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Metal d-electron oxides having an odd number of electrons per cell should exhibit band degeneracy at the
Fermi energy, making them, in band theory, formally metallic. In many cases, however, these are false metals, as
evidenced by the observation that many ABO; oxide perovskites with a magnetic 3d B atom are observed to be
insulators both below and above the Néel temperature. These inconsistencies between experimental observation
and expectation have historically been resolved by invoking degeneracy-breaking physics, based largely on pure
electron effects, such as strong interelectronic correlation for d-electron compounds (the Mott mechanism). Such
explanations generally consider the microscopic lattice or magnetic degrees of freedom (m-DOFs) as largely
passive spectators, not causes of the formal metal being an insulator. However, it has long been known that
ABO; perovskites can manifest an arrangement of m-DOFs in the form of octahedral tilting, bond dimerization,
Jahn-Teller distortions, and ordering of local magnetic moments. It appears reasonable that such structural and
magnetic local degrees of freedom need to be allowed to compete with purely electronic strong correlation. To
answer this question, we explored a range of d-electron oxide perovskites exemplified by the archetypes LaTiOs,
LaVOj;, StMnOs3, and LaMnO; with 1, 2, 3, or 4 d electrons, respectively. Using a mean-field-like electronic
structure method (here, density functional theory), we find that a combination of magnetic symmetry breaking
(SB) with structural distortions can account for insulating band gaps in this series while correctly predicting
for the control case, an intrinsic paramagnetic metal in SrVOs, as SB is insufficiently strong to remove the
degeneracy. This indicates that calculating quantitatively local magnetic and positional SB motifs in unit cells
that avoid averaging at the outset over the low-symmetry motifs can provide consistent trends in a Mott transition

without Mott U.
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I. INTRODUCTION

Compounds that exhibit the same orbital characteristics
for both filled and unfilled band edge states—for instance,
when both are d-like and the number of electrons is odd—are
predicted to show band degeneracy (metallic properties) at the
Fermi energy level [1-4]. The conceptual usefulness of such
reference systems stems from the fact that the experimentally
observed systems supposed to be close to these paradigm
reference have turned out to be insulators. This was the
case not just for the magnetically long-range-ordered (LRO)
ground-state phases [i.e., antiferromagnetic (AFM) phases be-
low the Néel temperature] but, surprisingly, also above the
Néel temperature in the paramagnetic (PM) phases, which
lack magnetic LRO. Such insulating phases were seen in a
range of d-electron oxide perovskites ABO3 exemplified by
the archetypes LaTiO3, LaVO3;, StMnO3, and LaMnO; with
1, 2, 3, or 4 d electrons, respectively, contributed by the B
ion, rather than the theoretically imagined false metal state
[5]. This conflict has set the stage for the historical pursuit
of the crucial missing ingredient in our understanding of the
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false metal being instead a true insulator both below and above
the Néel temperature in such compounds. What made this
conundrum even more intriguing was the fact that StVO;—
the single d-electron isovalent analog to insulating LaTiO3—
has been shown to persistently be true metal at all temper-
atures [6,7] and that YNiOs is a true insulator in the low-T
phase, becoming a true metal in the high-7 phase [8].

The common textbook approach for resolving such in-
consistencies between experimental observation and model
expectations has followed the route of electron phases of
matter, focusing largely on the role of electronic degrees of
freedom (DOFs). The degeneracy breaking physics consid-
ered in such a Mott insulator with (d, d*) band edges, for
example, has focused largely on strong electron correlation,
encoded, for example, by the on-site Coulomb repulsion U.
When sufficiently strong, it could localize electrons, creating
a (Mott) insulator instead of a false metal. The microscopic
lattice DOFs (m-DOFs)—such as octahedral tilting, bond
dimerization, Jahn-Teller (JT) distortions, octahedra dispro-
portionation, and ordering of local magnetic moments—were
largely considered spectator DOFs rather than the cause of the
false metal reference system being actually an insulator.

This strong correlation viewpoint of gap formation is gen-
erally inaccessible to mean-field-like band structure methods,
such as density functional theory (DFT). This led to the view
that a strong correlation is a necessary factor needed for the
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formation of real insulators from false metals. This position
of the strongly correlated literature has been voiced for a
long time, including very recently for the d', d?, d3, and
d* compounds such as LaTiO3 [9,10], LaVOs3 [11], StMnOs3
[12], and LaMnOj; [13], respectively. For instance, regarding
SrVOs3; and SrMnOs3, Yeh et al. [12] indicated that “standard
electronic structure methods such as DFT and GW are unable
to reproduce it due to the missing correlations in their partially
filled transition metal shells. The quasiparticle bandwidth in
SrVOj; is too wide, and SrMnQOs is metallic rather than insu-
lating”. A similar impression was echoed again recently by
Pavarini [13], pointing out that LaMnO; was found to be a
metal in the Kohn-Sham version of DFT band theory, but
it is an insulator in reality, adding, “there are entire classes
of materials for which this practice fails qualitatively due to
strong local electron-electron repulsion effects”.

The question pondered here regards what minimal physics
is needed to describe the basic trends in the phases noted
above. The low-temperature LRO ground-state phases of
ABOj; are normally described by crystallographic unit cells
that can geometrically accommodate nontrivial configurations
of m-DOFs. The ensuing band structure calculations then
reflect the electronic consequences of these m-DOFs, often
representing local SB motifs. The reason that m-DOFs were
often dismissed as a potential explanation of the insulating
state above the Néel temperature was the tradition of de-
scribing such phases in band theory as the highest symmetry
structure, after the local motifs have in fact been averaged
out. Phases that lack LRO of m-DOFs such as idealized PM,
paraelectric, or paraelastic phases were indeed often simplisti-
cally described by high-symmetry space groups. For example,
the nominal cubic Pm-3m space group common in many
perovskite structures contains but a single ABO;3 repeat unit;
thus, it is unable to geometrically describe symmetry break-
ing (SB). Band structure calculations of such high-symmetry
structures cannot examine degeneracy removal by m-DOFs.
However, the absence of LRO of local motifs in such phases
does not mean that short-range order is absent. Avoiding the
use of average, high-symmetry unit cells for paraphases or
cubic phases would allow instead the possibility of a poly-
morphous network where a distribution of local magnetic or
structural motifs would exist, should it lower the total energy.
It appears reasonable that such structural and magnetic local
DOFs need to be allowed to compete with purely electronic
strong correlation in examining if the correct insulating vs
metallic phases would emerge because of local SB. It is
worth considering if the intrinsic structural and magnetic SB
(present even before temperature sets in) might be related
to the formation of insulating band gaps both below and
above the magnetic transition, as observed in LaTiO3, LaVOs,
SrMnQj3, and LaMnOj. Here, we explore the outcome of such
a back-and-forth ping-pong sequence where the electronic
structure responds to (nonaveraged) m-DOFs, and in turn,
the modified electronic landscape can reshape these m-DOF
properties. To pinpoint the key factor determining whether
a material is an insulator or metal in a given phase, vari-
ous potential SB pathways [14] are considered. This requires
avoiding the imposed high-symmetry virtual lattice averages
over the local motifs both below and above the Néel tem-
perature. Instead, each macroscopic phase is described by a

supercell of its minimal cells, thereby allowing the possibility
of polymorphous distribution of local motifs within the glob-
ally fixed crystallographic structure.

The main conclusions noted are:

(i) The basic metal vs insulator observed phenomenology
described above is consistently predicted by mean-field-like
band theory if the local positional and magnetic SB are exam-
ined. This SB predicts (a) insulating band gaps, as observed
in LaTiOs, LaVOs, StMnOj3, and LaMnOs;. Such insulating
phases can occur in both magnetically LRO phases (below
the Néel temperature) [15] and in PM phases that lack mag-
netic LRO [5,16-20]. (b) Additionally, the same theoretical
approach applies to the control case of perovskite compounds
which appear electronically and structurally indistinguishable
from the d' insulator subgroup but in fact are observed to be
persistent metals. This was found to be the case whether the
relevant d orbital is a compact 3d (as d 1 SrvV05) [6,7] or a
delocalized 4d state (as in STNbO3 and BaNbO3) [21,22]. (c)
Also, the recent application of the same method to YNiO3 [23]
(with temperature introduced via DFT molecular dynamics)
explains the prototype insulating class of below the Néel tem-
perature and metal above it.

(i) The distinction between this paper and the earlier
works on d-electron oxide perovskites is that two local SB
mechanisms—positional and magnetic—are allowed here to
operate together to achieve an insulating state out of a ref-
erence zero gap metal. Comparable absolute increase in the
magnitude of band gaps was noted [24-26] (in cubic, non-
magnetic (NM) and non-d-electron halide perovskites such as
CsPbX3, where X is a halogen). However, the initial band gap
in the halide case is already nonzero.

(iii) The common belief about DFT that it cannot handle
the Mott transition—a claim that has been widely exploited to
introduce the dynamic mean-field theory (DMFT) [12,13]—
cannot really be used for these classic 3d oxides as a
motivation for this claim.

(iv) The physics of correcting the false metal expectation
must not to rely on the on-site Coulomb repulsion Mott-
Hubbard view of strong correlation. Indeed, SB allows such a
Mott transition without Mott U. Thus, not having a need for U
does not mean that there is no Mott-like transition to consider.

(v) As is often the case, the nature of the exchange-
correlation (XC) functional in DFT can affect some results,
depending on the ability of the XC to create compact orbitals.
For the false metals considered in this paper, the use of ad-
vanced XC functionals such as SCAN [27] (without U as an
add-on) is by itself not enough to secure a proper above-Néel
insulating PM state unless one permits spin-related SB first,
such as polymorphous distribution. It is essential to use an
expanded supercell that enables symmetry lowering and to
provide an initial nudge. Otherwise, even good XC function-
als could fail qualitatively in predicting the correct metal vs
insulator character.

II. METHODS: EXAMINING MAGNETIC
AND STRUCTURAL SYMMETRY BREAKING BY
AVOIDING THE USE OF AVERAGED CONFIGURATIONS

To describe the electronic properties of the compounds,
we use symmetry-broken DFT approximation, allowing the
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(a) Different degrees of symmetry breaking in LaTiO; and their effect on electronic structure
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FIG. 1. (a) Summary of different degrees of symmetry breaking (SB) and their effect on the electronic structure in LaTiOs. The reference
system both below and above the Néel transition is defined here as a monomorphous cubic structure without any local motifs that could
break symmetry, hence being a (possibly false) metal. Electronic structure of 8-PM LaTiOj; as described with (b) nonmagnetic and (c) spin-
polymorphous models where both structural and spin SB are allowed. The results are presented for PBEsol4+U with a U value of 2.5 eV.
The inset show details on local and total magnetic moments in the system. The space group in quotation marks references a global average

structure. Occupied states are shown as shadowed.

existence of structural and magnetic m-DOFs if their for-
mation lowers the internal energy of the system. For
magnetically ordered phases [e.g., ferromagnets (FMs) and
AFMs], the lowest magnetic orders identified by Varignon
et al. [18,19,28] are used. For the PM phases, we utilize
the spin-polymorphous description—spin special quasiran-
dom structure (SQS) [29]—which is generated for spin-up and
spin-down local magnetic motifs with a global zero magnetic
moment using a 160-atom supercell. Such a polymorphous
description corresponds to the high-temperature limit of a
random spin PM [16,30]. There are a few important conse-
quences of the application of the spin-polymorphous model:
(i) a spin-polymorphous system has significantly lower energy
than a NM approximation in the system; (ii) while the NM
system can often be approximated as a compound with specif-
ically defined Wyckoff positions, the spin-polymorphous
model has local structural symmetry, making each site struc-
turally and magnetically unique; and (iii) each transition metal
atom has magnetic moments. The first-principles calcula-
tions are carried out using plane-wave DFT as implemented
in VASP [31-33]. The SCAN [27] meta-generalized gradient
approximation functional (no +U correction) or PBEsol [34]
with U correction applied on d electrons of transition metals
as introduced by Dudarev et al. [35] are used to describe
XC interaction. The cutoff energies for the plane-wave basis
are set to 500 eV for final calculations and 550 eV for vol-
ume relaxation. Atomic relaxations are performed until the

internal forces are <0.01 eV/A unless specified. Analysis of
structural properties and visualization of computed results are
performed using VESTA [36] and the Pymatgen library [37].

III. RESULTS

A. d! perovskite: What breaks the degeneracy creating
a true insulator (LaTiO3) and what retains
the intrinsic metallic state (SrVOj;)

LaTiOj; is an orthorhombic (space group: Pnma) insulator
both below the Néel temperature (T = 146 K [38]), where
it exists as the AFM « phase, and above the Néel temper-
ature, where it exists as the PM B phase [39], in the same
crystal structure [Fig. 1(a)]. With respect to the reference
high-symmetry Pm-3m structure (not observed experimen-
tally for LaTiO3; under normal conditions), the ground-state
structure has distinct symmetry lowering, inclining the TiOg
octahedron around the [110]. axis and subsequently exe-
cuting a rotation about the ¢ axis [38]. In the strongly
correlated literature [9,10], the observed insulating charac-
ter of the PM B phase was argued to result from strong
electron correlation—absent in band theory which incorrectly
predicted this phase to be a false metal. In contrast to such
a purely electronic DOF explanation, mean-field symmetry-
broken polymorphous electronic structure works emphasize
the effect of m-DOFs. That the o phase is insulating has
been explained by the existence of AFM LRO in the presence

074406-3



MALYI, ZHAO, AND ZUNGER

PHYSICAL REVIEW MATERIALS 7, 074406 (2023)

of energy-lowering octahedra tilting/distortion [28]. However,
the fact that the PM B phase is also an insulator was ini-
tially unexpected, as this phase lacks the (spin) LRO that
enabled gapping of the « phase. The transition between a
low-temperature spin-ordered « phase to PM S does not nec-
essarily involve a sudden disappearance of all local moments.
Indeed, finite local moments are observed in PM phases, as
evidenced by experimental measurements of magnetic pair
distribution functions [40,41] or, more generally, unexpected
magnetic responses of PM phases [42—49].

1. Insulating LaTiOz: PM within symmetry-broken polymorphous
electronic structure

For PM B LaTiO;3 (the same also remains for PM S
YTiO3), the insulating nature of the compound can be well
captured by accounting for the energy-lowering structural
and magnetic SB. For instance, our calculations demonstrate
that the spin-polymorphous model has internal energy of 61
meV/atom, lower than that for the NM phase. Figures 1(b) and
1(c) show the density of states (DOS) of the 8-PM phase in
the same supercell with and without spin SB. The results show
that both structural and magnetic SB is needed to describe the
electronic structure of the system [i.e., magnetic or structural
SB alone does not open the gap, Fig. 1(a)]. In the PM 8 phase,
the local structural and magnetic patterns are comparable with
those in the AFM « phase. However, the key difference lies in
the absence of spin magnetic moment ordering. This demon-
strates that, while the PM S phase shares similarities with the
AFM « phase, it does not exhibit long-range spin order (as
will be seen below, this is the common tendency for range of
the compound discussed in this paper). Moreover, only spin
SB (i.e., ignoring the structural motifs as compared with ideal
high-symmetry Pm-3m perovskite structure) or only structural
SB without magnetic SB (i.e., using naive NM approximation
of the PM) is not sufficient for band gap opening within
DFT. These results question if DMFT predictions based on
the Hamiltonian mapping of primitive cells can sufficiently
capture the main physical phenomena originating from the
local SB without accounting for the existence of distribution
of m-DOFs.

2. Persistent metal d' SrVOs perovskite: PM within
symmetry-broken electronic structure

This system was treated previously by the same methods
as described herein [19,24] and is included for completeness.
The importance of both structural and spin SB on electronic
properties of PM g LaTiO3 implies that, if the structural or
magnetic SB is suppressed because of an intrinsic tendency
of the system or, more generally, the effect of external knobs
(e.g., temperature, pressure) on the material, the (d, d*) PMs
can be metallic. For instance, SrVOs; (space group: Pm-3m)
and CaVOs; (space group: Pnma) are PM degenerate gapped
metals with the Fermi level in the principal conduction band
until the lowest temperature tried [6,7]. Both of these com-
pounds can open the band gap due to the critical structural
SB within the spin-polymorphous model [19]; however, the
structural SB needed to open the gap are energetically unfa-
vorable under normal conditions. The fact is that both SrVOj;
and CaVOs; have a tolerance factor of close to one, which does

not allow the compounds to develop sufficiently strong SB.
We note, however, that using the spin-polymorphous model to
describe the electronic properties of such compounds is still
crucial, as accounting for the distribution of local magnetic
motifs is needed to describe the electronic properties of the
compounds. For instance, Wang et al. [24] demonstrated that
the mass enhancement in StVOj3 can be explained by account-
ing for spin SB without including any dynamic correlation
effect.

B. LaVO;: d? electron perovskite that breaks symmetry

This d? system was treated before (i.e., Refs. [18,19,28]),
and here, we summarize the salient results to place the other
d', d3, and d* perovskites into perspective. The ground-
state structure of LaVOs3 (« phase) is the AFM monoclinic
P2, /b structure that turns into the PM orthorhombic Pnma
structure (S phase) ~ 140 K [50]. Both phases are insulators
with confirmed JT distortion [28]. While metallic behavior
is expected for LaVO; with its two electrons distributed
in three f,, partners, they are experimentally found to be
insulators [51]. For the ground-state structure, the DFT cal-
culations with the SCAN or PBEsol+U functional confirmed
that the AFM-C magnetic configuration with monoclinic
(P2,/b) structure is the lowest-energy structure with band
gap energy of 0.42 eV using PBEsol+U, U = 3.5 eV [28]
or 0.78 eV using SCAN [18]. We note, however, that using
soft XC functionals is unable to predict the true insulating
nature [5]. The PM orthorhombic structure modeled by a
monomorphous NM spin configuration based on the aver-
aged spin structure is understandably found to be a false
metal. This does not reflect a shortcoming of DFT but
rather a misrepresentation of PM phases. Indeed, the NM
false metal configuration has enormously higher energy (by
1167 meV/f.u.) than the spin polymorphous of the same
crystallographic structure [19]. What makes LaVOs; different
from some other oxides is that rotations plus antipolar dis-
placements of ions with respect to ideal Wyckoff positions in
the high-symmetry cubic structure are sufficient to produce
an insulating state since the Q, JT mode is not important for
the gap opening. We note, however, that like the 8 phase of
LaTiO;, band gap opening in both « and 8 phases of LaVO3
requires accounting for both structural and spin SB, i.e., ac-
counting for only one does not result in band gap opening.

C. SrMnOs: d? electron perovskite that breaks symmetry to
become an insulator

SrMnOj; is an example of a (d, d*) insulator that at low
temperature exists in an AFM ordered cubic Pm-3m structure
(o phase) and exhibits a Néel transition to B phase at the
temperature of ~260 K to a PM cubic insulator [52-54]. We
note, however, that depending on synthesis conditions, AFM
orthorhombic (C222,), PM orthorhombic (C222;), and PM
tetragonal (P63/mmc) structures can be observed [55]. Re-
cently Yeh et al. [12] suggested that none of the conventional
theoretical approaches could obtain an insulating result for
PM cubic StMnOs. Instead, exceedingly complex methods
(with the self-energy embedding theory method [56-58] us-
ing GW [59] as the weakly correlated outer method for all
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(a) Different degrees of symmetry breaking in SrMnOj; and their effect on electronic structure
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FIG. 2. (a) Summary of different degrees of symmetry breaking (SB) and their effect on the electronic structure in StMnOs. The reference
system both below and above the Néel transition is defined here as a monomorphous cubic structure without any local motifs that could break
symmetry. Hence, in this reference state, the system is a metal. Electronic structure of 8-PM SrMnOj; as described with (b) nonmagnetic and
(c) spin-polymorphous models where both structural and spin SB are allowed. The results are presented for SCAN. The inset shows details on
local and total magnetic moments in the system. The space group in quotation marks references the global average structure. Occupied states

are shown as shadowed.

orbitals and exact diagonalization as the inner quantum impu-
rity solver for the correlated orbitals) are required.

1. True insulating state in o and 8 phases of SrMnO;

Using the mean-field-like DFT but without ignoring SB in
describing the cubic PM phase, we observed the experimen-
tally expected cubic PM insulating phase without accounting
for any dynamic correlation. Specifically, we confirm that
viewing a PM phase as one that not only has a global zero
magnetization but also each atom has zero local moments (a
monomorphous NM approximation) will necessarily lead to a
false metallic state in a cubic phase [Fig. 2(b)]. Replacing this
rather naive monomorphous description with a polymorphous
description still has the macroscopic cubic shape, but each
Mn atom is not constrained to be NM, which naturally lowers
the total energy and gives an insulating phase. The calculated
band gap is 1.11 eV using the SCAN XC functional. The
energy of the spin-polymorphous system is 460 meV/atom
lower than that for the NM symmetry-unbroken description.
In contrast to the monomorphous NM approximation, within
the spin-polymorphous approach, we find that there is a dis-
tribution of local magnetic moments on the Mn atom with
the average absolute value of magnetic moment on each side
of 2.63 &+ 0.04us. While the structural SB provided by local
distortions of the individual octahedra is energy lowering, this

is not the reason for the band gap opening. Without magnetic
SB, the structural SB in cubic StMnO3 cannot open the gap.
The band gap opening originates from the magnetic SB, which
is already by itself sufficient to open the band gap. We note,
however, that structural SB is still an important factor, as it
can affect the absolute value of band gap energy. These results
are like those found for cubic PM CaMnOj; [19], where the
authors demonstrated that band gap opening is due to crystal
field splitting and demonstrated that crystal field splitting was
strongly dependent on the degree of magnetic SB.

D. LaMnOs: d* electron perovskite that breaks symmetry

The ground-state LaMnOs is an AFM insulator with an
orthorhombic structure (« phase, Pnma), in which structural
SB represented by octahedral tilting occurs with distinct octa-
hedra distortion. Recently, such structural changes have been
characterized as pseudo-JT distortion [28]. Upon heating, the
AFM insulator turns into a PM insulator ~ 140 K (Néel tem-
perature) without structural phase transition (8 phase, space
group: Pnma) [60]. At a temperature >780 K, the B phase
turns into the y phase—cubic (Pm-3m) PM polaron conduc-
tors [60,61]. We note that, despite some crystallographic data
confirming the phase transition, there is a clear indication of
local structural SB even above the phase transition tempera-
ture in the y phase [62].
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(a) Different degrees of symmetry breaking in LalMnOj; and their effect on electronic structure
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FIG. 3. (a) Summary of different degrees of symmetry breaking (SB) and their effect on the electronic structure in LaMnOj. The reference
system both below and above the Néel transition is defined here as a monomorphous cubic structure without any local motifs that could break
symmetry. Electronic structure of 8-PM LaMnOj; as described with (b) nonmagnetic and (c) spin-polymorphous models where both structural
and spin SB are allowed. The results are presented for SCAN. The inset shows details on local and total magnetic moments in the system. The
space group in quotation marks references the global average structure. Occupied states are shown as shadowed.

1. True insulating state in o and B phases and true metallic state
of y phase of LaMnO;

For the orthorhombic « phase of LaMnO3, by using AFM
configuration, we indeed find the insulating state with SCAN
band gap 0.49 eV [see Fig. 3(a)]. These results are consistent
with previous experimental and theoretical results [18,19,28].
Moreover, the calculated local spin moment on the Mn atom is
3.66ug, close to the value measured in the experiment (3.7 ug)
[63]. We note that the description of the insulating state in the
o phase requires accounting for structural distortion present in
the orthorhombic phase. If the o phase is approximated as an
ideal high-symmetry Pm-3m structure (i.e., one often used in
the correlation models), the magnetic SB (i.e., AFM) is unable
to open the gap. These results thus clearly highlight the im-
portance of structural SB (specifically pseudo-JT distortion)
in the band gap opening.

While the origin of band gap opening in the « phase
of LaMnOs; is rather well understood, historically, the B
phase attracted the most interest in the literature on corre-
lated materials [13]; using global average NM configuration
(zero spin moment on each Mn atom), it is found to be a
false metal. Hence, the inability to describe the insulating
state of the B phase of LaMnO; within naive DFT approx-
imation historically has been used as motivation to develop
post-DFT methods (like DMFT). For the B phase, the spin-
polymorphous model can describe the insulating state when
structural and magnetic SB is accounted for [Figs. 3(a) and
3(b)]. The spin-polymorphous system has the distribution

of local magnetic moments in the Mn site with a magnetic
moment of 3.66 £ 0.01 uz and substantially lower internal
energy (as compared with the naive NM approximation of the
PM). These results thus demonstrate that the gapping of the
B phase can be described by the accounting of the formation
of m-DOFs that lower internal energy without accounting for
any dynamic correlation. Importantly, in contrast to cubic PM
SrMnOj3, accounting for only one m-DOF (i.e., structural SB
or magnetic SB) is insufficient to open the gap [Fig. 3(a)].

What makes the case of LaMnOs interesting is the fact
that the y phase is metallic with spin and structure SB ac-
counted for [see Fig. 3(a)], which is in good agreement with
experimentally observed polaron conductor behavior [60,61].
Since the Mn magnetic moments for the y and § phases are
close (3.63 ug for the former and 3.66 ug for the latter), we
conclude that insulating states (like the cases of PM SrVO;
and CaVOs3) need sufficient structure SB seen in the 8 phase
which is, however, not developed in y phase of LaMnOj as
the result of energy-lowering formation of m-DOFs.

IV. SUMMARY AND DISCUSSION

We have demonstrated that the electronic properties of
LaTiO3, LaVO3, StMnOs3, and LaMnOs compounds, previ-
ously referred to as false metals, can be described using DFT
both below and above the Néel temperature. Specifically, such
an accurate description requires consideration of three key
factors:
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(i) One should not use the average unit cell. Instead, we
should expand it to a supercell with spin and structural SQS,
which permits more DOFs. For instance, for materials like
LaTiO; and LaVOs;, acknowledging this spin and structural
symmetry disruption lets us articulate their insulating char-
acteristics. Similarly, the insulating state in the B phase of
LaMnO; can be characterized when factoring in the spin and
structural SB.

(ii)) We should consider advanced XC functional usage.
While in this paper, we do not prioritize establishing the su-
periority of SCAN or PBEsol+U in calculating the electronic
properties of the discussed compounds, we demonstrate that
they, along with others like hybrid [64—67] or r>?SCAN [68]
functionals, can yield accurate electronic structures if they
allow for energy-lowering symmetry disruptions.

(iii) There should be an allowance for collaboration be-
tween different modes of microscopic DOFs. For instance,
in SrMnQOs, the band gap opening stems from the magnetic
symmetry disruption, while the structural symmetry disrup-
tion modifies the overall band gap energy value.

This three-pronged approach not only allows us to repro-
duce the Néel temperature for PM materials [30] accurately
and describe the metal-insulator transition [23] when the
weakening of structural symmetry disruption due to temper-
ature is considered. Furthermore, it also provides a thorough
understanding of the electronic properties of these materials
without the necessity for more complex post-DFT meth-

ods. The dataset of materials discussed here is limited, but
it emphasizes that a polymorphous network and its influ-
ence on the electronic properties of quantum materials is a
broad topic. Therefore, it is critical to avoid making pre-
mature conclusions about strong electron-electron correlation
in pseudometal syndrome cases. Instead, the three-pronged
strategy we propose—namely, expanding to a supercell, uti-
lizing advanced XC functionals, and allowing collaborations
between different modes of microscopic DOFs—can satisfac-
torily explain the lack of false metals in numerous cases.
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