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∗
exptl has long been known to be significantly larger

than the model effective mass m∗
model deduced from mean-field band theory, i.e., m∗

exptl = βm∗
model, where β > 1

is the “mass-enhancement” or “mass-renormalization” factor. Previous applications of density functional theory
(DFT), based on a symmetry-restricted structure with the smallest number of possible magnetic, orbital, and
structural degrees of freedom, missed such mass enhancement. This fact has been taken as evidence of strong
electronic correlation, often described via the symmetry-restricted dynamic mean-field approach of the many-
body theory, being the exclusive enabling physics. This paper uses instead a static density functional approach
that does not restrict positional or spin degrees of freedom (symmetry-broken structures). This approach analyzes
the contributions of different symmetry-broken modalities to mass enhancement for a few nominally highly
correlated d-electron perovskites as well as the nominally uncorrelated, closed-shell s-p bonding perovskites. It
shows that the energy-lowering symmetry-broken spin effects (e.g., nonzero local moment in the paramagnetic
phase) and structural effects (e.g., atomic displacement) as described in mean-field DFT already manifest mass
enhancement for both electrons and holes in a range of d-electron perovskites SrVO3, SrTiO3, BaTiO3, and
LaMnO3, as well as p-electron perovskites CsPbI3 and SrBiO3, including both metals (SrVO3) and insulators
(the rest). This is revealed only when enlarged unit cells of the same parent global symmetry, which are large
enough to allow for symmetry-breaking distortions and concomitant variations in spin order, are explored for
their ability to lower the total energy. Positional symmetry breaking that leads to mass enhancement includes
octahedral rotation in halide perovskites such as CsPbI3, Jahn-Teller-like Q+

2 distortion in LaMnO3, and bond
disproportionation in SrBiO3, while magnetic symmetry breaking resulting in mass enhancement includes the
formation of a distribution of local moments in SrVO3 that averages to zero in the paramagnetic phase. Not all
symmetry breaking leads to significant mass enhancement, e.g., the rather small octahedral rotations in the nearly
perfectly cubic SrTiO3 cause negligible mass enhancement, as do the paraelectric displacements in BaTiO3. In
principle, by ergodicity, the two descriptions, i.e., the symmetry-restricted dynamic approach with a single time-
fluctuating magnetic moment and the symmetry-broken mean-field approach with a static distribution of spatially
fluctuated local moments, are not mutually exclusive but are a choice of representation and consequently, a
choice of computational efficiency. In approximate implementations, the symmetry-broken mean-field approach
appears to remove much of what was strong correlation in dynamically correlated symmetry-restricted solutions,
leaving smaller (“weak”) residual correlation with respect to the exact solution.
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I. INTRODUCTION

The effective mass m∗ defined as the reciprocal of the
wave vector curvature ∂2E/h̄2∂ki∂k j of the band disper-
sion relation E (k) (where ki and k j are wave vectors) is a
central quantity in condensed matter physics, widely used
to characterize the band structure, carrier transport, and
wave function localization [1]. Recently, this quantity has
attracted attention in the context of d-electron correlated ox-
ide physics, where the measured effective mass m∗

exptl has
been noted in some cases to be significantly larger than
the model effective mass m∗

model, deduced from simplified
mean-field band theory m∗

exptl = βm∗
model, where β is the

“mass-enhancement” or “mass-renormalization” factor. Here,
m∗

exptl are generally deduced from experiment via model as-
sumptions (such as band parabolicity or various averages over
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the mass tensor), leading to different effective mass defini-
tions in different experiments, including the mass deduced
from Fermi velocity (vF ) as m∗ ∝ 1/vF , from density of
states (DOS) m∗ ∝ [D(E )]2/3, from specific-heat coefficient

m∗ ∝ γ , from magnetic susceptibility χ ∝ m∗(1− m2
0

3m∗2 ), and
from the band width W ∝ 1

m∗ . Values of β > 1 were re-
ported in the literature for Fe-based superconductors [2,3],
halide perovskites [4], titanites [5–7], ruthenates [8–10],
and vanadates [11–14]. These mass enhancement factors
from experiment β(exptl/model) = m∗

exptl/m∗
model were then

compared with the theoretical values β(Theory/model) =
m∗

Theory/m∗
model obtained from many-body approaches (such

as dynamic mean-field theory (DMFT) [15–24]). Because
m∗

model comes from the mean-field band theory, the predicted
theoretical enhancement β(Theory/model) > 1 has been in-
terpreted to be due to strong correlation effects [15–24].
For example, in DMFT, wavefunction localizes and band-
width narrows (thus leading to mass enhancement) due to
pure electronic symmetry breaking induced by the dynamic
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FIG. 1. Modalities of symmetry breaking illustrated for the perovskite structure. From top to bottom: (a) Strong electronic correlation
as schematically shown by the Hubbard model (where U is the on-site repulsion and t is the hopping energy); (b) magnetic symmetry
breaking such as the paramagnetism (PM), where the lattice sites are occupied by atoms having opposite spins without long-range order;
(c) octahedral rotations allowing nonzero rotation angles; (d) atomic displacements such as the ferroelectric displacements in perovskites
inducing a local polarization degree of freedom; (e) bond disproportionation allowing octahedra in perovskites to have different volumes; (f)
Jahn-Teller distortions elongating the perovskite octahedron along one direction, leading to inequivalent bond lengths between the center and
corner atoms.

leaving smaller (“weak”) residual correlation with respect
to the exact solution. Thus, a correlation that has been dy-
namic in the symmetry-restricted case can become static in
the symmetry-broken cases, and the correlated methods in
symmetry-restricted structures might not be the only way to
describe mass enhancement [63]. Symmetry can be restored
afterward [64] and often gives localized states but small ad-
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FIG. 2. Mass enhancements in the paramagnetic (PM) cubic phase of SrVO3. (a) The band structure obtained from the same naïve density
functional theory (N-DFT) restriction as in previous literature [12–18], namely a single-cell, cubic, nonmagnetic (NM) SrVO3 model using
PBE+ U (U = 1.25 eV on V d orbitals). (b) The distribution of spin moments in the present PM phase: blue lines show that, in the minimal-cell
NM phase, all vanadium sites have zero magnetic moment, while the red curve shows that, in the PM phase, different vanadium sites have a
distribution of different, nonzero magnetization. (c) The unfolded band structure when removing the minimal-cell restrictions by using instead
a cubic, 128 f.u. PM supercell SrVO3 with the same PBE + U method. The total internal energy Etot from DFT of (c) is 31 meV per formula
unit (meV/f.u.) lower than that of (a). Masses in (c) are calculated via density of states (DOS) at Fermi level (which gives βe = 1.4−1.6 and
βh = 1; the subscripts e and h denote the electron and hole mass enhancements; uncertainty is due to the variation of DOS nearby the Fermi
level), second derivative of E vs k (which gives βe = 1.46 and βh = 1), and bandwidth (which gives βe = 1.43 and βh = 1). The vertical
arrows in (a) and (c) show the bandwidths. The same PBE + U method has been applied for all SrVO3 calculations.

PM or from the DFT, and as was recently recognized, it leads
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FIG. 3. Convergence of mass enhancement and band structure of SrVO3 paramagnet (PM) vs supercell size increasing from 32 f.u.
(160 atoms), to 64 f.u. (320 atoms), to 128 f.u. (640 atoms). All supercells are generated by using the spin special quasirandom structure
(SQS) method. Note band narrowing convergence.

evolution of the unfolded band structure as the real-space
supercell size increases, finding convergence.

The significant result is that the conduction band in the
PM phase, allowed to have a distribution of local spin mo-
tifs, is narrowed relative to the minimal-cell NM case from
2.5 eV [Fig. 2(a)] to 1.75 eV [Fig. 2(c)]. This leads to an
electron mass-enhancement factor (βe) in the PM supercell
βe(DFT/
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FIG. 4. Total density of states (DOS) of cubic SrVO3 (the same PBE + U method) as a weighted superposition of the partial DOS (PDOS)
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FIG. 5. Energy level diagram for CsPbI3, before and after octahe-
dral rotation. The red solid lines show the trends of band gap change.

derives from classical atomic size mismatch and therefore
exists even in close-shell s-p electron compounds such as
halide perovskites [52,90,91]. Octahedral tilting (rotation) ef-
fects have been investigated in lead and tin halide perovskites
for the low-temperature tetragonal and orthorhombic phases.
However, for the cubic phase, it has been generally assumed
[30–33] that, because of its XRD designation as a Pm3̄m
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We choose SrBiO3 as an example to investigate such a
bond disproportionation effect on effective masses. SrBiO3

is known to be insulating in its low-temperature monoclinic
phase with a disproportionate R+

1 distortion [106]. The mono-
clinic phase shows a tilting M+

3 ⊕ R+
4 mode (Glazer notation

a+b–c–), which could also contribute to the mass enhance-
ment. To isolate the contribution of R+

1 disproportionation
from tilting, we apply here a three-level model: (1) we start
from a level 1 model, which is minimal-cell cubic Pm3̄m
structure; (2) then we apply a tilting M+

3 ⊕ R+
4 mode to

construct a level 2 monoclinic (P21/n) structure without
disproportionation; and (3) finally, a level 3 model uses the ex-
perimentally observed SrBiO3 monoclinic phase (also P21/n)
with both tilting (the same amplitude as in level 2) and dis-
proportionation. The atomic structures, together with the band
structures using the PBE functional + spin-orbit coupling
(SOC) effect for these three levels, are shown in Fig. 9.

(1) Level 1 [Pm3̄m cubic; Figs. 9(a)
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FIG. 11. Mass enhancements in antiferroelectric (AFE) cubic phase of BaTiO3. (a) The band structure from the same naïve density
functional theory (N-DFT) restriction as in previous literature [129–131], namely a single-cell, no Ti-atom displacement model, using SCAN
functional. (b) The distribution of Ti-atom displacement symmetry breaking: upper part in (b) shows that the minimal-cell model BaTiO3

does not have any Ti-atom displacement (	R = 0 for each Ti atom), while the lower part in (b) shows that the AFE supercell (8 f.u.) has a
unique displacement pattern, where the eight Ti atoms move along eight 〈111〉 directions. In the AFE supercell, the net polarization is zero
(〈	R〉 = 0), but the local polarization on each Ti site is large (〈|	R|〉 = 0.13Å). (c) The unfolded band structure of the 8 f.u. AFE supercell
BaTiO3 with the same SCAN method. Masses in (c) are calculated via the second derivative of E vs k, which gives βe ≈ 1.1 and βh ≈ 1.
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FIG. 13. Comparison of density of states (DOS) from density
functional theory (DFT) calculations using PBE + U (red curve) and
SCAN (blue curve) functionals for the 64 f.u. (320 atom) param-
agnetic (PM) cubic supercell of SrVO3. The two functionals show
remarkably similar DOS at Fermi level and very similar bandwidths
(denoted by the red and blue arrows).

PBE functional. Note that no SOC has been considered for
CsPbI3 in this paper because the PBE functional will give too
small a gap (∼0.1 eV) if applied together with SOC; a better
agreement with experimentally observed gap can be achieved
by using SOCwith a hybrid functional such as Heyd-Scuseria-
Ernzerhof, which is however beyond the scope of this paper.
(iv) The s-p-bonded oxide SrBiO3 has been calculated using
the PBE with SOC effect.

For each compound, we have applied the DFT lattice con-
stants obtained from the minimal cell model to all supercell
calculations: a = 3.83Å (cubic SrVO3); a = 6.27Å (cubic
CsPbI3); a = 5.51Å, b = 5.81Å, and c = 7.64Å (LaMnO3

with Jahn-Teller-like distortion); a = 5.57Å and c = 7.87Å
(LaMnO3 without Jahn-Teller distortion); a = 6.01Å, b =
6.20Å, and c = 10.49Å (monoclinic SrBiO3); a = 4.52Å
(cubic SrBiO3); a = 3.91Å (cubic SrTiO3); and a = 4.03Å
(cubic BaTiO3). To minimize the numerical error, for all cells
of the same compound in the same phase (e.g., SrVO3 single
f.u. cubic primitive cell vs SrVO3 64 f.u. cubic supercell),

TABLE II. Summary of DFT total energy for different collinear
magnetic structures of cubic SrVO3. The same PBE + U method
has been applied for all SrVO3 calculations. All structures have the
same lattice constant and atomic positions and only differ in the
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