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Recent angle-resolved photoelectron spectroscopy (ARPES) measurements of the hole effective
mass in CsPbBr3 revealed an enhancement of ∼50% compared to the bare mass computed from first
principles for CsPbBr3 at T = 0 K. This large enhancement was interpreted as evidence of polaron
formation. Employing accurate finite-temperature first-principles calculations, we show that the
calculated hole effective mass of CsPbBr3 at T = 300 K can explain experimental results without
invoking polarons. Thermal fluctuations are particularly strong in halide perovskites compared to
conventional semiconductors such as Si and GaAs, and cannot be ignored when comparing with
experiment. We not only resolve the debate on polaron formation in halide perovskites, but also
demonstrate the general importance of including thermal fluctuations in first-principles calculations
for strongly anharmonic materials.

Lattice vibrations at finite temperatures mediate ther-
mal fluctuations in atomic and electronic structures,
which further impact the material properties [1]. While
lattice vibrations are always present, they are usually
not taken into account in first-principles calculations,
even for the basic electronic band structure. The rea-
sons for this neglect are twofold. First, since the main
focus is typically on material properties at room tem-
perature, temperature effects are assumed to be minor.
Second, the density functional theory (DFT) [2] that
underlies the majority of first-principles calculations is
strictly speaking only valid at T = 0 K, and incorporat-
ing temperature effects is challenging. While remarkable
progress has been made in theoretical computations of
phonons (quasiparticles for lattice vibrations) [3–6] and
electron-phonon coupling [7, 8] and of their role in band-
structure renormalization [9, 10], these calculations are
often prohibitively expensive for routine use. Pragmati-
cally, for many materials lattice vibrations can indeed be
disregarded while computing band structures and derived
properties; however, there are important exceptions, es-
pecially when dealing with strongly anharmonic materi-
als.

Halide perovskites, which have emerged as highly ef-
ficient materials for optoelectronics, are strongly an-
harmonic materials with a soft lattice [11]. Their ex-
cellent performance has often been attributed to the
formation of polarons [12, 13]. Evidence of polaron
formation in halide perovskites is commonly based on
a comparison of experimental and theoretical effective
masses derived from the band structure. Puppin et
al. [14] performed angle-resolved photoelectron spec-
troscopy (ARPES) measurements for the valence-band
dispersion of CsPbBr3 perovskite, which revealed an en-
hancement of 50% for the hole effective mass (0.26 ±
0.02 m0) compared to the value computed with hybrid-
functional DFT (0.17 m0). The enhancement was inter-

preted as evidence for the formation of large polarons
in CsPbBr3. This attribution was subsequently ques-
tioned by Sajedi et al. [15], who performed independent
ARPES measurements and GW calculations. The mass
computed by Sajedi et al. (0.226 m0) was even greater
than their new experimental result (0.203 ± 0.016 m0),
indicating an absence of polaron formation. Recently,
however, Rieger et al. [16] reported an ARPES-measured
hole effective mass of 0.3 m0 for CsPbBr3, greater than
all of the theoretically computed hole masses. In short,
while the experimentally measured effective masses ex-
hibit some spread, there may indeed be an enhancement
compared to the first-principles results. However, since
the conclusion about polaron formation hinges on an ex-
perimentally observed enhancement of the effective mass,
the key question is: what is the correct reference band
structure of polaron-free CsPbBr3 that can serve as a
reference to compare with the experimental results?

Rigorous computation of the electronic band structure
of CsPbBr3 is non-trivial for the following reasons. First,
as discussed above and also acknowledged in Ref. 14,
thermal fluctuations may also cause mass renormaliza-
tion; Puppin et al. [14] concluded that the impact of ther-
mal fluctuations on effective masses is negligible, but pro-
vided only a rough estimation. Second, “first-principles”
or “DFT calculations” are highly imprecise labels that
cover a wide range of approaches with different levels
of accuracy, depending, for instance, on the exchange-
correlation functional or on specific parameters that can
critically impact the final electronic band structure. We
note that neither the first-principles calculations with hy-
brid functionals by Puppin et al. [14] nor the GW cal-
culations by Sajedi et al. [15] were able to reproduce the
experimental band gap of CsPbBr3. This raises concerns
about the derived effective masses, since the latter are
correlated with the band gap, as shown by k·p theory [17].

In this Letter, we rigorously investigate the electronic
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band structure of CsPbBr3 from first principles, employ-
ing the Heyd-Scuseria-Ernzerhof (HSE) [18] hybrid func-
tional with spin-orbit coupling (SOC) included and tak-
ing into account the thermal lattice fluctuations at room
temperature. The reliability of this methodology has
been experimentally verified in the computation of an
accurate electronic band structure for CsPbI3 [19]. For
CsPbBr3, we also obtain a band gap in good agreement
with experiment (2.37 eV) [20]. We find that, after taking
into account thermal fluctuations at room temperature,
and without introducing a hole in the valence band, our
calculated hole effective mass agrees very well with the
experimental results of Puppin et al. [14]. Hence, refer-
enced to a correct band structure, there is no evidence
of a significant enhancement in the experimentally mea-
sured hole effective mass, and consequently no basis for
concluding that polaron formation occurs in halide per-
ovskites.
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FIG. 1. Evolution of the band gap of CsPbBr3 as a function
of time in an AIMD simulation. The yellow line shows the ac-
cumulated average value of the band gap (starting from 1000
fs). The insets show the atomic structures of the ideal cubic
lattice at 0 K and distorted lattice at 300 K for CsPbBr3.

To obtain an accurate band structure for CsPbBr3, a
proper description of its atomic structure at room tem-
perature is required. We therefore perform ab initio
molecular dynamics (AIMD) simulations at 300 K us-
ing the canonical ensemble (NV T ) with the Nosé-Hoover
thermostat [21, 22] as implemented in the Vienna ab ini-
tio simulation package (vasp) [23]. The initial structure
is a 4×4×4 supercell of the ideal cubic perovskite phase
(lattice constant: 5.87 Å [24]) containing 320 atoms (see
inset of Fig. 1). We use the Perdew-Burke-Ernzerhof
(PBE) functional [25] (which has been demonstrated to
accurately describe structural properties [26]) to simulate
the structural evolution and equilibration; to evaluate the
precise electronic band structure we will subsequently ap-

ply the HSE functional in conjunction with SOC. The
time step of the AIMD simulations is set to 1 fs.

Figure 1 shows the evolution of the band gap as a func-
tion of time. Clearly, the band gap experiences a pro-
nounced increase (on the order of 0.5 eV) in the first
1000 fs, and afterwards it gradually equilibrates with
small fluctuations (see the yellow line in Fig. 1 for the
accumulated average after 1000 fs). This already implies
that thermal lattice fluctuations significantly modulate
the electronic structure of CsPbBr3. In particular, the
VBM is an antibonding state between Pb 6s and Br 5p
orbitals, while the CBM arises from the coupling of Pb 6p
and Br 5p orbitals. At room temperature, thermal effects
induce tilting of the Pb–Br octahedra that reduces local
symmetry. This tilting weakens the s-p coupling (thereby
lowering the VBM) and strengthens the p-p coupling
(raising the CBM), ultimately increasing the band gap in
halide perovskites at room temperature. This behavior
is distinct from many other materials, where the band
gap usually decreases at higher temperatures [27, 28].
After reaching thermodynamic equilibrium, despite on-
going atomic fluctuations, the electronic band structure
and the effective mass exhibit only minor variations (see
the Supplemental Material [29]) Hence, we select a rep-
resentative pseudocubic atomic configuration (see inset
of Fig. 1) to evaluate its accurate electronic structure at
room temperature.

One technical issue in utilizing the HSE functional is
the determination of a suitable mixing parameter (α),
i.e., the fraction of nonlocal Fock exchange to include
in the first-principles calculations. We use the exper-
imental room-temperature band gap (2.37 eV [20]) as
a benchmark criterion to determine α, which leads to
α = 0.44. The colormap in Fig. 2(a) shows the calcu-
lated band structure for the selected AIMD configuration
in Fig. 1 by Brillouin-zone unfolding [30, 31] onto the cu-
bic symmetry. The following results and discussion focus
on the cubic phase of CsPbBr3 to be consistent with pre-
vious studies [14, 15]. We also performed calculations
and analyses for the orthorhombic phase (see the Sup-
plemental Material [29]), which reveal similar trends.

To elucidate the importance of thermal lattice fluctua-
tions, we also calculate the electronic band structure for
ideal cubic CsPbBr3 using the HSE-SOC scheme [32] for
comparison. If we follow the same benchmark criterion,
we actually need a much larger α of 0.74 to reproduce
the room-temperature experimental band gap. The band
structure for ideal cubic CsPbBr3 obtained in this fash-
ion is depicted in Fig. 2(b) and also included in Fig. 2(a)
(orange line) for comparison.

One can see that even though the band gaps are iden-
tical in the two cases, the band dispersions and thus
the effective masses are different. In addition, the intra-
valence-band transition energy (∆v) exhibits a very large
difference of around 1.4 eV between the two cases. ∆v is a
very special feature in the renormalized band structure of
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FIG. 2. (a) Unfolded band structure of CsPbBr3 with the representative AIMD configuration at room temperature. (b,c) Band
structure of cubic CsPbBr3 computed from the HSE-SOC scheme with different fractions of nonlocal Fock exchange (α). The
orange lines in (a) depict the computed band structure for ideal cubic CsPbBr3 (at 0 K).

halide perovskites, and this reduction has been quantita-
tively confirmed by supercontinuum transient-absorption
experiments [19]. As shown in Table I, after taking into
account the thermal lattice fluctuations both the electron
and hole effective masses are significantly enhanced (62%
forme and 74% formh) as compared to those for the ideal
cubic structure computed with α = 0.74. The hole effec-
tive mass obtained for the AIMD structure with thermal
fluctuations at room temperature included is 0.26 m0,
very close to the experimental value (0.26± 0.02 m0) in
Ref. [14].

To exclude the impact of α, we also compute the
band structure for ideal cubic CsPbBr3 with α = 0.44.
As shown in Fig. 2(c), we obtain a band gap of 1.48
eV, which is similar to the value (1.74 eV) calculated
with the many-body GW approach in Ref. [15]; both
values are much lower than the experimental band gap
(2.37 eV). This discrepancy underscores the importance
of both computational methodology and structural de-
tails. Although the GW approach is widely recognized
for its accurate evaluation of electronic structures, the re-
liability of any method—whether GW or a hybrid func-
tional—still hinges on using the correct atomic struc-
ture. If the structural model does not reflect the ac-
tual experimental conditions, even an advanced method
like GW may fail to reproduce the experimental data.
Using α = 0.44 on the ideal cubic structure not only
significantly underestimates the true experimental gap
(1.48 vs. 2.37 eV), but also significantly overestimates
∆v (2.38 vs. 1.60 eV) and underestimates the effective

masses (Table I), demonstrating that the impact of ther-
mal fluctuations is clearly very strong and the observed
effects cannot be attributed to the choice of α.

TABLE I. Comparison of calculated band gaps and electron
and hole effective masses (me and mh) with different struc-
tures and different fractions of nonlocal Fock exchange (α) in
the HSE hybrid functional.

cubic phase 300 K (α=0.44) 0 K (α=0.74) 0 K (α=0.44)

Eg(eV) 2.37 2.37 1.48

me (m0)

R-M 0.294 0.172 0.154

R-Γ 0.263 0.172 0.156

Ave. 0.278 0.172 0.155

mh (m0)

R-M 0.265 0.148 0.143

R-Γ 0.256 0.149 0.145

Ave. 0.260 0.149 0.144

We emphasize that the thermally induced mass en-
hancement occurs in the absence of introducing a hole
in the valence band. In order to investigate whether
the presence of such holes in the ARPES measurement
would lead to any additional effects, we explicitly in-
troduce an extra hole in the CsPbBr3 supercell. We
again perform AIMD simulations at room temperature
(see the Supplemental Material [29]) to extract a relevant
atomic configuration for further calculation of its elec-
tronic band structure. We employ the HSE-SOC scheme
(with α = 0.44) to compute the unfolded band structure
for the equilibrated CsPbBr3 supercell with an extra hole
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included at room temperature as shown in Fig. 3, in com-
parison with the electronic band structure of polaron-free
CsPbBr3. Two interesting observations can be made.

Without hole With hole

Γ R M|M R Γ

FIG. 3. Unfolded band structure of CsPbBr3 without and
with an extra hole.

First, no localized gap states are formed in the band
structure of CsPbBr3 with an extra hole introduced at
room temperature, which implies that small polarons are
not formed in this material. Second, the addition of
an extra hole has a negligible impact on the electronic
band structure of CsPbBr3 (see Fig. 3). We also explic-
itly checked whether hole localization can occur and did
not find any evidence for polaron stability (see the Sup-
plemental Material [29]). This analysis therefore does
not produce any evidence for polaron formation. For
charge-neutral lattices, the observed enhancement in ef-
fective masses arises from lattice thermal fluctuations.
In particular, the tilting of Pb-Br octahedra alters the
coupling between Pb and Br orbitals at the band edges.
These structural modifications change the band disper-
sion, leading to an increased carrier effective mass, a
mechanism that is clearly distinct from the enhancement
caused by large polaron formation.

Finally, we show that the drastic enhancement of ef-
fective masses due to thermal fluctuations is a unique
feature in strongly anharmonic materials such as halide
perovskites, and is in clear contrast with the situation in
more conventional semiconductors. We employ the same
methodology as used for CsPbBr3 to compute the un-
folded band structures of Si and GaAs at room temper-
ature [see the colormaps in Fig. 4(a,b)]. Their electronic
band structures at T = 0 K are also computed using the
HSE hybrid functional [with the same mixing parame-
ter (default value: 0.25) used for evaluating the room-
temperature band structure] for comparison [see the or-
ange solid lines in Fig. 4(a,b)].

It is evident from Fig. 4(a,b) that the smearing in
the room-temperature band structures of both Si and
GaAs is much weaker than that in CsPbBr3, which is
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FIG. 4. Unfolded band structures of (a) Si and (b) GaAs
at room temperature in comparison with the corresponding
band structures at T = 0 K (orange solid lines).

due to much less pronounced thermal fluctuations in Si
and GaAs. The dispersions of the band edges in the
room-temperature band structures of Si and GaAs are
nearly identical to those at T = 0 K. Quantitatively, the
direction-averaged heavy-hole effective masses for both
Si and GaAs vary by only around 5% when changing the
temperature from 0 to 300 K. This is distinctly different
from the behavior observed in CsPbBr3.
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FIG. 5. (a-c) Phonon density of states [D(ω)] of (a) CsPbBr3,
(b) Si, and (c) GaAs. (d) D(ω)/ω2 as a function of ω for
CsPbBr3, Si, and GaAs.

The different levels of thermal fluctuations can be
understood by analyzing the phonon density of states
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[D(ω)] of the three materials in Fig. 5(a-c). The vibra-
tional frequencies in CsPbBr3 are drastically lower than
those in Si and GaAs, making its vibrational modes much
easier to be activated at low temperatures. We also plot
D(ω)/ω2 as a function of ω in Fig. 5(d). According to
the Debye model for vibrational frequencies, D(ω) has a
quadratic dependence on ω at low frequencies for normal
harmonic crystals [33]. The fact that CsPbBr3 exhibits a
distinct peak (commonly referred to as a boson peak [34])
in the low-frequency region clearly indicates the existence
of higher-order contributions. The strong anharmonicity
in CsPbBr3 flattens the potential energy surface of lat-
tice vibrations, enhancing the thermal fluctuations and
disordering in CsPbBr3 at room temperature.

In conclusion, we have shown that thermal lattice
fluctuations significantly renormalize the electronic band
structure of CsPbBr3, which can well explain the pre-
viously observed hole effective mass in ARPES experi-
ments. Hence, there is no evidence for polaron forma-
tion from the ARPES experiments. The strong thermal
fluctuations in CsPbBr3 are intimately related to its soft
lattice with low vibrational frequencies and pronounced
anharmonicity, in clear contrast with conventional semi-
conductors such as Si and GaAs. By rigorously analyzing
the effective masses of CsPbBr3, our study not only clar-
ifies the controversy on the evidence of polaron forma-
tion in halide perovskites, but also establishes a robust
method for accurately assessing the finite-temperature
band structure of strongly anharmonic materials. More
generally, we demonstrate that when using theoretical
calculations to interpret experimental results, reliability
hinges not only on the intrinsic precision of the compu-
tational methods, but also on faithfully incorporating all
relevant factors (e.g., thermal effects in the current case).
Ensuring consistency between the experimental and the-
oretical conditions is essential.
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