Open Access Article. Published on 14 April 2025. Downloaded on 12/5/2025 7:13:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry C

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2025,
13,10399

Received 27th February 2025,
Accepted 11th April 2025

DOI: 10.1039/d5tc00863h

rsc.li/materials-c

Giant thermally induced band-gap
renormalization in anharmonic
silver chalcohalide antiperovskitesy

Pol Benitez, (2 **® Siyu Chen, ab
Josep-Lluis Tamarit,

Bartomeu Monserrat

¢ Cibran Lépez,
" Edgardo Saucedo,

@ Ruoshi Jiang,
@ Jorge ifiguez-Gonzalez,
¢ and Claudio Cazorla () *®®

bg

Silver chalcohalide antiperovskites (CAP), AgzXY (X = S, Se; Y = Br, 1), are a family of highly anharmonic
inorganic compounds with great potential for energy applications. However, a substantial and
unresolved discrepancy exists between the optoelectronic properties predicted by theoretical first-
principles methods and those measured experimentally at room temperature, hindering the fundamental
understanding and rational engineering of CAP. In this work, we employ density functional theory, tight-
binding calculations, and anharmonic Fréhlich theory to investigate the optoelectronic properties of CAP
at finite temperatures. Near room temperature, we observe a giant band-gap (Eg) reduction of
approximately 20-60% relative to the value calculated at T = O K, bringing the estimated E4 into excel-
lent agreement with experimental measurements. This relative T-induced band-gap renormalization is
roughly twice the largest value previously reported in the literature for similar temperature ranges. Low-
energy optical polar phonon modes, which break inversion symmetry and enhance the overlap between
silver and chalcogen s electronic orbitals in the conduction band, are identified as the primary drivers of
this significant E4 reduction. Furthermore, when temperature effects are considered, the optical absorp-
tion coefficient of CAP increases by nearly an order of magnitude in the visible light spectrum. These
findings not only bridge a critical gap between theory and experiment but also pave the way for future
technologies where temperature, electric fields, and light dynamically modulate optoelectronic proper-

ties, establishing CAP as a versatile platform for energy and photonic applications.

Introduction

Electron-phonon coupling (EPC), arising from the interactions
between electrons and lattice vibrations, is ubiquitous in
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materials and is responsible for a wide range of condensed
matter physical effects." ™ For example, EPC plays a crucial role
in the temperature (7) dependence of electrical resistivity in
metals, carrier mobility in semiconductors, optical absorption
in indirect band gap semiconductors, and the onset of conven-
tional superconductivity. Additionally, EPC enables the ther-
malization of hot carriers, influences the phonon dispersion in
metals, and determines the T-dependence of electronic energy
bands in solids.”®

Likewise, the band gap (E,) of semiconducting and dielectric
materials can be significantly affected by EPC, typically decreas-
ing with increasing temperature (the so-called Varshni effect”).
This common E; behavior can be explained by the Allen-Heine-
Cardona perturbative theory, which attributes it to a larger
T-induced energy increase in the valence band compared to
the conduction band due to a greater sensitivity to phonon

J. Mater. Chem. C, 2025, 13,10399-10412 | 10399


https://orcid.org/0009-0005-4910-7241
https://orcid.org/0000-0003-2005-2273
https://orcid.org/0000-0002-3019-7284
https://orcid.org/0000-0003-3949-5058
https://orcid.org/0000-0002-7965-0000
https://orcid.org/0000-0001-6435-3604
https://orcid.org/0000-0003-2123-6162
https://orcid.org/0000-0002-4233-4071
https://orcid.org/0000-0002-6501-4513
http://crossmark.crossref.org/dialog/?doi=10.1039/d5tc00863h&domain=pdf&date_stamp=2025-04-28
https://doi.org/10.1039/d5tc00863h
https://doi.org/10.1039/d5tc00863h
https://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc00863h
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC013020

Open Access Article. Published on 14 April 2025. Downloaded on 12/5/2025 7:13:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

population variations (i.e., larger second-order electron-pho-
non coupling constants).®® Representative examples of this
thermal E, dependence include diamond, which exhibits a
~5% band-gap reduction at around 1000 K;'“'* antimony
sulfide (Sb,S;), which shows a E, reduction of 200 meV in the
temperature range of 10 < T < 300 K;'* MgO, which displays a
band-gap reduction of ~15% in the temperature interval 0 <
T < 1500 K;'* SrTiO;, which exhibits a ~15% band-gap
reduction from 300 to 1000 K;'®> and molecular crystals, which
display record band-gap reductions of 15-20% at low
temperatures.'® Anomalous band-gap thermal behaviour, in
which E, increases with increasing temperature, has also been
observed in a variety of materials such as black phosphorus,’
halide perovskites,"® and chalcopyrite’® and hydride?
compounds.

Highly anharmonic silver chalcohalide antiperovskites
(CAP)*® with chemical formula Ag;XY (X = S, Se; Y = Br, I) are
structurally similar to lead halide perovskites (e.g., CsPbls),
with the “anti” designation indicating the exchange of anions
and cations compared to the typical ionic perovskite arrange-
ment. Analogous to lead halide perovskites, CAP are highly
promising materials for energy and optoelectronic
applications,*® offering low toxicity due to their lead-free
composition.””?® The two most extensively studied CAP com-
pounds, Ag;SBr and Ag;SI, possess experimentally determined
band gaps of approximately 1.0 eV,***° making them favorable
for photovoltaic applications. These materials have also been
recognized as high temperature superionic conductors.”™*?
Additionally, CAP have been investigated as potential thermo-
electric materials®***® owing to their substantial vibrational
anharmonicity and unique charge transport properties.>**

Intriguingly, for both Ag;SBr and Ag;SI, there is an enor-
mous disagreement between the E, predicted by first-principles
methods (at T = 0 K, under static lattice conditions) and those
measured experimentally at room temperature. In particular,
high-level density functional theory (DFT) calculations employ-
ing hybrid functionals and including spin-orbit coupling (SOC)
effects estimate the band gap of these two archetypal CAP to be
1.8 and 1.4 eV, respectively.>**' The E, discrepancies between
theory and measurements amount to 60-80% of the experi-
mental values (i.e., differences of 0.5-0.8 eV), which are unu-
sually large and call for a careful inspection of the factors
causing them.

In this study, we assessed the influence of EPC effects on the
E, and optical absorption spectra of CAP using first-principles
DFT methods, tight-binding calculations, and anharmonic
Frohlich theory. Near room temperature, our computational
investigations revealed a giant E, reduction of 20-60% relative
to the value calculated at T = 0 K, bringing the estimated band
gap into excellent agreement with the experimental values.
Low-energy optical polar phonons, which cause large
symmetry-breaking structural distortions and promote the
overlap between silver and chalcogen s electronic orbitals in
the conduction band, were identified to be the primary mecha-
nism driving this substantial 7T-induced band-gap reduction.
Furthermore, at finite temperatures the optical absorption
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spectra of CAP were significantly enhanced, in some cases by
nearly an order of magnitude. The polar nature of the phonons
causing these effects opens up new technological possibilities,
where the optoelectronic properties of materials could be
effectively manipulated by external electric fields and light.

Results

The room-temperature phase of both Ag;SI and Ag;SBr have
been experimentally identified as cubic with the space group
Pm3m.*>**7* This phase is characterized by a five-atom unit
cell: a chalcogen atom at the center of the cube, halide atoms in
each vertex, and silver atoms at the center of each face (Fig. 1a
and b). Phonon calculations of this phase within the harmonic
approximation (T = 0 K) reveal imaginary phonon branches,
thus indicating dynamical instability. However, when phonons
are calculated fully accounting for anharmonic effects at finite-
T conditions, the resulting phonon spectrum is well-behaved
with no signs of instability (Fig. 1c).>° Thus, the cubic Pm3m
phase was considered throughout this work for all CAP.

As discussed in the Introduction, the discrepancies between
the experimentally measured (at 7 = 300 K) and theoretically
determined (at T = 0 K) band gaps of Ag;SBr and Ag;SI are
tremendously large (i.e., 60-80% of the experimental values).
Therefore, we investigated their potential causes by assessing
the impact of electron-phonon coupling (EPC) and tempera-
ture on the band gap of CAP.

Band gap renormalization due to electron-phonon interac-
tions is typically estimated using two main approaches: density
functional perturbation theory (DFPT)" and finite-differences.’
In DFPT, electron-phonon interactions are treated as a pertur-
bation, with band energy variations (and consequently, band
gap shifts) derived from the Fan-Migdal and Debye-Waller self-
energies, as described by Allen and Heine.*® A key advantage of
DFPT is its computational efficiency, as it does not require the
use of supercells. This method has been widely employed in
band gap renormalization studies®” and is implemented in
popular ab initio codes such as EPW.*®

Finite-differences approaches, on the other hand, are com-
putationally more demanding, requiring supercells to repro-
duce phonons in real space and dynamical simulations to
correctly sample the electronic response to ionic fluctuations.
However, they offer distinct advantages over DFPT. One key
benefit is their flexibility, as they can be applied with any
underlying electronic structure method. Additionally, finite-
differences methods naturally incorporate terms beyond the
lowest order in the electron-phonon interaction, making them
particularly useful for capturing higher-order effects."® Readers
seeking a more comprehensive discussion of DFPT and finite-
differences methods are referred to the review articles,"* which
extensively cover these techniques.

In this study, we employ the finite-differences approach to
estimate temperature-renormalized band gaps, as CAP materi-
als exhibit strong anharmonicity.”® Consequently, renormaliz-
ing their electronic band energies at the harmonic level would

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 General physical properties of the archetypal CAP AgsSBr. (a) The cubic Pm3m phase experimentally observed at room temperature.
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compared with the theoretical one estimated for the cubic Pm3m phase. (c) Vibrational phonon spectrum

(left) and phonon density of states (right) calculated within the harmonic approximation for the cubic Pm3m phase of AgzSBr at T = 0 K (black lines) and at
T = 200 K (red lines) fully considering anharmonic effects. (d) Electronic band structure (left) and density of states (right) of AgzSBr calculated with the
hybrid functional HSEsol.*> Red and blue lines (dots) represent valence (top of the valence) and conduction (bottom of the conduction) bands,

respectively.

be inadequate. Moreover, since accurate CAP band gap predic-
tions require the use of hybrid functionals and spin-orbit
coupling, the finite-differences approach emerges as the most
practical and reliable choice.

In particular, we performed first-principles calculations and
ab initio molecular dynamics (AIMD) simulations based on DFT
(Methods). Additionally, to capture long-range EPC effects, we
employed anharmonic Fréhlich theory®®™* considering long-
range dipole-dipole interactions and T-renormalized phonons
(Methods). Furthermore, the optical absorption spectra of all
CAP were assessed at T # 0 K conditions and the main EPC
mechanisms underlying the E, discrepancies were identified
with the help of a tight-binding model.

EPC band-gap renormalization in CAP
The T-renormalized band gap of CAP was calculated as follows:
Ey(T) 1)

where E,(0) represents the static band gap and the correction
term AE, can be expressed as the sum of short-(S) and long-
wavelength (L) phonon contributions:*°

AE(T)

= Eg(O) + AEg(T),

= AEY(T) + AEY(D). @

The short-wavelength phonon correction was estimated
through AIMD simulations using a supercell (Methods), where

This journal is © The Royal Society of Chemistry 2025

the band-gap value was averaged over multiple generated
configurations, as described in ref. 39:

N

Z Ey({Re(T

k:

AEJ(T — E4(0), 3)

where N represents the total number of considered configura-
tions and {R;} the atomic position of the k-th configuration.
To achieve accurate band-gap corrections, it was essential to
use hybrid functionals and incorporate spin-orbit coupling
effects (Supplementary methods, ESIt), which significantly
increase the computational effort. Extensive numerical tests
were conducted to optimize the supercell size, k-point mesh,
and value of N, ensuring that these critical effects were accu-
rately captured in the calculations (Methods and Supplemen-
tary methods, ESIY).

In polar materials, there is an additional contribution to the
band-gap renormalization stemming from long-range Frohlich
coupling that is not fully captured by the finite size of the
supercells employed in the AIMD simulations.’®™** This long-
wavelength phonon band-gap correction can be expressed as
follows:

AE; (T) = Acgg(T) — Aeyg(T), (4)
where CB and VB refer to the bottom conduction and top
valence band levels, respectively.

J. Mater. Chem. C, 2025, 13,10399-10412 | 10401


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc00863h

Open Access Article. Published on 14 April 2025. Downloaded on 12/5/2025 7:13:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

For a 3D polar material, the T-induced energy level shifts
appearing in eqn (4) can be computed as follows:*’

2
AcH(T) = %hwm tan™! (qi—g) 2nt + 1], (5)

where op represents the polaron constant, wio the phonon
frequency averaged over the three longitudinal optical I" pho-
non modes,** and gy a truncation factor. The truncation factor
gr can be approximated as the Debye sphere radius and g, is
defined as +/2m*(wro + wi)/fi, m* being the charge carrier
effective mass and hw; the state energy. The term nr is the
Bose-Einstein occupation number corresponding to the aver-
age LO vibrational frequency, and the polaron constant can be
computed as follows:**

& 1 1 m* 12
= — 6
xp 4meoh (800 so) (2ha)Lo) ’ Q)

where ¢, is the high-frequency dielectric constant and ¢, the
static permittivity of the system. Quantum nuclear effects have
been disregarded throughout this work, hence the T-induced
energy level shifts in eqn (5) were offset by their zero-
temperature values Acf(0).

Fig. 2a presents the anharmonic phonon spectrum calcu-
lated for Ag;SBr under finite-temperature conditions, accounting
for long-range dipole-dipole interactions (ie., including non-
analytical corrections), which result in LO-TO splitting near the
reciprocal space point I'. Fig. 2b shows the corresponding short-
and long-wavelength phonon band-gap corrections expressed as a
function of temperature, which are always negative. Since in this
study the AEy correction term has been calculated using the
material’s anharmonic phonon spectrum, we refer to this method
as anharmonic Frohlich theory (Methods).

In Fig. 2b, it is observed that near room temperature the AE;
correction is dominant and significantly larger than AEj,

(@)
8 T ——
= 4:::
6 4 —— without NAC
T |1 with NAC
£
S 4 ~ |
£
21 /)
] = y ]
0 T T T T
r X M r R XIR M
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approximately six times greater in the absolute value. Notably,
at T = 400 K, the total band-gap correction for Ag;SBr amounts
to 0.7 eV, which is of giant proportions, representing roughly
40% of the E, value calculated at zero temperature (excluding
quantum nuclear effects).

Fig. 3 shows the relative band-gap variation, referenced to
the value calculated at zero temperature and expressed as a
function of temperature, for the four CAP compounds Ag;SBr,
Ag;SI, Ag;SeBr and Ag;Sel. In all cases, the band gap signifi-
cantly decreases as the temperature increases (Table 1). The
relative T-induced E, reduction is largest for Ag;SeBr and
smallest for Ag;SI. In particular, near room temperature, the
band gap of Ag;SBr and Ag;SI is reduced by 39% and 29% while
those of Ags;SeBr and Ag;Sel decrease by 56% and 38%,
respectively (Fig. 3). As shown in Table 1, the agreement
between the experimental and theoretical E, values for Ag;SBr
and Ag;SI improves as the temperature increases. In Ag;SeBr
and AgsSel, the liquid phase is stabilized over the crystal phase
at moderate temperatures (Fig. 3c and d); thus no band gaps
were estimated for these two compounds under 7' > 400 K
conditions.

Notably, our theoretical E, results obtained at T = 400 K are
fully consistent with the available experimental data obtained
at room temperature. This excellent agreement near ambient
conditions strongly suggests that the neglect of EPC effects is
the main reason for the huge theoretical-experimental E,
discrepancies discussed in the Introduction. The T-induced
relative band-gap renormalization found in CAP are of giant
proportions, ranging from 20 to 60% near room temperature,
setting a new record previously held by molecular crystals,
which exhibited a 15 to 20% band-gap renormalization for
similar temperature ranges."®

Table 1 also presents the value of the AE; and AEy correction
terms estimated for each CAP at three different temperatures.
In all cases, both the short- and long-wavelength phonon

(b)  o-
—200 1
> —400
E :
- 1
46007 o nes
] —— L
~800 AEg
11— AES + AE}
-1000 . . .
0 200 400 600
T (K)

Fig. 2 Anharmonic phonon spectrum and thermal band-gap corrections estimated for the archetypal CAP AgszSBr. (a) Anharmonic phonon spectrum
obtained at T = 200 K neglecting (black solid lines) and considering (red dashed lines) non-analytical corrections (NAC). (b) Short- and long-wavelength
phonon band-gap corrections, AES and AE;, respectively, expressed as a function of temperature (excluding quantum nuclear effects). The short-range
correction term was evaluated at several temperature points (blue circles and error bars); as a guide to the eye, the AEZ data points were fitted to an
arbitrary polynomial function (blue dashed line). Calculations were performed at the HSEsol + SOC level.*®
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Fig. 3 Temperature-induced relative band-gap variation in CAP. Percentages are referenced to the band gap calculated at T = 0 K conditions (excluding
quantum nuclear effects), namely, AE4(T) = E4(T) — E4(0), for (a) AgzSBr, (b) AgsSl, (c) AgsSeBr, and (d) AgzSel. Error bars indicate numerical uncertainties
and dashed lines are a guide to the eye. Shaded areas indicate regions of thermodynamic stability of the liquid phase (theory). Calculations were
performed at the HSEsol + SOC level.*

Table1l Theoretical band gaps of CAP as a function of temperature. Eg values were obtained at zero temperature (excluding quantum nuclear effects) at
T = 200, 400 and 600 K. Calculations were performed at the HSEsol + SOC level.>*® Numerical uncertainties are provided, which mainly result from the
AES correction term. Short- and long-wavelength phonon band-gap corrections, AES and AE;, respectively, are provided at each temperature (excluding

quantum nuclear effects). The experimental band gaps measured at room temperature for AgsSBr and AgsSI*© are shown for comparison

CAP Ef [ev] E3*%[eV] AE;[meV] AEg[meV] ES[eV] AE;[meV] AEg[meV] Eg*%[eV] AE;[meV] AEg[meV] Eg® [eV]
Ag;SBr 1.8 1.34+01 —440 —42 1.14£01 —570 —108 09402 —680 -175 1.0
Ag;SI 1.4 11401 —260 -29 1.0 £0.1  —290 -75 0.8+ 0.1 —490 —-122 0.9
Ag;SeBr 1.6 09+ 0.1 —630 —42 07401 —770 -105 Liquid — — —
Ag;Sel 1.3 09401 —370 -37 0.84 0.2 —400 —90 Liquid — — —

corrections are negative, with the former term considerably
surpassing the latter in absolute value. For example, at T =
400 K, the short-range band-gap corrections are seven and four
times larger than the long-range ones calculated for Ag;SeBr
and Ag;SI, respectively. As the temperature is raised, the size
of the two band-gap correction terms increases in absolute
value, with |AEy| exhibiting the largest relative enhancement
(e.g., approximately a 320% relative increase for Ag;SBr from
200 to 600 K).

To provide further insights into the impact of thermal
effects on the electronic band structure of CAP, we also exam-
ined how band morphology evolves with temperature. Since
band-gap renormalization in this study is assessed using the

This journal is © The Royal Society of Chemistry 2025

finite-differences approach based on AIMD simulations, it is
convenient to unfold the energy bands calculated for the super-
cell into the reciprocal space of the primitive unit cell.** This
was done using the Easyunfold software,”® focusing on the
representative CAP compound Ag;SBr (Fig. S1, ESIT).

Specifically, we analyzed five uncorrelated supercell snap-
shots extracted from a long AIMD trajectory (~100 ps) at T =
200 K. For this particular case, the PBEsol exchange-correlation
functional was employed due to the very high computational
cost of performing hybrid functional calculations on supercells.
Reassuringly, we verified that the band structures obtained
using semilocal and hybrid functionals are practically equi-
valent in morphology (Fig. S2, ESIY).

J. Mater. Chem. C, 2025, 13,10399-10412 | 10403
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Our results indicate that thermal effects lead to a downward
shift of the conduction band minimum, which remains located
at the I' point, which is consistent with the band-gap trends
observed in the corresponding electronic density of states.
However, the ionic disorder induced by lattice vibrations causes
a noticeable flattening of the valence band near its top. As a
result, the valence band maximum becomes poorly defined,
unlike in the static case (Fig. S1, ESIt). The consistency
of results across the five ionically disordered configurations
suggests that this small sampling is sufficient to capture the key
temperature-induced changes in band morphology.

Thermal effects on the optical absorption coefficient of CAP

Following a similar approach to that used for the calculation of
T-renormalized band gaps (i.e., performing AIMD simulations
with a supercell and averaging the quantity of interest over several
of the generated configurations), we determined the frequency-
dependent complex dielectric tensor of CAP under 7 # 0 K
conditions (Methods and Supplementary methods, ESIt), employ-
ing linear response theory. From the average dielectric tensor, we
computed several macroscopic optical properties like the optical
absorption coefficient, o(w), refractive index, and reflectivity.*®
Fig. 4 shows the optical absorption spectra estimated for
CAP as a function of incident light wavelength and temperature.
It is found that « is significantly enhanced under increasing

(a)

Ag3SBr

=
o
w

25
E, (eV)

3.5

|
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temperature, in some cases by as much as an order of magnitude.
Similarly to the band gap, the T-induced optical absorption
variations are the largest for AgsSeBr (for which o ~ 10°-
10° cm ! at zero temperature and ~10"-10° em ' at 200 K)
and smallest for Ag,SI (for which & ~ 10°-10° em™" at any
temperature). It is also noted that the most significant optical
absorption changes generally occur at low temperatures, that is,
within the 0 < T < 200 K interval. These T-induced o trends align
well with the remarkably large influence of the EPC on the band
gap, underscoring the critical role of thermal renormalization
effects on the optoelectronic properties of CAP.

Unfortunately, we cannot directly compare our theoretical
o(w) results with experimental data, as such data are not
available in the literature. Notably, Cafio et al.>** measured the
optical absorption coefficient of CAP films scaled by their layer
thickness, d, specifically, @ = «-d. However, since the thickness
of the synthesized CAP films was not determined in work,*® we
cannot access the physical quantity of interest. In this regard,
performing new optoelectronic experiments on CAP films
across a broad range of temperatures, including the low-T
regime, would be highly desirable.

EPC mechanisms in CAP

We have already shown that temperature and EPC effects
are essential for understanding the thermal evolution of the

(b)

AgsSl

10°

104

103

(d)

103 T
2.5
E, (eV)

2.0

Fig. 4 Optical absorption coefficient («) of CAP calculated at different temperatures as a function of photon energy. (a) AgzSBr, (b) AgsSl, (c) AgzSeBr,
and (d) AgsSel. Solid lines represent the estimated average values and statistical errors are indicated with shaded thick curves. The rainbow-colored
region denotes photons with energy in the visible spectrum. Calculations were performed at the HSEsol + SOC level.*®
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optoelectronic properties of CAP and for achieving a consistent
agreement between first-principles calculations and room-
temperature experiments. Next, we focus on unraveling the
primary ionic-electronic mechanisms underlying these key
temperature and EPC effects.

As shown in Fig. 5a, the influence of each of the fifteen I
phonon modes on the band gap of Ag;SBr was analysed by
monitoring the change in E, driven by frozen-phonon eigen-
mode distortions of increasing amplitude, u. The I" phonons
were classified into acoustic (A), optical polar (P) and optical
nonpolar (NP), where the P phonons break the inversion
symmetry of the centrosymmetric cubic Pm3m phase. It was
found that E, is unresponsive to acoustic phonon distortions,
as expected, while optical P phonons produce the largest band-
gap variations. As the amplitude of the optical phonon distor-
tions increases, E, systematically decreases in both the P and
NP cases.

Fig. 5b shows the value of the derivative of the band gap with
respect to the phonon distortion amplitude, u, expressed as a
function of the phonon eigenmode energy (as obtained from
T-renormalised phonon calculations, Methods). We found that
low-energy polar phonon modes (~10 meV) cause the most
significant band-gap reductions, followed by high-energy lattice
vibrations of the same type (~200 meV). At room temperature,
phonon excitations with the lowest energy host the highest
populations and, consequently, represent the most character-
istic lattice vibrations in the crystal. Therefore, based on the
results shown in Fig. 3 and 5, we conclude that low-energy polar
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phonon modes are primarily responsible for the substantial
temperature-induced E, reduction reported in this study for
CAP compounds.

The eigenmode of the optical P phonon with the lowest
energy is represented in Fig. 5b. As observed therein, this
frozen-phonon lattice distortion reduces the distance between
the central sulfur atom and one adjacent silver atom (Ag2),
while increasing the other two S-Ag1 and S-Ag3 bond lengths,
compared to the undistorted cubic unit cell. Fig. 5¢ summarizes
the relative bond length variation, in absolute value, for all
pairs of atoms resulting from each of the fifteen I' phonon
modes calculated for the cubic Pm3m phase. As shown therein,
the optical P phonons produce the largest S-Ag distance
changes (up to 20%), while the optical NP phonons cause the
largest Br-Ag bond length variations (up to 12%). The Br-Ag
bond lengths are also appreciably impacted by the optical P
phonons (5-10%). This general behaviour is reminiscent of that
observed for optical polar phonons in model perovskite oxides
like BaTiO; (with atomic substitutions Ag <> O, S < Ti and
Br « Ba).'”8

After identifying the phonon modes that underpin the giant
T-induced band-gap reduction reported in this study for CAP,
specifically low-energy optical P modes, we further analyse the
induced changes in the electronic band structure. Fig. 6a shows
the electronic density of states calculated for the archetypal
compound Ag;SBr (equilibrium geometry). It is observed that
the top of the valence band (VB) is dominated by highly
hybridized silver d and chalcohalide p electronic orbitals, while

20
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™
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Fig. 5 Phonon-induced band-gap variation estimated for the archetypal CAP AgsSBr. (a) Band gap as a function of the lattice distortion amplitude u for
acoustic, polar optical (P) and non-polar optical (NP) I phonons. (b) Derivative of the band gap with respect to the phonon distortion amplitude
calculated at ug = 0.4 A and expressed as a function of the phonon energy. The eigenmode of the optical polar I phonon rendering the largest band-gap
derivative in absolute value is sketched: Ag, S and Br atoms are represented with grey, yellow and brown spheres, respectively. Calculations were performed at
the HSEsol + SOC level.* (c) I phonon-induced relative bond length distortions in the cubic Pm3m phase for a distortion amplitude of 0.4 A.
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Fig. 6 Electronic band structure properties of the archetypal CAP AgsSBr. (a) Electronic density of states calculated for the equilibrium cubic Pm3m
phase. Calculations were performed at the HSEsol + SOC level.* (b) Electronic band structure calculated for the equilibrium and phonon distorted
(ie., considering the lowest-energy I" optical P mode with amplitude ug = 0.4 A) cubic Pm3m phase; in both cases, the energy bands are referred to a
same energy origin, a deep core electronic level that remains unaffected by the distortion (Methods). (c) and (d) The conduction band near its minimum at
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respectively. (e) Sketch illustrating the mechanism of band-gap closure induced by low-energy polar soft phonon modes in CAP. Upon phonon
distortion, the hybridization of silver and sulfur s electrons in the conduction band is enhanced, lowering (increasing) the energy of the corresponding

bonding o (antibonding o*) state.

the bottom of the conduction band (CB) is dominated by
isotropic and more delocalized S and Ag s orbitals. The electro-
nic band structure in Fig. 6b shows that the VB corresponds to
the high-symmetry reciprocal space point M (1/2,1/2,0), while
the CB to the center of the Brillouin zone, I" (0,0,0); thus the
band gap of Ag;SBr is indirect (we have checked that the same
conclusion applies to the rest of CAP compounds analyzed in
this study).

The effects on the electronic band structure resulting from a
frozen-phonon lattice distortion corresponding to the lowest-
energy optical P eigenmode (i, = 0.4 A) are twofold (Fig. 6b).
First, due to the breaking of phonon-induced inversion sym-
metry, the energy band degeneracy at the reciprocal space point
M is lifted. However, the band gap of the system is unaffected
by this energy degeneracy lifting effect since the VB remains

10406 | J Mater. Chem. C, 2025, 13,10399-10412

practically invariant. Second, the CB edge experiences a signi-
ficant decrease in energy and, as a consequence, the band
gap of the system is reduced by approximately 30%. Therefore,
we may conclude that the giant T-induced E, reduction
reported in this study for CAP is primarily caused by low-
energy polar phonon modes that induce a pronounced CB
energy decrease.

To better understand the electronic origins of the optical P
phonon-induced CB energy lowering, we constructed a tight-
binding (TB) model based on Wannier functions that accurately
reproduces our DFT band structure results (Methods and
Fig. S3, ESIt). Specifically, the TB model consists of s, p, and
d orbitals for the five atoms in the unit cell, resulting in a total
of 45 distinct Wannier orbitals. Consistently, the TB model
reproduces the dominant Ag and S s character of the CB and its

This journal is © The Royal Society of Chemistry 2025
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energy lowering under the polar lattice distortion of interest
(Fig. 6c and d).

According to this TB model, the impact of the frozen-
phonon distortion on the Ag and S s conduction orbitals is
twofold. First, the difference in their kinetic energies, corres-
ponding to the diagonal Hamiltonian matrix elements differ-
ence |(Ag s|H|Ag s) — (S s|H|S s)|, decreases (Fig. S3, ESIT). And
second, the hopping s term involving the Ag2 and S atoms,
represented by the off-diagonal Hamiltonian matrix element
(Ag2 s|H|S s), increases (Fig. S3, ESIt). The general physical
interpretation that follows from these TB results is that the
polar frozen-phonon distortion enhances the hybridization of
Ag2 and S s conduction orbitals, which lowers and increases the
energy of the corresponding bonding (o) and antibonding (c*)
states, respectively. Consequently, the CB, which is dominated
by the Ag2-S o interaction, is lowered. The revealed EPC
mechanism, which overall produces a band-gap reduction, is
schematically represented in Fig. 6e.

Discussion

Thermal expansion is another physical mechanism that can
influence the band gap of materials,*® but it was not explicitly
considered in this study due to its high computational cost.
However, we performed a series of tests in which we arbitrarily
increased and decreased the unit cell volume of Ag;SBr and
estimated the corresponding relative E, variation (Fig. S4 and
Table S1, ESIT). We found that, when the volume of the system
increases by a reasonable ~ 1%, as might occur due to thermal
expansion near room temperature, the band gap decreases by
only ~40 meV (i.e., an order of magnitude smaller change than
short-wavelength phonon corrections, Table 1). Additionally,
thermal expansion likely contributes to the softening of optical
P modes, increasing their population and consequently enhan-
cing the E, reduction due to EPC. Therefore, while thermal
expansion effects were omitted in our calculations, the reported
results likely represent a lower bound of the actual effect, and our
conclusions for CAP compounds remain robust and accurate.

One may wonder whether, in addition to silver chalcohalide
antiperovskites, there exist other families of materials exhibit-
ing similarly large T-renormalization effects on the band gap
and optical absorption coefficient. As discussed in previous
sections, the polar nature of low-energy optical phonons
appears to be essential in this regard. Consequently, a tentative
set of necessary conditions for identifying potential materials
that display similar T-induced effects on the optoelectronic
properties may include dielectric materials exhibiting (1) cen-
trosymmetric crystalline phases, (2) low-energy or even imagin-
ary optical polar phonons, and (3) highly hybridized and
delocalized electronic orbitals near the Fermi energy level.
The availability of large DFT calculations and phonon data-
bases may enable high-throughput material screening of such a
kind.*>*°

Ferroelectric oxide perovskites, exemplified by the archety-
pal compounds SrTiO; (STO) and BaTiO; (BTO), appear to

This journal is © The Royal Society of Chemistry 2025
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satisfy the set of necessary conditions outlined above. Notably,
a significant band-gap modulation has been reported for STO
under biaxial strain conditions, although this phenomenon
arises from different physical mechanisms than those identi-
fied in this study for CAP compounds (i.e., energy degeneracy
lifting due to symmetry breaking).”* Moreover, the experi-
mental room-temperature band gap of BTO (~ 3.2 eV°?) shows
substantial disagreement with zero-temperature theoretical
estimates obtained with hybrid functionals (~4.0 eV*?), high-
lighting an experiment-theory inconsistency similar to that
described for Ag;SBr and Ag;SI in the Introduction. Additionally,
the band gap of the multiferroic oxide perovskite BiFeO; exhibits
a remarkable temperature-dependent shrinkage, decreasing by
approximately 50% within the temperature range 300 < T <
1200 K,>* likely influenced by the magnetic degrees of
freedom.>® These findings suggest that the temperature effects
and EPC mechanisms identified in this study for CAP com-
pounds may have broader relevance, potentially extending to
other well-known families of functional materials. Theoretical
investigations exploring this possibility are currently underway.

The polar nature of the optical phonon modes, which cause
the significant T-induced reduction in the E, of CAP, opens up
exciting technological possibilities. Similar to how an electric
field can stabilize a polar phase with ferroelectric polarization
over a paraelectric state at constant temperature through a
phase transformation,®® it is likely that polar optical phonons
in CAP can also be stimulated using external electric fields.
This possibility implies that the optoelectronic properties of
CAP could be effectively tuned by applying an electric field
rather than altering the temperature, providing a more prac-
tical approach for the development of advanced optical devices
and other technological applications. Experimental validation
of this hypothesis would be highly valuable.

Finally, advances in light sources and time-resolved spectro-
scopy have made it possible to excite specific atomic vibrations
in solids and to observe the resulting changes in their electronic
and electron-phonon coupling properties.>’>° These develop-
ments also suggest the possibility of tuning the optoelectronic
properties of CAP, as well as of similar materials like oxide
perovskites,®*®> through specific phonon excitations using
optical means such as lasers. This approach may simplify the
design and manufacture of practical setups by eliminating the
need for electrode deposition. Therefore, the results presented
in this work are significant not only from a fundamental
perspective but also for envisioning potential technological
applications in which the optical and electronic properties
of materials could be effectively tuned by external fields and
photoexcitation.

Conclusions

In this study, we have explored the temperature effects on the
band gap of silver chalcohalide antiperovskites (CAP), specifi-
cally Ag;XY compounds (X = S, Se; Y = Br, I), which are
promising for energy and photonic applications due to their
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lead-free composition, high ionic conductivity, and optoelec-
tronic properties. The key findings of our research are sum-
marized as follows. A giant reduction in the band gap of CAP
materials has been disclosed at room temperature, ranging
from 20% to 60% relative to their values calculated at zero
temperature (neglecting zero-point corrections). This large
band-gap renormalization brings theoretical predictions closer
to experimental results, resolving previous discrepancies.

The significant E, reduction is attributed to strong electron-
phonon coupling driven by low-energy polar phonon modes,
which distorts the lattice symmetry, increases the overlap
between silver and chalcogen s orbitals in the conduction band,
and lowers the reference energy of the resulting bonding state.
With increasing temperature, the optical absorption coefficient
of CAP materials also rises, enhancing their response to visible
light by nearly an order of magnitude and highlighting their
potential for optoelectronic applications.

This research demonstrates that CAP compounds exhibit
giant band-gap renormalization primarily due to temperature
and electron-phonon coupling effects, suggesting that they
could be tailored for specific applications through thermal,
electric field, and/or optical control. These fundamental find-
ings open possibilities for the design of innovative optoelec-
tronic devices and establish a foundation for exploring similar
effects in other dielectric materials with strong electron-
phonon coupling.

Methods

Zero-temperature first-principles calculations

The DFT calculations®*~® were performed using the semilocal
PBEsol approximation,®® considering the following electronic
states as valences: Ag 5s-4d, S 3s-3p, Se 4s-4p, Br 4s-4p, I 55—
5p. Wave functions were represented in a plane-wave basis set
truncated at 650 eV. Using these parameters and a dense k-point
grid of 8 x 8 x 8 for reciprocal-space Brillouin zone (BZ)
sampling, we obtained zero-temperature energies converged
to within 0.5 meV per formula unit. For the geometry relaxa-
tions, a force tolerance of 0.005 eV A~* was imposed on all the
atoms. The optoelectronic properties were estimated using
hybrid functionals®® (Fig. S5 and Supplementary methods,
ESIt) and considering spin-orbit coupling (SOC) effects, a
computational approach named HSEsol + SOC here. In this
case, to make the calculations feasible, the energy cutoff and
k-point grid were slightly reduced to 550 eV and 6 x 6 X 6,
respectively. Quantum nuclear effects®® were disregarded
throughout this work, as well as the likely presence of weak
excitons.®”%®

All-electron DFT calculations were also performed with the
WIEN2k package® using the local-density approximation
(LDA)’® to the exchange correlation energy along using the
linearized augmented plane wave method (FP-LAPW).”"”? The
technical parameters for these calculations were a 10 x 10 x
10 k-point grid and a muffin-tin radius equal to Ryr = 7.0/Kimax,
where Kn.x represents the plane-wave cutoff. Localized
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energy-resolved Wannier states’”> were then obtained for
the tight-binding calculations”’® considering the relevant
Hilbert space in the interval —10 < E < 20 eV around the
Fermi energy.

Finite-temperature first-principles simulations

Ab initio molecular dynamics (AIMD) simulations were performed
in the canonical (N, V, T) ensemble, neglecting thermal expan-
sion effects and employing a large simulation cell containing
320 atoms with periodic boundary conditions applied along the
three Cartesian directions. The temperature in the AIMD simula-
tions was kept fluctuating around a set-point value by using Nose—
Hoover thermostats. Newton’s equations of motion were inte-
grated using the standard Verlet’s algorithm with a time step of
1.5 x 1072 ps. I-Point sampling for reciprocal-space integration
was employed in the AIMD simulations, which spanned approxi-
mately 100 ps. These calculations were performed with the
semilocal PBEsol exchange-correlation functional.®®

Harmonic phonon calculations

The second-order interatomic force constant matrix of all CAP
and resulting harmonic phonon spectrum were calculated
using the finite-differences method as is implemented in
the PhonoPy software.”” Large supercells (i.e., 4 x 4 x 4
for the cubic Pm3m supercell containing 320 atoms) and a
dense k-point grid of 3 x 3 x 3 for BZ sampling were employed
for the phonon calculations of targeted structures. Several
numerical tests were conducted that demonstrated the ade-
quacy of the selected k-point grid. These calculations were
performed with the semilocal PBEsol exchange-correlation
functional.®®

Anharmonic phonon calculations

The DynaPhoPy code’® was used to calculate the anharmonic
lattice dynamics (i.e., T-renormalized phonons) of CAP in the
cubic Pm3m phase from ab initio molecular dynamics (AIMD)
simulations. A reduced 2 x 2 x 2 supercell and 4 x 4 x 4
k-point grid for BZ sampling were employed in the AIMD
simulations to maintain high numerical accuracy (Supplemen-
tary methods and work, ESI,T (ref. 20)).

A normal-mode decomposition technique was employed
in which the atomic velocities v;(t) (j and [ represent particle
and Cartesian direction indexes) generated during fixed-
temperature AIMD simulation runs were expressed as follows:

vilt) = J%Z(“ )iy, (1), )

where N is the number of particles, m; the mass of particle
J» €i(q,s) a phonon mode eigenvector (q and s stand for the wave
vector and phonon branch), Ry the equilibrium position of
particle j, and vg, the velocity of the corresponding phonon
quasiparticle.
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The Fourier transform of the autocorrelation function of vy
was then calculated, yielding the following power spectrum:

oo}

Gul) =2 1 Oslo)e s ®)

J =00
Finally, this power spectrum was approximated by a Lorent-
zian function of the following form:
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from which a T-renormalized quasiparticle phonon frequency,
wgs(T), was determined as the peak position, and the corres-
ponding phonon linewidth, y4(7), as the full width at half
maximum. These calculations were performed with the semi-
local PBEsol exchange-correlation functional.®®

Short-wavelength phonon band-gap correction

The electron-phonon correction to the band gap due to the
short-range phonon modes was computed as the difference
between the band gap at zero temperature for the static struc-
ture and the average band gap obtained from AIMD simulations
performed with a supercell, namely

(10)

where R represents the positions of the atoms in the supercell
at a given time ¢ of the AIMD simulation. This expression can be
numerically approximated as shown in eqn (3), where the band
gap is averaged over a finite number, N, of configurations.
Similarly, thermal effects on the dielectric tensor were computed.
These calculations were performed using the hybrid HSEsol
exchange-correlation functional®® and considering spin-orbit
coupling effects (HSEsol + SOC). Due to the high computational
expense involved, the AIMD calculations were performed using
a supercell containing 40 atoms and a k-point mesh of a single
point. The total number of configurations used for the average
was N = 10 for each material and temperature. These values
were found to be appropriate for obtaining band-gap results
accurate to within 0.1 eV (Supplementary methods, ESIt).

Long-wavelength phonon band-gap correction

The electron-phonon correction to the band gap due to long-
range phonon modes was computed using the Frohlich equa-
tion for a three-dimensional polar material.>**> This correction
was determined as the difference in the shifts of the conduction
and valence bands, as given in eqn (4), where the shift of each
band was computed using the expression in eqn (5). The
physical quantities entering this latter expression were deter-
mined with DFT methods; the electron and hole effective
masses were computed using the parabolic approximation at
the maximum of the valence band and the minimum of the
conduction band, respectively. For the LO phonon frequency,
we used an effective value computed as the average of the three
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corresponding modes, as done in ref. 43. Temperature-induced
anharmonic effects were fully taken into account for the
calculation of these LO phonon frequencies, using the renor-
malized phonon frequencies obtained at 7 = 200 K. Due the
superionic behavior of these materials at higher temperatures,
the renormalized phonon dispersions calculated at T > 200 K
conditions presented imaginary frequencies,?® and hence were
not considered in this study.

The high-frequency and static dielectric constants calculated
for the cubic Pm3m phase were unusually large in static
calculations, since this phase is not vibrationally stable at
T = 0 K. Thus, the dielectric constants were recomputed as
functions of temperature (using the same approach as we
applied to the band gap and dielectric tensor) to capture
thermal effects. In view of their weak temperature dependence,
and for simplicity, the dielectric constants obtained at 7= 200 K
were employed throughout this work. We also considered the
anisotropy of the dielectric tensor using the following formula:

L Tr(g')/3, (11)

&
where ¢ represents the dielectric constant associated with the
dielectric tensor .
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