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Emergence of a potential charge-disproportionated insulating state in SrCrQO;
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We use a combination of density functional theory (DFT) and dynamical mean-field theory (DMFT) to
investigate the potential emergence of a charge-disproportionated insulating phase in SrCrO;, whereby the Cr
cations disproportionate according to 3Cr** — 2Cr** + Cr®" and arrange in ordered planes perpendicular to the
cubic [111] direction. We show that the charge disproportionation couples to a structural distortion where the
oxygen octahedra around the nominal Cr®* sites contract, while the octahedra surrounding the Cr** sites expand
and distort. Our results indicate that the charge-disproportionated phase can be stabilized for realistic values
of the Hubbard U and Hund’s J parameters, but this requires a scaling of the DFT+DMFT double-counting
correction by at least 35%. The disproportionated state can also be stabilized in DFT+I/ calculations for a
specific magnetic configuration with antiparallel magnetic moments on adjacent Cr** sites and no magnetic
moment on the Cr%" sites. While this phase is higher in energy than other magnetic states that can arise in SrCrOs,
the presence of an energy minimum suggests that the charge-disproportionated state represents a metastable state

of SrCrO;.

DOLI: 10.1103/PhysRevResearch.6.023240

I. INTRODUCTION

The electronic properties of many materials with partially
filled d or f shells are characterized by strong electronic cor-
relations, which can lead to peculiar phenomena such as, e.g.,
metal-insulator transitions, superconductivity, or non-Fermi-
liquid behavior [1-3]. The basic low-energy physics of these
systems can often be understood in terms of an effective multi-
orbital Hubbard model, where electronic correlations emerge
as a consequence of the local Coulomb repulsion U and
Hund’s interaction J [4-6]. A strong U generally favors the
Mott-insulating state, where the electron number fluctuations
on any given site away from the nominal integer filling are
suppressed by the strong Coulomb repulsion [1,7,8]. Hund’s
coupling J also plays an important role by favoring a local
spin polarization. While at half-filling J cooperates with U
in the formation of the Mott insulator, away from half-filling
J can compete with U and give rise to strongly correlated
metallic phases [6,9,10].

For strong enough J and not too large U, Hund’s coupling
can also favor the formation of a charge-disproportionated
insulating phase, where the initially symmetry-equivalent
correlated sites separate into two or more sublattices with
different valences [11-15]. Such charge disproportionation
can be observed in several transition metal perovskite oxides,
for instance, in rare-earth nickelates [16,17], CaFeO5; [18],
and other ferrites [19,20]. The charge disproportionation is
usually accompanied by a structural “breathing” distortion of
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the oxygen octahedra surrounding the transition metal cations,
where the oxygen octahedra surrounding the more occupied
cations expand and those around the less occupied sites con-
tract [16,17,21]. This strong coupling between the electronic
and structural degrees of freedom can play a crucial role in
stabilizing the disproportionated state [12,13,15,22-25].

The physics of charge disproportionation in the rare-earth
nickelates, and to some extent also in CaFeOs3, can be under-
stood in terms of an effective model considering only the e,
orbitals, which disproportionate according to 2e; — e§ + eg
[12]. While for the nickelates the lower-lying #,, orbitals are
completely filled, they are half-filled in the case of CaFeOs3,
but can to some approximation be treated as localized S = 3/2
spins [15]. In both cases, the strong hybridization between
transition metal d and O p states and the small or even neg-
ative charge transfer energy in materials containing late 3d
cations with high oxidation states have been proposed as being
favorable, or even crucial, for the charge disproportionation
[26-28].

A recent study of the three-orbital Hubbard model by
Isidori et al. [14] suggests that in principle similar physics
can also emerge in systems with partially filled t,, orbitals.
In particular, for an average filling of two electrons per site,
a disproportionation according to 3d*> — 2d? + d° can occur.
However, it is unclear whether specific materials in the re-
quired parameter regime can be identified. Furthermore, the
model studied in Ref. [14] was based on a featureless density
of states without a specific underlying lattice structure. So
the question on how the spatial arrangement of inequivalent
sites might affect the stability of the corresponding charge-
disproportionated state remains open.

The perovskite chromates, ACrO3;, where A can be Ca,
Sr, Ba, or Pb, contain nominal Cr** with two electrons in
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the ,, manifold. This and the high oxidation state of the Cr
makes this family of compounds ideal candidates to explore
a potential charge disproportionation in the #,, shell. In the
case of PbCrOs, there have indeed been reports of charge
disproportionation of 3Cr*" — 2Cr’* 4+ Cr®" accompanied
by insulating behavior [29-31]. However, the fact that Pb
can also disproportionate into Pb>* and Pb*", where Pb>*
hosts a stereochemically active lone pair, makes this case
significantly more complex and results in partially conflicting
reports [32,33].

For the Ba compound, there is experimental evidence
showing insulating behavior in thin films [34], which, how-
ever, has been suggested to arise as a consequence of orbital
and magnetic order, either in combination with a Jahn-Teller
structural distortion or driven by spin-orbit coupling [35,36].

Partially conflicting experimental reports are available re-
garding the metallic or insulating character of both the Ca and
Sr compounds [37-42], and a strain-induced metal-insulator
transition has been reported for SrCrOj; thin films [43]. In a
previous work [44], we have shown that tensile strain pro-
motes a Jahn-Teller distorted and orbitally ordered insulating
state in SrCrOs3, which is compatible with this reported strain-
induced metal-insulator transition.

Here, we explore whether charge disproportionation can
provide an alternative mechanism for the formation of an
insulating state in SrCrO3;. We mainly use density functional
theory in combination with dynamical mean-field theory
(DFT4+DMFT) [45-49], which provides a straightforward
way to analyze the effect of local Hubbard-type interactions
in the paramagnetic state, and also allows for a systematic
comparison with the model study from Ref. [14]. We find
that a charge-disproportionated insulating state can indeed be
stabilized in SrCrO; for realistic interaction parameters, but
its stability depends on a subtle balance between the local
interaction treated in DMFT and the DFT response to the
DMEFT charge-density correction, and requires a scaling of the
double-counting correction for the local interaction included
both at the DFT and DMFT level. Further DFT+U/ calcula-
tions suggest that the charge-disproportionated state is not the
ground state of the system, with different magnetically and
orbitally ordered states exhibiting lower energies. Neverthe-
less, charge disproportionation in SrCrOj could potentially be
stabilized by appropriate tuning of suitable parameters such
as, e.g., strain, pressure, ionic substitution, etc.

The remainder of this work is organized as follows: in
Sec. I we first specify the specific spatial arrangement of
inequivalent sites and the resulting unit cell used to rep-
resent the charge-disproportionated state, then we describe
the corresponding structural breathing mode distortion. After
that, we give a brief summary of the DFT+DMFT method
and specify all parameters used in our calculations. We
then start Sec. III by discussing results of simple one-shot
DFT+DMFT calculations, followed by an analysis of the
significant changes introduced by charge-self consistency. We
subsequently explore the interplay of both lattice distortion
and the DFT+DMFT double-counting (DC) correction on the
stability of the charge-disproportionated insulator. Finally, we
also present results of DFT+I/ calculations, which allow to
perform full structural relaxations and provide alternative in-
sights in the stability of charge disproportionation in SrCrOs.

II. METHODS

A. Choice of unit cell and distortion mode

To explore the possibility for charge disproportionation in
SrCrOs3, we need to use a unit cell that can accommodate pos-
sible arrangements of inequivalent Cr sites with a ratio of two
nominal Cr** (d3) sites per one nominal Cr®" (d°) site. The
optimal spatial arrangement of such a disproportionated phase
is not clear a priori. Here, we use the arrangement shown
in Fig. 1(a), which consists of two potential Cr d> layers
followed by one potential Cr d° layer arranged perpendicular
to the cubic [111] direction and repeated periodically. This
results in a tripling of the conventional cubic perovskite cell,
which can be described in a hexagonal setting with the cubic
[111] direction defining the hexagonal ¢ axis [cf. Fig. 1(c)].
This specific arrangement is motivated as the configuration
that minimizes the nearest-neighbor Coulomb interaction,
since each d° site is surrounded by six d> nearest neighbors,
whereas each d? site is surrounded by three nearest neighbors
of the same kind and three (i.e., the maximum possible amount
given the 2:1 ratio) of the other ionic species. Furthermore,
the same disproportionation pattern has also been observed
in La/3Ca,/3FeO3 [20], where the Fe cations disproportion-
ate according to 3Fe>%’* — 2Fe3* 4 Fe3*. The space group
symmetry in the charge-ordered phase then reduces from cu-
bic Pm3m to trigonal P3m1.

As mentioned in the introductory section, the transition to a
charge-disproportionated insulating phase in other perovskite
oxides is generally accompanied by a structural “breathing
mode” distortion consisting of an expansion and contraction
of the oxygen octahedra surrounding the cation sites with
higher and lower d occupation, respectively [16,17]. Further-
more, it has been shown that the coupling between electronic
degrees of freedom and this octahedral breathing mode is
crucial for stabilizing the charge-disproportionated insulating
state in the rare earth nickelates [12,13,22-25].

Since we expect similar physics to be relevant for a po-
tential charge disproportionation in SrCrOj3, we also study the
coupling to an analogous octahedral breathing mode. How-
ever, in the proposed arrangement, there are always two [111]
planes of d° sites adjacent to each other. Since the corre-
sponding oxygen octahedra are connected, the d* octahedra
cannot expand uniformly without distorting. As a result, the
oxygen octahadra surrounding the nominal d* sites exhibit
three longer and three shorter Cr-O bond lengths, whereas the
d° octahedra can exhibit a simple uniform contraction.

The resulting mode with symmetry label A; is shown
in Figs. 1(b) and I(c), and can be understood as a simple
displacement of the oxygen atoms between the d° and d°
sites along the Cr-O bond direction. The amplitude of this
distortion can thus be parametrized by specifying only one
degree of freedom describing the contraction of the octahedra
around the d° sites:

J4
Q — Cr-0 5 Cr-O . (1)
£
Cr-O
Here, {0 and €2, are the Cr-O distances of the d° octahe-
dra in the distorted and undistorted states, respectively, where

the latter is equal to half the Cr-Cr distance EOC]'—O = Lcrcr/2.
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FIG. 1. (a) Structural arrangement of inequivalent Cr sites in our
unit cell allowing for the emergence of charge disproportionation into
nominal d3 and d° Cr sites in otherwise cubic SrCrOjs. (b) Depiction
of the A, distortion: the octahedra around the nominal d° sites
contract and the octahedra around the d> sites expand and distort.
The thin black lines in both panels indicate the hexagonal unit cell
containing three formula units of SrCrOs. (c) Orthogonal projection
along the z axis of the distorted structure highlighting the hexagonal
symmetry of the unit cell.

The A; mode leads to a symmetry lowering compatible
with the P3ml space group. It can thus be assumed that
this mode is the energetically dominant structural distortion
coupling to the charge disproportionation, and we investigate
the effect of the A; mode in Sec. III C using DFT+DMFT
calculations. However, the P3m1 space group symmetry also
allows for a number of other distortion modes relative to the
ideal cubic perovskite structure, which could in principle lead
to a further energy lowering of the charge-disproportionated

state. Therefore, to verify the dominant role of the A; dis-
tortion mode for the potential charge disproportionation in
SrCrO3, we also perform full structural relaxations using the
DFT+U method [50,51], which are presented in Sec. III D.

DFT+U calculations have been applied to rare-earth
nickelates and charge-disproportionated ferrites, but these cal-
culations require a local spin splitting in order to provide
realistic crystal structures for these systems [23,52,53]. The
simplest way to introduce such a local spin splitting without
any further symmetry lowering is to impose a ferromagnetic
(FM) order in the material. However, superexchange between
two neighboring d° Cr sites is expected to lead to an anti-
ferromagnetic coupling, whereas the nominal d° Cr has no
magnetic moment. Therefore, we also explore a peculiar mag-
netic pattern, where the two nominal d? Cr sites are initialized
with opposite spins and the nominal d° Cr is initialized with-
out a magnetic moment, leading to a [--- 1010 ---]
arrangement of spins along [111]. We refer to this as “d-
AFM,” which stands for disproportionated antiferromagnetic
phase.

B. DFT+DMFT for SrCrO;

Within DFT4+DMFT (and DFT+U), the electronic degrees
of freedom are separated into the correlated subspace, for
which the strong local electron-electron interaction is incor-
porated explicitly, and the rest, which is treated within the
usual semilocal approximations of DFT. The Hamiltonian
then takes the following form [47-49]:

H = Hgs + Hiy — Hpc, 2

where Hgs is the effective single-particle Kohn-Sham Hamil-
tonian, which contains the kinetic energy as well as the
interaction with and among the uncorrelated electrons and
the ionic cores; Him describes the local electron-electron in-
teraction within the correlated subspace only; and Hpc is a
double-counting correction.

In the case of SrCrOs;, the correlated subspace for our
DMFT calculations is spanned by the partially occupied bands
around the Fermi level with dominant Cr-#,, character (see
Sec. IIT A), expressed in a basis of maximally localized Wan-
nier functions [54] with three f,,-like orbitals on each Cr
site. The local interaction Hiy, is then expressed in the fully
rotationally invariant Slater-Kanamori form [6], including
spin-flip and pair hopping terms:

Hy=U ZﬁmTﬁm
m

+ ((U = 2Dy + Y (U — 3J)ﬁmgﬁmra)

mz#m’ o=%,]

— Y T by G + Y T E s
m=#m’ m#m’

3)
Here, U and J denote the interorbital Coulomb repulsion and
Hund’s interaction, respectively, while 6,7,,0 and ¢,, are the
creation and annihilation operators for electrons with spin o
in orbital m, and 71,,, = 6:‘,,0 Cmo 18 the corresponding number
operator.
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The double-counting correction Hpc is supposed to sub-
tract the effect of the local electron-electron interaction within
the correlated subspace that is already included in Hgs. How-
ever, the explicit form of Hpc is not uniquely defined [55].
In this work we follow Ref. [47] where the double-counting
correction is based on the average interaction energy in the
atomic limit. This results in a constant shift of the self-energy
on the Cr sites that can be written as

Epc =U(n - 1/2), “

where n is the total occupation of the corresponding site
and U = U — 2J is the average interaction strength for the
three-orbital Kanamori interaction (considering only density-
density terms).

Within DMFT, each correlated site i is mapped on an ef-
fective impurity model, thereby neglecting the k dependence
of the self-energy X(k, w) — X(w) in the local basis [45].
The effective impurity model is determined self-consistently
by requiring that the corresponding impurity Green’s function
Gimp(®) is equal to the local part of the full lattice Green’s
function G(k, w) for all correlated sites [45].

In a fully charge self-consistent DFT+DMFT -calcula-
tion, the charge density determining the Kohn-Sham potential
is recalculated from the local occupations obtained within
the DMFT step, and then the procedure is iterated un-
til self-consistency is achieved. However, sometimes, for
computational efficiency, such full-charge self-consistency is
neglected and so-called “one-shot” calculations, i.e., without
recalculating the charge density and Kohn-Sham potential
from the DMFT occupations, are performed. In the latter
case, there is an ambiguity on whether the double-counting
correction in Eq. (4) is evaluated using the site occupations
computed at the DFT level, n = npgr, or the corresponding
DMEFT occupations, n = npypr [56]. While the DMFT occu-
pations should be considered as results of the DFT+DMFT
calculations and thus as the actual physically relevant occu-
pations, nppy are the occupations that give rise to the charge
density entering the Kohn-Sham potential within a one-shot
calculation. In this case it might therefore be more appropriate
to use nprr to account for the electron-electron interaction
contained at the DFT level. Note that in charge self-consistent
calculations no ambiguity arises, since then npypr are the
physically relevant occupations that also determine the charge
density from which the Kohn-Sham potential is calculated.

In the case of of a charge-disproportionated system, the
double-counting correction in Eq. (4) directly contributes to
the difference of the one-particle energies between sites with
different total d orbital occupations. Since Xpc is subtracted
from the Kohn-Sham energies, the double-counting correction
lowers the energy of the more occupied site relative to the less
occupied site, and thus a difference in these site occupations
favors the charge disproportionation. Therefore, we explore
both choices for n in Eq. (4) in our initial one-shot calculations
presented in Sec. III B, while in all our charge self-consistent
calculations we always use n = npmpr.

C. Computational details

We perform all DFT, DFT+U, and DFT+DMFT cal-
culations employing the QUANTUM ESPRESSO package [57]

(version 7.2) with ultrasoft pseudopotentials (GBRV library
[58]) and the PBEsol exchange correlation functional [59].
All results are obtained for the 15-atom hexagonal unit cell
described in Sec. IT A, with lattice vectors fixed to a lat-
tice constant of 3.77 A of the underlying cubic perovskite
structure, which corresponds to the relaxed PBEsol value for
cubic SrCrO;. We use a plane wave cutoff of 70 Ry for
the wave functions and 840 Ry for the charge density. Bril-
louin zone integrations are performed on a I'-centered 6 x6x6
Monkhorst-Pack k-point grid and the Marzari-Vanderbilt
“cold-smearing” scheme [60] with a broadening parameter of
0.001 Ry.

The correlated subspace for the DFT+DMFT calculations
is constructed using maximally localized Wannier functions
generated with WANNIER9O [61]. The DFT+DMFT work-
flow is implemented using solid_dmft [62,63] based on
TRIQS/DFTTOOLS [64,65], where the three Cr sites in the cell
are mapped on three effective impurity models, which are
then solved independently using the continuous-time quan-
tum Monte Carlo solver CT-HYB included in TRIQS [66].
We use 8000 warmup cycles followed by 107 Monte-Carlo
cycles of 120 moves each at an inverse temperature of
B =40 eV~! (approximately 300 K). Test calculations for
larger B did not lead to noticeable differences in our re-
sults. The resulting Green’s functions are represented using
35 Legendre coefficients [67]. The total DFT4+DMFT energy
is calculated according to Eq. (32) of Ref. [63] (see also
Refs. [48,68]).

All DFT4+-DMFT calculations are performed for the spin-
degenerate paramagnetic case, while spin-polarized DFT+/
calculations are performed for the FM and d-AFM configura-
tion, with the Hubbard correction applied onto orthonormal-
ized atomic projectors. We also perform full cell relaxation
within DFT+{ using a threshold of 10> Ry/A for the forces
and 10~*Ry for the change in energy.

As a final note, we point out that the Hubbard parameters
used for the DFT4+DMFT and for the DFT+U calcula-
tions differ, since different projectors as well as different
parametrizations of the local interaction are used by the two
methods (three #,, frontier Wannier functions with Kanamori
interaction in DFT+DMFT compared to five orthonormalized
atomic d orbitals with Slater parameters in DFT+/). There-
fore, we denote the Hubbard parameter in the DFT+DMFT
calculations as U, while we use the notation I/ for the DFT+U/
calculations. Finally, we do not use an explicit Hund’s inter-
action parameter in our DFT+U/ calculations, since its effect
is implicitly taken into account by the effective U/ parameter
in the simplified form of the 4/ correction according to
Ref. [69]. While we performed calculations for several U
values ranging from 2 eV to 4 eV, in Sec. [IID we present
only the results for the representative value of .f = 3 eV.

III. RESULTS
A. DFT band structure and choice of correlated subspace

Figure 2 shows the spin-degenerate Kohn-Sham band
structure obtained for cubic SrCrOj represented in our 15-
atom hexagonal supercell. The bands around the Fermi level,
from slightly above —2¢eV to about 1 eV, have predominant
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FIG. 2. Kohn-Sham band structure of cubic SrCrO; obtained
within spin-degenerate DFT (blue lines). The orange lines show the
dispersion of the Wannier bands corresponding to the Cr #,, frontier
orbitals.

Cr 15, character, consistent with the formal d? configuration
of the Cr** cation.

We construct nine maximally localized Wannier functions
from these bands using an energy window between —2 eV and
2 eV, starting from initial projections on three f, orbitals on
each Cr site. The resulting Wannier functions still resemble
such atomic f,, orbitals centered on the Cr, but also contain
p-like tails on the surrounding oxygen ligands, representing
the 7 *-type antibonding character of the hybridization with
the O-p orbitals in the underlying bands. The dispersion recal-
culated from these Wannier functions is highlighted in orange
in Fig. 2.

B. Phase diagrams for cubic SrCrQO; from
one-shot DFT+DMFT

We first describe results obtained within one-shot DFT+
DMEFT calculations using the DFT occupations to evaluate the
double-counting correction, i.e., Xpc(n) = Xpc(nppr). Since,
in these one-shot calculations, all Cr sites are equivalent at the
DFT level, the corresponding occupations are also identical
and thus the double-counting correction just leads to an over-
all shift of the chemical potential, with no effect on the result.
These calculations are therefore very similar to the model
calculations of Ref. [14], except that we use the band struc-
ture of a real material and treat the local interaction within
DMFT.

Figure 3(a) shows the value of the averaged spectral weight
at zero frequency, A(0) = —gTr[G(ﬁ /2)], as a function of
the interaction parameters U and J. Nonzero A(0) denotes
a metallic solution, while a value close to zero indicates an
insulating state.

The phase diagram exhibits the qualitative features that
have been reported in the literature for a generic three-orbital
Hubbard model with an average filling of two electrons per
site [6,10,14]. A Mott-insulating region, where all Cr sites
remain equivalent, is found for large U in the region U > 3J.
The corresponding phase boundary as a function of J ex-
hibits the “Janus effect” [10], i.e., increasing J from zero first
favors the Mott-insulating state, while for J > 0.5eV a
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FIG. 3. Scatter plot of the value of the spectral function A(w = 0)
evaluated at the Fermi level, for two different choices of the occu-
pations in the double-counting correction. Yellow dots correspond
to a metallic solution while dark blue ones denote the presence of
a gap. Using DFT occupations (a) in the double-counting formula
qualitatively reproduces the results obtained for the three-orbital
Hubbard model [14], while employing DMFT occupations (b) shifts
the onset of the Hund insulator phase to much lower values of the
exchange coupling J.

further increase of J favors the metallic state. In the region
U < 3J we observe a second insulating phase, where the
Cr sites indeed disproportionate according to 2d> + d°, cor-
responding to the “Hund’s insulator” reported in Ref. [14].
Finally, along the line with U = 3J, where the Mott and
Hund’s insulators are energetically degenerate in the atomic
limit, the system remains metallic up to high U, in agreement
with the persistent Hund’s metal discussed in Ref. [14].

We quantify the degree of disproportionation in the Hund’s
insulating region by defining the site polarization An as the
occupation difference of the more- and less-occupied Cr sites.
We observe a strong site polarization of An > 2.6 for es-
sentially all data points within the Hund’s insulating region,
indicating a relatively abrupt change across the phase bound-
ary to the metallic phase where An is always 0.

On a technical note, in the absence of the A; mode (Q = 0)
and without considering charge self-consistency or using
npmrt in the double counting, all three Cr sites remain sym-
metry equivalent at the single-particle level, and thus the
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specific spatial arrangement of d° and d° sites does not pro-
vide a significant bias to the input of the effective DMFT
impurity problems. This leads to convergence issues in the
Hund’s insulating regime, where we observe that sites with d°
and d* filling can arbitrarily switch during DMFT iterations.
We do not consider this as problematic, since the calcula-
tion always shows insulating behavior in the corresponding
regime.

Figure 3(b) shows the analogous phase diagram (with a
different scale for J) obtained by using the DMFT occu-
pations for the double-counting correction, i.e., Xpc(n) =
¥pc(npmrr). While the Mott insulating phase is unaffected
by the different double-counting correction, the most striking
difference to the previous case is a strong reduction of the min-
imal J necessary for the onset of the Hund’s insulating phase.
For U = 2.5¢V, the disproportionated phase emerges around
J = 0.35eV. For comparison, using Xpc(n) = Epc(nppr) re-
sults in a critical J of 1.25 eV at the same U value.

This massive reduction of the critical J is due to the
occupation-dependent double-counting correction, which, as
discussed in Sec. I B, results in a lowering of the energy levels
on the more-occupied relative to the less-occupied Cr site, and
thus provides a strong positive feedback loop that stabilizes
the charge-disproportionated phase for much smaller J values
than for Xpc(n) = Xpc(nper). The difference in the double-
counting correction on the different Cr sites, AXpc = U An,
reachesup to 5eV for U =2.5eVandJ = 0.4eV.

We note that previous calculations of the interaction pa-
rameters for SrCrO; using the constrained random phase
approximation (cRPA) obtained U = 2.7eV and J = 0.42eV
[70]. This would potentially put SrCrO; in the region of
the parameter space where the material would spontaneously
disproportionate. However, the results presented so far do
not include the effect of charge self-consistency, i.e., the
DFT response to the charge correction obtained from DMFT
is absent. Indeed, when performing such fully charge self-
consistent DFT4+DMEFT calculations for SrCrO3, we find that
the entire Hund’s insulating region in the phase diagram
disappears and the metallic region, where no charge dispro-
portionation is present, extends over the whole region with
U < 4.5eV in Fig. 3(b).

To better understand this strong difference between the
one-shot and the charge self-consistent calculations, we now
analyze how the charge disproportionation is affected by the
structural distortion (A; mode) described in Sec. IT A.

C. Effect of the structural distortion

In general, to understand the interplay between electronic
and structural degrees of freedom, one may consider a simpli-
fied picture where the free energy of the system contains three
contributions [24,25]:

K
F(An, Q) = FulAn] — §QAn +50" )

Here, F,; depends only on the electronic degree of freedom,
which, for the present case, can be represented in terms of
the site polarization An. The second term describes a linear
coupling between An and the structural distortion mode Q,
while the last term represents the structural mode stiffness. In

] =0.42¢eV
0.3 J=0.6¢eV
%+J=0.8eV

AE per Cr [eV]
o
N

0.1
0 (a)
3,
c
2
s 2
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©
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o 1
=
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FIG. 4. (a) Energy difference per Cr atom between distorted and
undistorted SrCrO; and (b) site polarization An as a function of the
A distortion amplitude Q obtained from fully charge self-consistent
DFT+DMEFT calculations for different J (and U = 2.7eV).

the case of SrCrOs, Q denotes the normalized amplitude of
the A; mode shown in Fig. 1(b).

By minimizing the free energy in Eq. (5) with respect to Q,
one obtains [24]

2K
?Q = An(Q), (6)

where An(Q) is the site polarization obtained by minimizing
the free energy for fixed Q. Thus, if the electronic response
to the distortion described by An(Q) is linear in Q, Eq. (6)
has only one solution for Q = 0 and the structural distortion
is unfavorable. However, if the response of the system is non-
linear and, in particular, if there is a strong increase of An(Q)
followed by an approach to saturation, the functions described
by the left- and right-hand sides of Eq. (6) can intersect at a
value Q # 0 and the system exhibits an energy minimum at
nonvanishing distortion.

In Fig. 4 we plot the total energy as well as the site po-
larization as a function of the normalized mode amplitude Q
obtained from fully charge self-consistent DFT+DMFT. Data
are shown for the cRPA values of the interaction parameters,
U =27eV and J = 0.42eV [70], as well as for two higher
values for the Hund coupling J. In all cases, the only mini-
mum of the total energy occurs at Q = 0, i.e., the structural
distortion is energetically unfavorable.

Simultaneously, the site polarization An(Q) shows only
a linear response to the distortion. Even though this linear
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response is relatively strong and leads to An = 1 for 5% dis-
tortion, the system always remains metallic so that there is no
energy gain related to a gap opening in the spectral function.
This behavior persists even if Hund’s coupling is significantly
raised beyond the cRPA value, although An increases with J.
We note that J = 0.8 eV is much higher than the unscreened
value, Jpze = 0.55€V, obtained in Ref. [70], and thus can be
considered as unrealistically high. We also note that the A
mode lowers the cubic symmetry and thus introduces a small
splitting between the three #,, levels on each site. However,
even for the nominal d> sites, where the surrounding ligand
octahedra becomes distorted, this splitting is only a few meV,
i.e., much smaller than Hund’s coupling J, and does not lead
to any significant orbital polarization. Thus, our results so
far indicate no tendency toward charge disproportionation in
SrCrOs.

In Fig. 5(a), we plot the DMFT correction for the charge
density in the disproportionated state obtained from the con-
verged one-shot calculation for U = 2.7eV,J = 0.42eV, and
QO = 0 [using Zpc(npmrr)]. One can clearly see how the 1,
orbitals around the nominal Cr d° sites get depleted while
more electrons accumulate mostly on the Cr d? sites and,
to a lower extent, also on the oxygen atoms that are shared
between two d> octahedra.

The regions of accumulated and depleted charge lead to
significant changes in the Kohn-Sham potential, which trans-
lates to strong shifts of the local atomic-like levels (the on-site
term of the one-particle Hamiltonian defined by the Wannier
projections). In particular, charge accumulation pushes the
corresponding local level up in energy, while depletion does
the opposite. This is schematically illustrated in Figs. 5(b) and
5(c).

Thus, the recalculation of the Kohn-Sham potential based
on the DMFT-corrected charge density strongly disfavors the
charge disproportionation. One can further assume that the
shifts of the DFT levels are dominated by the strong local
Hartree interaction, even though intersite Coulomb interac-
tions also contribute. On the other hand, this local component
of the d-d interaction is exactly what should be subtracted
by the double-counting correction, since the local interaction
is then incorporated again on the DMFT level. As a result,
the possible emergence of a charge-disproportionated state
depends on a subtle balance of adding and subtracting the
“correct” amount of local electron-electron interaction with-
out double counting.

However, since the available forms for Xpc are based
on rather heuristic arguments, the corresponding expressions
may easily overcompensate or undercompensate the DFT
Hartree shift. In the present case, this can be particularly se-
vere, as the use of frontier orbitals leads to essentially nominal
d occupations and thus maximizes the resulting site polar-
ization An. While this is attractive for an intuitive physical
interpretation of the underlying physics, it also amplifies any
uncertainties in the double-counting correction with respect
to the resulting relative local energy levels, which, as dis-
cussed in Sec. III B, enters as A¥pc = U An. Furthermore,
the double-counting correction is constructed from the atomic
limit, which might not be very accurate for the relatively delo-
calized frontier Wannier orbitals used to define the correlated
subspace.

(a) (O Electron accumulation

O Electron deplegon

-
1 s
o

O
o
o °
LA,

{ o 0 ¢
L \
L &
E:Cr
(b) DFT (GGA) on-site
energy
Energy o0 o0 [ X ] /
Crit - Crtt - cr -
(©) DMFT (Strong ))
Energy| @ @@ 000
Cr3+ Cr6+ Cr3+
DFT
response
Y ) 000
Energy T_ TAEDFT

FIG. 5. (a) DMFT charge correction (isosurface level: 0.006 44
A—3) after converging the one-shot calculations for the dispropor-
tionated phase 2d> + d°. Dark blue (red) spheres represent the Cr
(O) atoms. (b and c) Schematic picture of the effect of charge self-
consistency for the charge-disproportionated phase of undistorted
SrCrOs. (b) In the initial DFT calculation, all Cr sites are equally
occupied. In the undistorted case, all sites are symmetry equivalent
so that the on-site energy is also the same. (c) One-shot DMFT
converges a charge-disproportionated state. This changes the on-site
energies within the subsequent DFT step, opposing the tendency
toward charge disproportionation.

We note that there have been many instances reported in
the literature where a scaling of the double counting was
necessary to recover the insulating behavior of the studied
materials [55,71-73]. Therefore, to investigate how changes
in the double-counting correction affect the tendency toward
charge disproportionation in SrCrOs, we now perform charge
self-consistent DFT+DMFT calculations where we scale the
double-counting correction by a constant factor denoted by
Jfoc while keeping U and J fixed to 2.7 eV and 0.42 eV,
respectively. The scaling of the double-counting correction
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FIG. 6. (a) Energy difference per Cr atom between distorted and
undistorted SrCrO; and (b) site polarization An as function of the
A, distortion mode amplitude for different scaling of the double-
counting correction (U = 2.7eV and J = 0.42¢eV).

can also be viewed as a scaling of the average interaction
strength U in Eq. (4). The results are shown in Fig. 6.

It can be seen that fpc = 1.35 indeed leads to the formation
of an energy minimum at a nonzero distortion amplitude of
around 4%-5%. Simultaneously, the system shows a strong
nonlinear increase of the site polarization around Q = 1.5%,
which marks the onset of the electronic instability toward
formation of the charge-disproportionated insulating state (cf.
Ref. [24]). Scaling the double-counting correction to 150%
deepens the energy minimum, and even leads to a spon-
taneously charge disproportionated state for zero distortion
amplitude with almost saturated An. A further scaling of
the double-counting correction thus has negligible effect. We
note that using, e.g., the “around mean field” approxima-
tion for the double-counting correction, see, e.g., Ref. [55],
would correspond to a scaling factor of fpc &~ 0.9, and thus
a weak further suppression of the charge-disproportionated
state.

For additional information, we provide in the Appendix the
plots of the self-energy and the analytically continued spectral
function for the case Q = 5%.

These results indicate that SrCrOj; is at least close to an in-
stability toward a charge-disproportionated insulating phase.
However, due to the fundamental uncertainty regarding the
size of the double-counting correction, the predictive capa-
bility of the DFT+DFT approach is limited in this case. It
is thus not possible to draw a final conclusion on whether

<d-AFM,a=3.77A =d-AFM,a=3.81A
= d-AFM, fully relaxed =FM, a = 3.81 A

-0.05¢

AE per Cr [eV]
S
'_\

-0.15

-0.2

Q [%]

FIG. 7. Total energy (per Cr) as a function of the A; distortion
mode amplitude Q obtained from DFT+U (U = 3eV) for d-AFM
and FM order for different unit cell volumes, indicated by the corre-
sponding pseudocubic lattice constant. The red diamond corresponds
to the energy and distortion amplitude obtained from a full structural
optimization.

the charge-disproportionated state is indeed a stable state for
SrCrO3 in ambient conditions.

D. DFT+U: Structural relaxations and the influence
of other distortion modes

In the previous sections, we explored the impact of the
A distortion mode on the energetics using DFT+DMFT.
The observed energy lowering for the scaled double-counting
correction suggests that the choice of the distortion mode is in-
deed reasonable. Nevertheless, it is important to also consider
other symmetry-allowed distortion modes that might lead to
an additional energy lowering. To investigate this, we employ
DFT+U, which allows us to perform systematic structural
relaxations and thus explore a broader range of distortion
modes as well as provide further insight into the stability of
a charge-disproportionated state in SrCrOs.

We first perform analogous calculations as for the
DFT+DMFT case, where we fix the lattice constant to a =
3.77 A, corresponding to the equilibrium lattice constant of
cubic SrCrOj; obtained from a spin-degenerate PBEsol relax-
ation, and then vary the amplitude Q of the A; distortion
mode. As described in Sec. II, we impose the d-AFM mag-
netic order in these DFT4U/ calculations to allow for an
insulating solution. The resulting energy as a function of Q
for Y = 3 eV is shown as a blue line in Fig. 7. Indeed, we see
that the A; mode causes an energy lowering of the system,
with a minimum around Q = 3%.

The d-AFM structure is insulating, as shown in Fig. 8§,
where we plot the corresponding density of states (DOS) and
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FIG. 8. Band structure and density of states of SrCrO; (lattice
constant a = 3.77 A) with d-AFM ([--- 1 0 {1 0 | - --]) magnetic
order for I/ = 3eV and Q = 3%. The right panel also shows projec-
tions on the two inequivalent Cr sites: the magnetic (Mag, magenta)
d? Cr and the nonmagnetic (NM, blue) d° Cr.

band structure for Q = 3%. The projected DOS shows that the
top of the valence band region is primarily formed by d states
of the nominal d> Cr, while the unoccupied low-lying conduc-
tion band is dominated by states corresponding to the nominal
d® Cr. Thus, even though the difference in the integrated
charge on the two inequivalent sites remains relatively small,
there is a clear signature consistent with the formal d> and d°
charge states in the electronic structure. Furthermore, the local
magnetic moments are ~2.6 ug on the magnetic d> Cr and
close to zero on the nonmagnetic d° Cr site, consistent with
a high degree of disproportionation between the inequivalent
sites.

Next, we perform a full structural optimization (within
the P3m1 space group) for the d-AFM order. The resulting
energy and A; mode amplitude is marked by the red diamond
in Fig. 7. The relaxation further lowers the energy by about
50 meV and leads to a somewhat larger mode amplitude
of O ~ 3.8%. While additional symmetry-allowed distortion
modes become nonzero in the relaxed structure, their am-
plitudes remain negligible compared to the A; mode. The
main effect leading to the energy lowering is a change in
cell volume, while the underlying lattice remains cubic to a
good approximation with a pseudocubic lattice constant of
a=381A

To double check the influence of the additional modes,
we perform an additional calculation where we fix the lattice
vectors to those obtained from the fully relaxed structure, but
discard all other distortions except for the A; mode. The re-
sulting energy as function of Q is shown by the orange line in
Fig. 7, and exhibits a minimum that is indeed very close to the
energy and distortion obtained from the full relaxation. This
confirms that the effect of other distortion modes is essentially
negligible.

Finally, we also perform a full structural relaxation for the
FM case, and then calculate the corresponding total energy as
function of the A distortion amplitude (green line in Fig. 7).
The relaxed cell volume (with a = 3.81 A) for the FM case

is essentially identical to that obtained for the d-AFM order.
However, the FM calculations always lead to a metallic band
structure and the A; distortion is energetically unfavorable
in this state. Furthermore, the energy of the undistorted FM
state is lower than the energy minimum of the d-AFM state.
This indicates that, while a distorted and disproportionated
insulating state can be stabilized in these calculations, it is
clearly not the energetically preferred ground state of the
system. The d-AFM state also competes with other magnetic
phases. For example, the Jahn-Teller distorted C-AFM state
explored in Ref. [44] is around 0.15 eV per Cr lower in energy
compared to the minimum of the FM phase, and 0.2 eV lower
when compared to the minimum of the d-AFM case.

IV. CONCLUSIONS AND OUTLOOK

To summarize, we have employed both DFT+DMFT and
DFT+U calculations to explore the possible emergence of
a charge-disproportionated insulating phase in SrCrO;. We
observed that, compared to calculations based on a simple
multiband Hubbard model, the effect of full charge-self con-
sistency in the DFT+DMFT cycle significantly alters the
phase diagram obtained as a function of the local interaction
parameters U and J, which can even result in a full suppres-
sion of charge disproportionation. Thereby, the stability of
the charge-disproportionated state is controlled by a subtle
balance between the local interaction treated on the DMFT
level, which drives the charge disproportionation in particular
for U < 3J, and the DFT response to the DMFT charge cor-
rection, leading to a strong Hartree-shift of the local Cr levels
that opposes disproportionation. In practice, this balance is
regulated by the double-counting correction, for which the
explicit form is not clearly defined, therefore limiting the pre-
dictive power of the corresponding DFT+DMFT calculations.

Nevertheless, we have shown that a paramagnetic charge-
disproportionated insulating state can be stabilized in SrCrO3
for realistic interaction parameters via coupling to a structural
breathing distortion, if the DFT+DMFT double-counting cor-
rection is enhanced by about 35%. The breathing distortion
and disproportioned state can also be stabilized in DFT+U/
calculations with an appropriate magnetic (d-AFM) order.
However, comparison with other magnetically ordered states
indicates that this d-AFM state is not the ground state config-
uration of bulk SrCrO; at ambient conditions. Nevertheless,
the existence of such a low-energy metastable state, and the
existing reports of charge disproportionation in the sister com-
pound PbCrO3; [29-31], suggest that it might be possible to
stabilize charge disproportionation also in SrCrO3 by appro-
priate tuning of parameters such as strain, pressure, ionic
substitution, or others.

Our DFT+DMFT calculations also show that a U of at
least 4.5 eV is needed for SrCrOs3 to reach the “normal” para-
magnetic Mott-insulating region. This is significantly higher
than the corresponding values obtained from cRPA calcu-
lations [70], and suggests that, similar to what has been
discussed for BaCrO3 in Ref. [35], a further symmetry break-
ing, such as, e.g., orbital order or charge disproportionation,
is required for SrCrO; to become insulating.

The partially conflicting experimental reports on either
metallic or insulating SrCrO; [37,40-43], together with our
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FIG. 9. Local spectral functions obtained by summing over all
orbital and spin degrees of freedom on the nominal (a) Cr d° and
(b) d° sites obtained from fully charge self-consistent DFT-++DMFT
at a distortion amplitude of Q = 5%, using U = 2.7eV,J=0.42¢eV,
and different scaling of the double-counting correction fpc.

previous work indicating a C-AFM Jahn-Teller distorted
ground state favored by tensile epitaxial strain [44], suggests
that SrCrO; is close to many potentially competing struc-
tural and electronic instabilities. Further work is thus needed
to shed more light on the interplay of magnetism, lattice
distortions, and electronic correlations in SrCrOsz and other
members of this family of perovskite chromates.
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APPENDIX: SELF-ENERGIES
AND SPECTRAL FUNCTIONS

In this Appendix, we present additional data corresponding
to the charge self-consistent DFT4+DMFT calculations shown
in Fig. 6 [with U =2.7¢V, J = 0.42eV, and Zpc(npmer)]
taken at a distortion amplitude of Q = 5%, i.e., around
the emerging energy minimum, for different scaling of the
double-counting correction fpc.
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FIG. 10. Imaginary parts of the local self-energy on the Matsub-
ara axis, corresponding to one orbital component of the nominal
(a) Cr d° and (b) d? sites, obtained at a distortion of Q = 5%,
U=27eV, J=042eV, and different scaling of the double-
counting correction fpc. The other orbital components of the
self-energy all look very similar to the one we plot here.

In Fig. 9 we plot the site-resolved local spectral func-
tions, obtained using the maximum entropy method [74]
implemented in MAXENT [75]. The local spectral function
corresponds to a sum over all orbital and spin components on
a particular site.

We observe that for fpc = 1.0 both sites exhibit a metallic
spectral function, corresponding to the regime with linear
dependence of the site polarization An on the distortion and
lowest energy for zero distortion. Increasing fpc leads to an
insulating state where, on the nominal d® site, the whole
spectral weight gets shifted to positive excitation energies,
while on the nominal d* site, a gap opens between an upper
and lower Hubbard band, reminiscent of a Mott insulator
at half-filling. Thus, the local spectral functions indicate a
site-selective Mott state resulting from the charge dispropor-
tionation.

In Fig. 10 we also plot the corresponding imaginary parts
of the electronic self-energy as a function of the Matsubara
frequencies for both the nominal d° and d* Cr sites. Here, we
plot one of the orbital components, but the other ones look
very similar. For the metallic state (fpc = 1.0) we can also
compute the quasiparticle renormalization factor Z, which is
related to the slope of the imaginary part of the self-energy by

. —1
Z:(l— lim w) .

o—0  diw,

(AD)
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We approximate the derivative in Eq. (Al) from the
finite difference of ImX[iw,]| at the lowest Matsubara fre-
quency and obtain Z = 0.6 for the d° site and Z = 0.4
for the d* site. These values are also representative of
the range of Z we obtain for other distortion amplitudes
with fpc = 1.0 and indicate a correlated metallic state with
substantial effective mass renormalization due to electronic
correlations.

In the insulating case (fpc = 1.35 and 1.50), we observe
that the imaginary part of the self-energy of the d° site
becomes very small and essentially frequency independent,

consistent with the emergence of an uncorrelated (empty) site.
On the other hand, for the case of the d* site, the imaginary
part of the self-energy develops a pronounced feature at low
frequencies with a nearly diverging slope toward zero fre-
quency, compatible with the emergence of a Mott-insulating
state.

In summary, both spectral functions and self-energies indi-
cate that the charge-disproportionated insulating state can be
characterized as a site-selective Mott-insulator, with a “band-
insulating” empty site and two half-filled Mott-insulating
sites.
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