single-particle excitation
spectrum, which can be probed by photemission and in-
verse photoemission techniques and which, in diagram-
matic techniques, is directly related to the imaginary part
of the real frequency spectral function.

While the spectrum of both materials is well character-
ized experimentally, standard electronic structure meth-
ods such as the density functional theory (DFT) and GW
are not able to reproduce it due to the missing correla-
tions in their partially filled transition metal shells. For
instance, in the LDA calculations, the to, quasiparticle
bandwidth in SrVOj3 is too wide, and SrMnQ3 is metallic,
rather than insulating.

Both materials are prototypes for density functional
theory plus dynamical mean field theory (DFT4+DMFT)
simulations [1-6, 9, 10, 12, 13]. In its simplest variant,
this method fits three to five near-Fermi-surface bands
and introduces effective Hubbard and Hunds parame-
ters that broaden, split and shift the band structure such
that ‘quasiparticle peaks’ and ‘Hubbard sidebands’ can
be identified. In DFT4+DMFT, an empirical choice of
U =5¢eV and J = 0.68 eV generates a characteris-
tic three-peak structure in SrVOj;, with a ‘satellite’ peak
near —1.8 eV and a strong quasiparticle feature, lead-
ing to spectra that are remarkably close to experiment
and entirely due to Hubbard physics [1, 3, 12]. Some-
times, U and J parameters determined by constrained
LDA (cLDA) [14] are used although these parameters
could lead to less accurate results [2, 4-6]. Similarly, a
parameter choice of U = 5 eV and J = 0.6 €V along with
an extra static double counting shift beyond the fully

localized limit (FLL) by —2.0 eV turns SrMnOj into a
correlated insulator [13].

More elaborate calculations, such as the ones per-
formed using the GoWy+GW +EDMFT multitier scheme
of Ref. [15-17], avoid choosing empirical parameter
choice by resorting to a parameter-free cRPA [18] cal-
culation together with an extended impurity solution
using ‘screened interactions’ in Wannier-downfolded d
bands. For SrVOjs, the GoWy+GW+EDMEFET results
show that a naive interpretation of the ‘satellite’ peak
as Hubbard phenomenon is inconsistent with the cal-
culated spectra and the authors find plasmon physics.
However in contrast to the experiment, for StMnOs3, in
GoWo+GW+EDMFT the paramagnetic phase (PM) is
found to be metallic.

Here, we evaluate the photoemission spectra of both
SrVO3; and SrMnOj3 using a parameter-free ab-initio self-
energy embedding theory (SEET) without resorting to
screened interactions, Wannier function downfolding, or
a DFT functional dependent starting point. We obtain a
diagrammatic solution of the entire system in a thermo-
dynamically consistent and conserving fashion, approx-
imating the exact Luttinger-Ward functional ® of the
solid [19-21]. Starting from a self-consistent GW solu-
tion, we disentangle the individual effects of correlations
in physically relevant orbital subgroups by systemati-
cally adding correlation diagrams to ®. We demonstrate
that gradually adding non-perturbative terms on the lo-
cal vanadium (V), manganese (Mn) tog, €4, and oxygen
(O) p orbitals leads to a systematic convergence of the
results towards photoemission data.

The remainder of this paper will proceed as follows. In
Sec. II we will introduce the method and the computa-
tional details. In Sec. IV we will discuss its application
to SrVO3 and in Sec. V to SrMnQOgs. In Sec. VI we will
present conclusions.



II. METHOD

We study the electronic structure of paramagnetic
SrVOs3 and SrMnOj3 using SEET [22-24] based on the
procedures described in Ref. [25], using GW [15, 25-28]
as the weakly correlated ‘outer’ method for all orbitals
and Exact Diagonalization (ED) [29, 30] as the ‘inner’
quantum impurity solver for the correlated orbitals. We
emphasize that, in the present work, we iterate the SEET
equations fully to self-consistency [24, 25] as shown in
Fig. 1 (see Sec. ITA for details). This ensures that the
self-energy in the weakly correlated orbitals is adjusted
to reflect the influence of the self-energy coming from
the strongly correlated orbitals. Full self-consistency is
essential for a ®-derivable theory that respects thermo-
dynamic consistency and conservation laws [19-21, 31],
and will be needed to recover the insulating character of
the PM phase of SrMnOs3.

Our implementation of SEET does not rely on low-
energy projections of orbitals and interactions but in-
stead is formulated in terms of the bare electronic struc-
ture Hamiltonian. No effective model parameters, double
counting corrections, or other adjustable parameters are
employed. Non-local screening is fully included at the
level of GW. The method is controlled in the sense that
as the correlated subspace is enlarged, all correlations of
the electronic structure problem are gradually recovered.

A. Self-energy embedding theory

We study the periodic electronic structure Hamiltonian

1
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where CIU (cio) are creation (annihilation) operators for
the single-particle state with spin o and multi-index ¢,
which represents orbital ¢ and crystal momentum k;. We
use symmetrized atomic orbitals (SAO) [32] constructed
from Gaussian Bloch orbitals as the orbital basis. hgj and
vijkt are the standard single-particle and two-particle
operators; for an explicit definition see e.g. Eq. 4 of
Ref. [25].

As a starting point, we employ the GW approxi-
mation as a weakly correlated method to obtain the
momentum-resolved Green’s functions (GE")¥ and self-
energies (RCW)k. In GW, (RW)k is a functional Fow
of (GGW)k7

(B = Faw[(GEM)K). (2)

Along with the Dyson equation
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Eq. 2 implies a self-consistency between X" and G&W |
defining the so-called self-consistent GW (scGW) ap-
proximation. Corrections to GW occur at second order
in the interaction, and therefore the method may become
unreliable when applied to strongly interacting systems.

SEET includes non-perturbative corrections to the
GW self-energy diagrams within subsets of potentially
strongly correlated orbitals. Here, we choose as the
strongly correlated subsets M disjoint groups of lo-
cal orbitals close to the Fermi energy Ep, labeled by
Ay Ay

SEET modifies the self-energy of Eq. 2 [23]
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where (XVe*)k denotes the perturbatively evaluated
weak correlation solution of the entire system, (EZO;'I’M)
the non-perturbatively evaluated contribution within the
orbital set Ay, A = 1,..., M, and the double-counting
term (ZBS) ensures that no self-energy contribution is
counted twice. d(;jyea, is 1 only if both orbital i and
orbital j are part of subspace Ay, and 0 otherwise.

The corresponding interacting Green’s function is
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In this work, (XVeak)k is evaluated as the GW self-
energy with the interacting propagator (GSFET)K of the
system, Faw [(GSEFT)X]. Similarly, ©3¢ is evaluated as
the GW self-energy with its vertices restricted to orbital
subset A,.

Choosing the subspace of correlated orbitals local to
each unit cell implies that Fourier transforming Eq. 4 to
real space yields
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where R and R’ are unit cell indices.
The Dyson equation then defines the inverse Green’s
function in orbital space Ay,
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We  emphasize  that  (GSFFT.-1)RR #
[(GSFET)RR, 17!, i.e.  the inverse Green’s function

restricted to subset A, is not equal to the inverse of the
Green’s function restricted to Aj.
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defines the hybridization function A;‘;A.

B. Impurity Hamiltonian construction

By splitting the static and dynamic part of each self-
energy contribution (X(iw,) = Yoo + Zecorr (iwy)), We can
reorder terms in Eq. 5 such that
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double counting contribution. In order to solve X'
we define the auxiliary propagator
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where the 1nverse of the non-interacting auxiliary coun-

terpart g A, I8 defined as
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The Green’s function of Eq. 10 can then be obtained by
solving an auxiliary quantum impurity problem [33]
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within the subset A, where a,Tm (aps) are creation (an-
nihilation) operators for bath orbital b with spin o. The
energy levels {e,,} and couplings between bath (b) and
impurity orbitals (i) Vip, can be approximated by dis-
cretizing the continuous hybridization function with a fi-
nite number IV, of bath orbitals

Ny,
V;bav'ba
Ay (iwn) = Y === — (13)
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The expressions for ¥ (as a function of G) and G (as a
function of ¥) lead to self-consistent equations that are
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Figure 1. Workflow of self-consistent SEET. H{?ﬂ? and A4
are defined in Eq. 12 and 8.

®-derivable and therefore conserving and thermodynam-
ically consistent [23]. We emphasize that the two-body
Coulomb interactions remain the bare interactions of the

original electronic Hamiltonian (Eq. 1). Screening ef-

fects are addressed by the explicit treatment of EfogARR

in Eq. 9, and contain all screening contributions on the
level of the weak correlation method, as well as non-
perturbative correlation effects due to correlations in the
subspace Ay. The method is different from DMFT and
other embedding methods where the self-consistency con-
dition is different, the local self-energy contains no con-
tributions from the weak coupling terms, and interaction
parameters are typically treated as free parameters in the
early LDA+DMFT formulations [34].

The SEET equations are solved iteratively until con-
vergence in all quantities is achieved [35]. The self-
consistency loop is illustrated in Fig. 1. At step A, a
single iteration of GW, Fow [(GSEET)K], is executed to
update (X¥eak)k for the whole system. Along with the
definition of hybridizatlon function A4 in Eq. 8, step B
corresponds to solving Hlm*p with a quantum impurity

Hi

imp

solver. When multiple subspaces A, are defined,

for each subset is solved independently. Lastly, X5EET
and GSPET are updated according to Eq. 4 and 5 with
the new X%k and DN pert,

Note that the SEET framework can be adapted to use
other diagrammatic many-body perturbation approxima-
tions as the weakly correlated method, as long as the
double counting correction can be rigorously defined. For
additional discussion of the method see Ref. [23].

III. COMPUTATIONAL DETAILS

We solve the electronic structure Hamiltonian Eq. 1
in a Gaussian gth-dzup-molopt-sr basis [36] with gth-



pbe pseudopotential [37] and decompose the four-fermion
Coulomb integrals into a combination of auxiliary even-
tempered Gaussians for Sr and def2-svp-ri [38] bases for
all other atoms, using up to 6 x 6 x 6 k-points in the Bril-
louin zone. Integrals are obtained with the open source
PySCF [39] package.

All dynamic quantities in SEET are computed on the
imaginary time and frequency axis. Efficient represen-
tations for both imaginary time and frequency grids are
essential for realistic material calculations. In this work,
we use the compact intermediate representation (IR) [40]
with sparse frequency sampling [41] for all dynamical
quantities such as Green’s function and self-energy. In
IR, the grid size is governed by a dimensionless parameter
A that should be at least larger than Swy, . where 3 is the
inverse temperature and wpax is the energy bandwidth of
the system. Lower temperature and larger energy band-
width would require larger grid size and thereby increase
computational linear with 8. Simulations are performed
at temperature 7' ~ 1579K (B = 200 Ha=!) for SrVO;
and 1053 K (8 = 300 Ha~!) for SrtMnO3.

We choose the strongly correlated subspace to be the
local transition metal 3d orbitals (split into ¢4 and e,) as
well as the oxygen p orbitals. Note that standard DMFT
impurity constructions typically include to, [1-8, 11-13,
15, 17] or toy+e4 [12, 13, 17] orbitals, though methods to
treat entire unit cells have recently been pioneered [42].
In order to gradually improve our solution, we examine
the effect of also treating the correlations on the oxygen
p orbitals exactly. In order to make impurity size feasible
for ED calculations, we further split the O 2p shell into
two 2p, and one 2p,, orbitals, defined with respect to the
transition metal ion.

IV. STRONTIUM VANADATE

Name ‘ Imp ‘ Description
A 1 Vv tgg
B 3 V tag; O pr; O po
C 4 V tag; V eg; O pr; O po

Table I. Choice of the impurities for SrVOs. Imp denotes the
number of distinct disjoint impurity problems.

SrVOs; is a simple correlated metal with an undistorted
cubic perovskite structure. Nominally, it has a single
electron in the vanadium d-shell. Photoemission spec-
troscopy (PES) and bremsstrahlung isochromat spec-
troscopy (BIS) show a pronounced renormalized quasi-
particle peak at the Fermi level (EF), a weak satellite
peak at ~ —1.8 eV, and a strong satellite peak at ~ 3
eV [2, 43, 44]. V 2p — 3d resonance photoemission fur-
ther attributes V 3d character both to the quasiparticle
peak at Fr and to the lower satellite feature at around

4

—1.8 eV [2, 43]. Features between —3 eV and —10 eV
are mainly attributed to the O p states [2, 43-45].

In Fig. 2, for SrVOj3, we show a calculated local single
particle spectral function A(w) as a function of frequency
w.

This spectral function was analytically continued [46,
47] from the imaginary to the real axis and it was or-
bitally resolved to display V ta4(blue), V e4(orange) and
O 2p and 3p orbitals. Contributions from all other or-
bitals are included as “rest”. The experimental results
for PES (Ref. [43]) and for BIS (Ref. [44]) are also plot-
ted for easy comparison.

scGW results show a clear p — d splitting. Quasipar-
ticle peaks around Er are dominated by V t3, while the
density of state (DOS) between —2.5 and —10 eV is dom-
inated by O p orbitals with the first and second peak
mainly corresponding to O p, and O p,. The conduction
band peak around 3 eV is interpreted as V ey orbitals,
rather than an upper Hubbard band from ¢, orbitals.
Except for the missing lower satellite peak around ~ —1.8
eV, scGW results qualitatively agree with photoemission
spectroscopy. In contrast to the experimental quasipar-
ticle peak at Ep, scGW has a much wider feature (note
that the k-space discretization artificially introduces a
double peak structure), consistent with a spectrum cal-
culated with non-local GW self-energy in Ref. [48]. In
addition, the O p peaks are shifted upward from —3 eV
to —4 eV [45].

Next, we discuss the self-consistent SEET embed-
ding construction with local V t3, states included non-
perturbatively in an impurity (SEET, setup A). In con-
trast to scGW in SEET with setup A, the width of the
a4 near-Fermi-energy peak is reduced to 1.5 eV which is
much closer to experimental data. The oxygen p states
are shifted upward in energy and there is a large gap be-
tween unoccupied t94 and e, states. However, the oxygen
shift is inconsistent with PES and the ¢y, — e4 splitting
is inconsistent with BIS.

SEET with setup B adds strong correlations to oxygen
2p orbitals in addition to the V ta4. Since the three oxy-
gen atoms in the unit cell are identical, we only consider
the 2p orbitals from one oxygen atom. Non-perturbative
corrections to the other two oxygen atoms are included
by symmetry. We observe a shift of the oxygen p states
back to lower energies but little change for other orbitals.

Adding correlation from V e, orbitals in SEET with
setup C moves the e, conduction bands towards lower
energy leading to a spectrum consistent with BIS data.
In this setup the oxygen p states are shifted to the lo-
cation found in PES, recovering the pronounced p — d
splitting. However, the so called lowered satellite pho-
toemission peak at —1 to —2 eV is not recovered. The
lack of this peak in SEET may be due to several reasons.
First, the Gaussian basis set employed may not contain
a good description of orbitals necessary to evaluate this
peak. However, we find this possibility unlikely since
SEET calculations performed in a larger basis set still
cannot recover this lower satellite peak. (For details see
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Figure 2. Local orbital-resolved DOS of SrVOs3 from scGW and SEET. Impurity choices are shown in Table I. The PES and
BIS data are obtained from Ref. [43, 44]. The experimental data are rescaled to match results from analytical continuation.

appendix). Second, correlations beyond GW that have
not been considered here such as strong correlations in
higher orbitals (e.g. 4d) or cross-correlations between
disjoint impurities (such as p — d correlations) may be
responsible for arising of this peak. These correlations
beyond GW could be added to SEET if a larger impu-
rity combing p—d orbitals or containing 4d orbitals would
be considered. Lastly, this lower satellite peak may be
caused by an insufficiency of the GW description for mul-
tiple orbitals that cannot be simply contained in SEET
as multiple larger impurity problems. This lower satel-
lite peak is observed in multitier GW+EDMFT calcula-
tions performed in Ref. [17] that attributes it to non-local
Coulomb interaction.

The total local DOS for SrVOj; is shown in Fig. 3. As
we systematically add correlations, SEET reaches quan-
titatively better agreement with the experimental data.
The quasiparticle peak around Er is dominated by V ta,
while the DOS between —2.5 and —10 eV is dominated by
O p orbitals, with the first and second peak mainly cor-
responding to O p,; and O p,. In the conduction bands,
the shoulder at =~ 1 eV and the peak at ~ 2.5—3 eV are
assigned to V ty4 + e, and V e, respectively while the
peak at ~ 8 eV is dominated by Sr 4d orbitals. The fact
that scGW predicts a better p — d splitting compared
to SEET with setup A implies that there may be error
cancellation to the missing local t5, correlation beyond
GW. In general, it is difficult to precisely determine the
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Figure 3. Total local density of states of SrVOs from scGW
and SEET with different impurity choices. Arrows indicate
the orbital contributions according to SEET with impurity
choice C. The PES and BIS data is obtained from Ref. [43, 44]

source of this cancelation since it could be non-local cor-
relations beyond GW from any orbital (e.g. O p) or local
correlations beyond GW from orbitals other than V ta,.
However, as shown in Fig. 2 and 3, the position of the O
p bands gradually reaches better agreement with experi-
ment from SEET with setup B and C as local self-energy
correction of O 2p and V e, are added. We believe the
error cancellation between strong local correlation from
V 3d and O 2p are the reason that scGW outperforms



SEET with setup A.

In Fig. 4, we show the SEET (setup C) V ty, lo-
cal self-energy, analytically continued from the imagi-
nary to the real frequency axis. The strong pole at
around 3.5 eV is consistent with the absence of a V
tag upper Hubbard band at around 3.0 eV, and shifts
additional V t, features near 8 eV. The quasiparti-
cle renormalization factor Z can be computed through

Z71 =1 — OReX(w) /0w _0] for scGW (Z = 0.7) and

SEET with impurity setup C (Z = 0.27). In the presence
of local self-energy corrections to the V to4 orbitals, the
V t34 quasiparticle peak has been strongly renormalized.
The reduction of Z from 0.7 to 0.27 is smaller than the
experimental value of Z = 0.5 ~ 0.6 [2, 49] and data from
other theoretical calculations [2, 4-6]. Note that our Z
is similar to that of LDA4+DMFT (see the inset of Fig. 5
in Ref. [5]) if the self-energy derivative is taken over the
same interval.

—— Re[Z]

1-15

3-2-10 1 2
7 6-5-4-3-2-10 1 2 3 4 5 6 7
w (eV)

-30

Figure 4. V ta4 local self-energy from SEET with impurity
setup C, analytically continued to the real frequency axis.
The estimated quasiparticle regime is around [—w*, w*] where
w*=0.4¢eV.

Typical failures of LDA for SrVOs include (i) a to
quasiparticle bandwidth that is too large, (ii) missing
lower /upper satellite peaks, and (iii) an incorrect posi-
tion of orbitals outside the V 3d shell [1-6].

In the LDA+DMEFT scheme, the Coulomb interaction
U and the Hund’s coupling J are usually chosen ad hoc
such that a lower /upper Hubbard band emerges [1, 3, 12].
Sometimes J determined from Hartree-Fock calculations
on model Hamiltonians [50] is chosen. A double count-
ing shift of the chemical potential is chosen such that the
number of electrons in the DMFT is fixed (3d! configura-
tion in this case), assuming that the strongly correlated
subspace is well separated from all other orbitals. With
these parameters, LDA+DMFT produces a quasiparti-
cle band narrowing and a broad satellite at around —1.8
eV [1, 3]. Less ad hoc parameter choices have also been
considered but result in less accurate results. For exam-
ple, U and J determined by constrained LDA (cLDA) [14]
place the lower Hubbard band too low in energy (be-
tween —2.0 to —2.3 eV) [2, 4-6] and the FLL double

counting [51] results in an incorrect p — d splitting in the
occupied bands [9, 10]. In LDA+DMFT, the lower satel-
lite is interpreted as a Hubbard band due to strong local
correlations on the vanadium atoms.

In addition to LDA+DMFT, variants of
GoWy+DMFT have been applied to SrVO; [6-8, 11].
In this scheme, U(w) and J(w) are determined through
constrained RPA (cRPA) [18] based on GoWy and the
double counting correction has a rigorous definition if
self-consistency is achieved, unlike in LDA+DMFT.
In general, GoWy+DMFT predicts qualitatively sim-
ilar results to LDA+DMFT except for the wider ta
quasiparticle bandwidth [8] and better agreement of the
lower satellite feature with photoemission data [6]. As
in LDA+DMFT, the lower satellite peak is caused by
Hubbard physics.

Recent studies from multitier GW+EDMFT found
screening beyond GW in the V ty, orbitals. These ef-
fects are resulted from (i) retarded on-site interactions
in EDMFT and (ii) local vertex corrections to the po-
larization [15-17]. Note that during the self-consistency
loop of multitier GW+EDMEFT, local vertex corrections
to the polarization are involved in the evaluation of the
non-local screened interaction. The resulting renormal-
ized screened interaction therefore contains more non-
local correlations than the one from GW. These results
attribute the lower satellite feature to a non-local plas-
mon, rather than Hubbard physics. This interpretation
is also consistent with the findings from the cumulant
expansion based on quasiparticle GW [52].

Although cross-correlations or contributions from
higher states, as well as the non-local plasmonic physics
examined in multitier GW+EDMEFT, are outside the
physics investigated here, our calculations offer addi-
tional insight into the origin of the lower satellite peak at
around —1.8 eV. While Ref. [15-17] include only V t5,
and ey orbitals in the correlated subspace, we find that
O 2p orbitals do not contribute to this peak. Instead, the
strong local correlations from O 2p improve the the p —d
splitting in the presence of non-perturbative V t5, local
correlations.

A second observation concerns the contribution of the
experimentally observed incoherent feature around 3.0
eV [44] that is traditionally attributed to the upper Hub-
bard band of the ¢y, orbitals and e, orbitals. In our cal-
culation, this peak has only e, character, consistent with
some of the literature [7, 11, 52].

V. STRONTIUM MANGANATE

SrMnOg is a cubic insulating perovskite with nominal
filling of three electrons in the Mn 3d shell. Its magnetism
is experimentally observed as G-type antiferromagnetic
(AFM) ordering at low temperature and PM ordering at
high temperature (with Néel temperature Ty ~ 233—260
K) [54, 55]. The paramagnetic state has been studied in
photoemission [53, 56-58] and gap values ranging from
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Figure 5. Local orbital-resolved DOS of StMnO3 from scGW and SEET. The impurity choices correspond to (A), (B), and
(C) in Table II. Dotted lines are PES and soft x-ray absorption spectroscopy (XAS) from Ref. [53].

Name ‘ Imp ‘ Description
A 1 Mn tag
B 2 Mn t24; Mn eq
C 4 Mn t24; Mn eg; O pr; O po

Table II. Choice of the impurities for StMnOs. Imp denotes
the number of distinct disjoint impurity problems.

1.0—2.3 eV have been found. To our knowledge, a de-
tailed experimental analysis of the orbital character of
the near-Fermi-surface states has not been performed.
Theoretical calculations so far are limited to the AFM
state [9, 17, 59].

Fig. 5 shows the total local orbital-resolved DOS from
scGW and SEET with different impurity choices in the
PM phase at 1053 K (see Table. II). In GW, SrMnOs
is incorrectly predicted to be metallic. The correspond-
ing spectral functions are similar to StVOgs, where bands
around K are dominated by transition metal t9, states.
However, hybridizations between Mn 3d and O 2p are
much stronger, pushing the O 2p bands closer to Ep.
This strong hybridization puts the validity of impurity
models with only Mn 3d orbitals in doubt. The qual-
itative failure of scGW implies the need of self-energy
diagrams beyond GW approximation.

We first include local self-energy corrections within

only the Mn ¢, orbitals as shown in Setup A of Fig. 5.
The non-perturbative treatment of Mn to, greatly sup-
press the DOS at Er and opens the gap for SrMnOg
which is formed by Mn to; + O p, hybridized orbitals
both above and below the gap. However, the gap is sub-
stantially smaller than the one found in photoemission
data [53].

Next, we include Mn e, orbitals in setup B. The non-
perturbative treatment of the Mn e, orbitals results in
the conduction band peak of the e, orbitals being pushed
below the to, peak and the gap edge aligning. Most of the
higher valence band states have O 2p, character, while
most of the lower conduction band states have Mn %y,
and Mn e, character.

Finally, we include O 2p orbitals in impurity setup C.
Similar to SrVOg, only the 2p orbitals from one oxygen
atom are considered. Local self-energy correction beyond
GW from O 2p further push both Mn 3, and O p, away
from Er. Besides that, there is little change to the re-
maining orbitals.

SEET successfully opens a gap for all impurity choices
shown in Fig. 6. Note that this gap is opened due to the
full self-consistency between high and low levels loops in
SEET. It only opens when GW orbitals are updated at
every iteration to include strong correlation effects that
arise from the solution of the impurity problems. We
illustrate the opening of the gap versus iteration number
as well as the exact convergence for electronic energies
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Figure 6. Sum of Mn 3d + O 2p local DOS from SEET with
different impurity choices. Dotted lines are photoemission
data from Ref. [53].

in the appending. Systematic enlarging of the number
of impurities leads to a convergence to the experimental
data. The first and second valence peaks at —2.0 and
—6.5 eV correspond to Mn ¢, + O p, and Mn e, +
O ps. In the conduction band, the shoulder at 1 eV
corresponds to Mn e, bands, and the two peaks at —2.5
and —4.8 eV corresponds to Mn ¢y, + O p, and Mn e,
+ O po. The gap is formed by Mn ¢y, + O p, valence
band and Mn e, conduction bands.

The agreement with PES and XAS is not perfect.
While such a difference may arise due to the finite size ef-
fects present, we eliminated this possibility by caring out
calculations for different numbers of k-points. For details
see appendix. Since finite size effects are negligible, the
differences are likely due to either (i) inter-orbital corre-
lations between different independent impurities, and/or
(i) non-local correlations outside of GW, (iii) employed
Gaussian basis set.

Fig. 7 shows the k-resolved partial DOS along R —
I' = X. The hybridization between Mn t5;, and O p, is
clearly visible in the k-resolved partial DOS. The indirect
gap is formed between Mn t2;,+ O p, valence states at R
and Mn e, conduction band states at the I' point, which
is consistent with our conclusion from the local DOS in
Fig. 5 and 6.

Several previous works have studied the electronic
structure of the low-temperature AFM SrMnOjs us-
ing density functional theory (DFT) [53, 59], and
variants of GW [17, 60], LDA+DMFT [61] and
GW+DMFT [17]. On the other hand, understanding
of the high-temperature PM phase is limited. LDA in-
correctly predicts a metallic phase for PM SrMnOg [9,
10, 13], suggesting that a mean-field description is in-
sufficient. Furthermore, GoWy on top of DFT also fails
to open a gap [17]. To address the missing correlations,
LDA+DMEFET can be applied, assuming that strong cor-
relations are purely local on the Mn atom [9, 10, 13]. In
that case, both the U and J model parameters need to be
chosen ad hoc in order to reproduce experimental data,
and the double counting has to be fine-tuned to keep the

system insulating. The failure of standard FLL double
counting likely comes from the strong hybridization be-
tween Mn 3d and O 2p. The band gap, as well as the
type of insulating state (e.g. Mott or charge-transfer),
are highly sensitive to the parameter choice.

Petocchi et al. [17] applied multitier GW+EDMFT to
both the PM and AFM phase. Even though a gap open-
ing for AFM is observed, a strongly correlated metal in
proximity to a Mott transition is observed in PM phase.
This is likely due to the lack of outer-loop self-consistency
for the entire system. Such an outer loop is responsible
for updating all the weakly correlated orbitals to include
strong correlation effects coming form the solution of the
impurity problem. In order to verify this, we have per-
formed SEET calculations without the outer-loop self-
consistency for all impurity choices. We observe that
even though the non-perturbative treatments of the im-
purities greatly suppresses the DOS at Fp, the lack of
outer-loop self-consistency results in an incorrect chemi-
cal potential shift so that a non-zero DOS is observed (see
Fig. 12 in appendix E). Note that a similar non-zero DOS
is observed in Ref. [17]. The metallic character observed
in Ref. [17] may also arise due the missing correlations
beyond GW from O 2p or a failure of cRPA to produce
correct screened interactions.

VI. CONCLUSIONS

We have analyzed single-particle spectral functions of
two paradigmatic strongly correlated cubic perovskites.
Our starting point was the description of the solid in a
Bloch-wave basis consisting of Gaussian orbitals, which
allows for a clear attribution of correlation physics to
individual atomic orbitals. By analyzing strong correla-
tions in multiple choices of impurity orbitals, we showed
that the usual procedure of isolating 3-5 local orbitals
near the Fermi energy is insufficient to describe the
physics of these systems if ab-initio Coulomb interactions
are used. We have also illustrated that an interpretation
in terms of ‘Hund’s physics’ with empirically adjusted
interaction parameters of low-lying bands is not neces-
sary. Rather, by systematically adding non-perturbative
correlations, also to orbitals not immediately adjacent to
the Fermi energy, we could show a gradual convergence of
most aspects of the spectral function to the experimental
result.

In the case of SrVO3, we presented that the standard
DMFT interpretation of the material as a correlated 3-
orbital ‘Hunds’ metal with a three-peak structure of lower
and upper Hubbard side-peaks, as well as a central quasi-
particle peak, is not consistent with our formulation.
Through the explicit inclusion of O 2p impurities, we
also showed that O 2p orbitals do not contribute to the
lower /upper incoherent feature at around -1.8/3.0 eV.
The absence of the lower satellite from our calculations
indicates that additional physics arising either from non-
local processes, higher bands, or/and inter-orbital cross-
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correlations is important. In the case of StMnOj3, we il-
lustrated the importance of the feedback of the strongly
correlated self-energy to the remainder of weakly corre-
lated orbitals present in the system, leading successfully
to an insulating behavior in PM phase.

In contrast to other methods commonly in use, the
procedures employed in this paper are uniquely defined in
terms of Gaussian basis sets, choice of correlated orbitals,
and choice of correlated subspaces, making every step of
the calculation independently reproducible.

Our work illustrates that the SEET procedure is able
to recover correct results in strongly-correlated realistic
systems, and that systematic addition of correlations in
orbital subgroups leads to a systematic understanding of
single-particle excitation spectra.
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Appendix A: Finite-size effects

Fig. 8 shows the finite-size effect for SrVOjs; and
SrMnQO3. From 4x4x4 to 6x6x6, the total local DOS

11

becomes smoother and exhibits fewer features, while the
general characteristics remain the same in both Brillouin
zone discretizations, for both SrVO3z and SrMnOs.

Appendix B: Basis set effect
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Figure 9. Total local DOS for SrVOs3 from scGW and SEET.
The impurity choices are setup C in Table I for SrVOs3 (The
three peak structure for V to4 quasiparticle peak in SEET is
due to a coarser k-space discretization (4 x 4 x 4 k-points in
the Brillouin zone).

In order to check whether the missing feature at ~ —1.5
eV may be due to a deficiency in our choice of Gaussian
basis set, we have repeated the calculation with a larger
basis for the vanadium atom in SrVOg;, gth-tzup-molopt-
sr [36]. As shown in Fig. 9, no qualitative difference was
observed for vanadium in the gth-tzvp-molopt-sr basis, in
both scGW and SEET calculations. This indicates that
the absence of the feature is unlikely due to a deficiency
of the vanadium basis.

Appendix C: GoWj for SrVOs3;

Fig. 10 shows the local DOS evaluated from GyW,
based on the LDA band structure. The GoWy DOS looks
qualitatively similar to the scGW results presented in
Fig. 2 except for a slightly wider ¢y, quasiparticle band-
width. The hump between —1 and —2 eV is absent. Note
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Figure 10. Total local DOS for SrVOs3; evaluated from GoWoy
based on the LDA band structure.

that the double peak structure is due to the k-space dis-
cretization and is not a feature of a lower satellite.

Appendix D: Convergence of SrMnOs;

Fig. 11 shows SEET convergence of various quantities
for SrMnQOg3 with impurity choices specified in Setup B.
Including local self-energy corrections from Mn 3d or-
bitals opens a gap in the first iteration. The system later
oscillates between metallic and insulating states in the
following iterations and slowly converged to the physical
insulating phase. In order to facilitate the convergence,
direct inversion of the iterative subspace (DIIS) [62] is
employed after iteration 17 where much faster conver-
gence is observed. Due to it, starting from iteration 17,
we observe a much faster convergence.

Appendix E: SEET without outer-loop
self-consistency for SrMnOs3;

Fig. 12 shows local orbital-resolved DOS for SrMnOg
from SEET without outer-loop self-consistency. The
impurity choices are listed in Table. II. With non-
perturbative treatments of the Mn ¢y, orbitals, the DOS
at Fp is greatly suppressed while still remaining non-
zero (see the inset for Setup A in Fig. 12). In addition,
an extra sharp quasiparticle peak from O 2p, orbitals at
around FEp is observed. Furthermore including the Mn
eg orbitals gives a similar qualitative picture as the one
with only Mn ¢, orbitals. The only difference arises for
the Mn e, conduction band that is pushed forward to Er,
consistent with results from fully self-consistent SEET.

Next we include O 2p orbital in impurity setup C. Non-
perturbative treatments to O 2p states push slightly va-
lence bands away from Er, making the sharp quasiparti-
cle peak at F'r disappear. However, there is still non-zero
DOS at Er from O 2p states.

In general, although all three impurity choices em-
ployed greatly suppress DOS around Er and qualita-
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Figure 11. Convergence of (a) total energy, correlation energy,
chemical potential, and (b) total local DOS for SrMnOs from
SEET with impurity choices specified in Setup B.

tively predict correct orbital ordering in both valence and
conduction bands, SrTMnOg3 remains metallic with a small
DOS at Erp. We argue that this unphysical metallic state
is an artifact due to the lack of outer-loop self-consistency
(the feedback of the strongly correlated orbitals to the
weakly correlated part via the Dyson equation). With-
out the outer-loop self-consistency, weakly correlated or-
bitals outside the impurity subspaces cannot be adjusted
by the correlations in the strongly correlated subspaces,
resulting in incorrect chemical potential shifts.



| (@) SEET, Setup A4+

Figure 12. Orbital-resolved local DOS for SrMnOs from
SEET without an outer-loop self-consistency. The impurity
choices from the first to third row correspond to (A), (B), and
(C) in Table II. The inset shows DOS around Er. The dotted
lines are photoemission data from ref [53].
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Appendix F: SEET total density of states of SrMnOs;

Fig. 13 shows the SEET total local DOS of SrMnQOs.
They are obtained by summing all orbitals. We found
that the total DOS around the Fermi level is very similar
to Fig. 6, which shows the sum of the local DOS of the
Mn 3d + O 2p orbitals. The quantitative differences
come from additional contributions of Mn 4d and O 3p.
The rest of orbitals mainly contribute to the lower /higher
energy regime far away from the Fermi level.
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Figure 13. Total local density of states of STtMnO3 from scGW
and SEET with different impurity choices. Arrows indicate
the orbital contributions according to SEET with impurity
choice C. The PES and BIS data is obtained from Ref. [43, 44]
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