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ABSTRACT: Chalcohalide perovskite-inspired materials have attracted attention as promising
optoelectronic materials due to their small band gaps, high defect tolerance, nontoxicity, and stability.
However, a detailed analysis of their electronic structure and excited-state properties is lacking. Here,
using state-of-the-art density functional theory, an effective k·p model analysis, and many-body
perturbation theory (within the framework of GW and BSE), we explore the band splitting and excitonic
properties of Sn2SbX2I3 (X = S or Se). Our findings reveal that the Cmc21 phase exhibits Rashba and
Dresselhaus effects, causing significant band splitting, especially near the conduction and valence band
extremes, respectively. Moreover, we find that the exciton binding energy is larger than those of lead
halide perovskites but smaller than those of chalcogenide perovskites. We also investigate polaron-
facilitated charge carrier mobility, which is found to be similar to that of lead halide perovskites and
greater than that of chalcogenide perovskites. These characteristics make these materials promising for applications in spintronics
and optoelectronics.

Perovskites (ABX3 compounds, where A and B are cations
and X is an anion) make up a versatile family of materials

exhibiting a vast range of properties, including the photovoltaic
effect, the photocatalytic effect, ferroelectricity, piezoelectricity,
and superconductivity.1 In recent years, lead-based inorganic−
organic hybrid halide perovskite solar cells have shown an
unprecedented increase in power conversion efficiency from
3.8% to 25.7%.2,3 This is attributed to their exceptional
properties for a solar cell absorber, such as a high absorption
coefficient of ∼105 cm−1 in the visible wavelength range, small
exciton binding energies of ∼20 meV, long charge carrier
diffusion lengths of ≲100 μm, excellent charge carrier
mobilities, a tunable band gap, and high defect tolerance.4,5

Moreover, these can be fabricated via simple solution
deposition, resulting in low-cost manufacturing. However,
their commercialization is impeded by several factors. (i) The
efficiency decreases with an increase in the size of the thin films
of lead halide perovskites (LHPs). (ii) The material becomes
unstable upon exposure to humidity, heat, or light. (iii)
Poisonous lead can harm the environment and living
organisms.6 The thermal stability of hybrid LHPs could be
improved by the utilization of an inorganic cation at the A site
instead of an organic one, but all inorganic LHPs still suffer
from long-term instability under operational conditions,
especially against moisture stress.7 These challenges, alongside
the high performance of LHPs, stimulate the research in lead-
free and stable perovskite-inspired materials (PIMs).8

The presence of ns2 lone-pair electrons on the Pb cation can
be crucial in fostering exceptional optoelectronic performance
in LHPs.9 In combination with a halide anion, this lone-pair
cation leads to small effective masses for electrons and holes,
defect tolerance, and strong dielectric screening.10,11 A wide

range of compounds comprising Pb2+, Sn2+, Ge2+, Sb3+, and
Bi3+ cations containing ns2 electronic configurations are
currently of interest as light harvesters.12 Among them,
chalcohalide PIMs have emerged as promising materials having
an ns2 electronic configuration as well as a cation−halide
combination.11,13,14 Recently, Nie et al.13 have synthesized a
solar cell based on tin−antimony sulfoiodide (Sn2SbS2I3) using
a single-step, solution-based chemical deposition process,
exhibiting a power conversion efficiency (PCE) of 4.04%.
They have also demonstrated its stability against air, moisture,
and light illumination. The achievement of a PCE surpassing
the initially reported value for methylammonium lead iodide2

has significant potential. Sn2SbS2I3 has long been known,15,16

but the recent surge of interest in it stems from its considerable
potential in various optoelectronic applications.13,17,18 In view
of this, we aim to provide an in-depth theoretical study of
chalcohalide PIMs (Sn2SbX2I3; X = S or Se) to investigate the
atomistic origins of their appealing optoelectronic properties
that may act as valuable guidance for further development of
this emerging material class.
Note that the presence of heavy elements in PIMs, such as

Sb and I, imparts a strong spin−orbit coupling (SOC), playing
a significant role in determining the electronic properties.
When the SOC is combined with the crystal’s broken inversion
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symmetry, it results in Rashba band splitting. The Rashba
effect is considered to be a possible cause of the reduced
recombination rate and longer carrier lifetimes in LHPs.19,20

Nonetheless, it has been demonstrated21 that employing a
Rashba Hamiltonian within a tight-binding model19 can result
in an inaccurate depiction of spin orientations at the band
extrema. Therefore, the Rashba effect must be carefully
determined to find the right implications. In the case of
organic−inorganic LHPs, the mismatch of crystal momentum
between the valence band maximum (VBM) and conduction
band minimum (CBM) due to the Rashba effect may be the
cause of the reduction in the recombination rate.22 Moreover,
the Rashba effect opens up the possibility of these materials
being used in spintronics. We, therefore, attempt to study the
Rashba effect in chalcohalide PIMs, which generally enhances
the efficiency of optoelectronic devices and potentially
expedites their usage in spintronic devices.
An important aspect of solar cell application is charge

separation, which depends on the formation of excitons. The
dissociation of excitons into free electrons and holes brings
about the desired free charge transport. Therefore, accurate
determination of excited-state properties, such as exciton
binding energy, is necessary to understand and possibly
improve the photovoltaic performance. In addition, the role of
electron−phonon interaction is crucial in assimilating the
excitation dynamics.23 This could be understood in terms of
polaron formation, which can influence charge carrier mobility.
To this end, presumably for the first time, we have
systematically investigated the excitonic and polaronic proper-
ties of chalcohalide PIMs by advanced theoretical method-
ologies.
In this Letter, we analyze the Rashba and Dresselhaus effects

in chalcohalide PIMs (Sn2SbX2I3; X = S or Se) using density
functional theory (DFT)24,25 calculations and a symmetry-
adapted k·p model Hamiltonian. In addition, their optical
properties are characterized using many-body perturbation

theory (MBPT) in the framework of the G0W0
26,27

approximation and the Bethe−Salpeter equation (BSE).28,29

The static dielectric constants are calculated using density
functional perturbation theory (DFPT). Finally, using the
Fröhlich model,30,31 we determine the polaronic properties.
Recently, Kavanagh et al.11 have reported that the Cmc21

phase of Sn2SbS2I3 is more stable than the Cmcm phase and the
experimental Cmcm phase is the result of macroscopic
averaging over local Cmc21 configurations. This kind of
polymorphism is also found in LHPs and goes undetected
by X-ray diffraction (XRD) due to the long coherence
length.32,33 Its impact is evident in determining the
thermodynamic stability and optoelectronic properties. There-
fore, in this work, we consider both phases (Cmc21 and Cmcm)
of Sn2SbS2I3 and the Cmc21 phase of Sn2SbSe2I3 (see Figure
1a,b). The initial orthorhombic geometries of Sn2SbX2I3 (X =
S or Se) were obtained from the Materials Project repository.34

The lattice parameters of the optimized structures calculated
using the optB86b-vdW35 exchange-correlation (εxc) functional
are listed in Table 1. These are in close agreement with
previous experimental15,16,36 and theoretical11 results. The
Cmcm phase consists of (Sn2S2I2)n chains along the a direction,
forming a layered structure in the a−b plane, having I and Sb
between the layers (see Figure 1b), whereas in the Cmc21

Figure 1. Schematic crystal structure of orthorhombic Sn2SbX2I3 (X = S or Se) in the (a) Cmc21 and (b) Cmcm phases. Electronic band structure
and partial density of states (pDOS) of (c) Sn2SbS2I3 in the Cmc21 phase, (d) Sn2SbS2I3 in the Cmcm phase, and (e) Sn2SbSe2I3 in the Cmc21 phase
using PBE+SOC.

Table 1. Calculated Lattice Parameters of Sn2SbX2I3 (X = S
or Se)a

configuration phase a (Å) b (Å) c (Å) c/a

Sn2SbS2I3 Cmc21 4.27 14.16 16.40 3.84
Cmcm 4.26 13.93 15.95 3.74
experiment 4.25 13.99 16.38 3.85

Sn2SbSe2I3 Cmc21 4.32 14.45 17.09 3.96
experiment 4.30 14.08 17.22 4.00

aThe experimental values from ref 16 are provided for comparison.
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phase, there is a small displacement of I, resulting in
(Sn2SbS2I3)n chains along the a direction (see Figure 1a).
The lattice parameters of both phases are similar along a and b,
with the largest difference being along the c direction (see
Table 1). More details about bond lengths and bond angles are
available in Table S1.
The calculated electronic band structure and partial density

of states (pDOS) using the PBE εxc functional with the
inclusion of SOC are shown in Figure 1c−e. From pDOS, we
observe that the VBM is dominated by S/Se (p), I (p), and Sn
(s) orbitals whereas the CBM is dominated by Sb (p) and I
(p) orbitals. The Cmc21 phase of Sn2SbS2I3 has a direct band
gap of 0.68 eV at the Y point without including SOC. In the
presence of SOC, the band gap is reduced to 0.55 eV.
Therefore, the role of SOC is significant in these chalcohalide
PIMs and duly considered in all of the calculations. We
observe that the bands are spin-degenerate throughout the
Brillouin zone in the Cmcm phase of Sn2SbS2I3 as shown in
Figure 1d. This is attributed to the spin degeneracy (Kramer’s
degeneracy) preserved by the time reversal and inversion
symmetry.37 On the contrary, in the Cmc21 phase, bands
associated with the CBM and VBM split around the Y point
due to inversion symmetry breaking (see Figure 1c). To clearly
visualize the splitting of bands, we plot the band structure
along the kx and ky directions around the Y point (see Figure
2a−d). Note that the splitting is absent along the kz direction
due to the presence of mirror (M̅x) and glide (M̅y) planes. The
M̅x and M̅y planes result in zero polarization along the [100]
and [010] planes, respectively. In accordance with the previous
reports,11 we find the electric polarization along z with a

magnitude of 36 μC/cm2. The spin splitting occurs only in the
plane perpendicular to the polarization direction (kx−ky plane
in our case). Furthermore, we have plotted the spin textures of
the CBM and VBM around the Y point (see Figure 2e−h).
The in-plane spin textures are chiral, with opposite orientations
for the inner and outer bands, while the out-of-plane spin
texture is zero. The spin texture and splitting around the Y
point can be understood in terms of the k·p Hamiltonian
derived using the symmetry considerations.38−40 The group of
wave vectors associated with the Y point includes symmetry

operations {2 00100
1
2
}(C̅2z), {m100|000}(M̅x), and {m 00010

1
2

}(M̅y) (see the Bilbao Crystallographic Server41 for notation).
Note that the transformation rules of k under the glide plane
and screw axis are the same as that of the associated mirror and
rotation operations, respectively.42 The transformation rules of
(kx, ky, kz) and Pauli matrices (σx, σy, σz) denoting the spin
degrees of freedom under C̅2z, M̅x, and M̅y are listed in Table 2.

Figure 2. (a and b) Valence bands and (c and d) conduction bands of Sn2SbS2I3 along the kx and ky directions. The black lines and red dots are
bands obtained using the DFT and k·p model, respectively. Spin textures of (e and g) the two highest valence bands and (f and h) the two lowest
conduction bands, computed using DFT. (i−l) Model-produced spin textures, counterparts of (e−h), respectively. The arrows denote the in-plane
spin component. The out-of-plane spin component is zero in the considered range.

Table 2. Transformation Rules of (kx, ky, kz) and (σx, σy, σz)
under the Symmetry Operation Belonging to the Group of
the Wave Vector of the Y Point and Time Reversal
Operation (T)a

operation (kx, ky, kz) (σx, σy, σz) invariants

C̅2z (−kx, −ky, kz) (−σx, −σy, σz) kiσj (i, j = x, y), kzσz

M̅x (−kx, ky, kz) (σx, −σy, −σz) kxσy, kyσx, kzσx

M̅y (kx, −ky, kz) (−σx, σy, −σz) kxσy, kyσx, kzσy,
T (−kx, −ky, −kz) (−σx, −σy, −σz) kiσj (i, j = x, y, z)

aWave vector k is referenced from the Y point.
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The k·p Hamiltonian characterizing the spin splitting in the kz
= 0 plane is obtained by collecting all of the symmetry
invariant terms up to cubic in k and expressed as

= + +H H k kk k( ) ( )x y y x0 (1)

where H0 is the free particle Hamiltonian. α(k) and β(k) are
the splitting coefficients determining the strength of SOC,
given by

= + + +

= + + +

k k k k

k k k k

k

k

( ) ( ) ( )

( ) ( ) ( )

x y x y

x y x y

(1) (3)
2 2 2 2

(1) (3)
2 2 2 2

(2)

where α(3) and β(3) terms take cubic interaction into
consideration and γα and γβ take the cubic anisotropy into
consideration. Note that σz terms with a linear dependence in
k are forbidden by symmetry, resulting in the vanishing out-of-
plane spin component. We have fitted the band structure
around the Y point and parametrized α and β. The results are
shown in Figure 2a−d, and the corresponding splitting
parameters are listed in Table 3. As one can clearly see in
Figure 2a, valence bands are almost cubic split along the kx
direction, signifying the crucial role of the α(3) and γ(α) terms in
the Hamiltonian. The cubically split bands provide an
additional advantage over linear splitting in spintronics, i.e.,
the larger spin Hall conductivity and spin transport in a system
with higher spin (spin 1 and spin 3/2 quasiparticles).43−45 In
the regime of purely linear splitting, the strength of linear
Rashba and Dresselhaus effects is obtained using

=

=
+
2

2

R
(1) (1)

D
(1) (1)

(3)

where αR and αD are Rashba and Dresselhaus parameters,
respectively. For the VB, we find αR = 0.030 eV Å and αD =
0.035 eV Å. Similarly, for the CB of Sn2SbS2I3, αR = 0.105 eV
Å and αD = 0.010 eV Å. Therefore, the linear Rashba effect
dominates the Dresselhaus effect for the CB splitting. This is
also evident from the helical spin textures shown in Figure 2f.
On the contrary, in the case of spin splitting of the VB, the
contribution of both linear Rashba and Dresselhaus is
significant, with linear Dresselhaus being the dominant one.
The larger CB splitting is attributed to the heavier Sb (p)
orbitals’ contribution to the CB in comparison to the S (p) and
Sn (s) orbitals’ contribution to the VB (see Figure 1c).
Furthermore, we have also plotted the spin textures of CB and
VB using the k·p Hamiltonian with the parameters listed in
Table 3. The k·p model-produced spin textures are in good
agreement with the DFT spin textures (see Figure 2e−l).
Similar spin splittings and textures are also observed in the
Cmc21 phase of Sn2SbSe2I3 (see Table 3 for parameters).

However, the strength of the splitting is slightly larger in the
case of Sn2SbSe2I3 owing to larger SOC coming from the Se
atom than from the S atom. We also note that k·p model spin
textures may deviate from the DFT spin textures far from the Y
point because the model is applicable only in the immediate
proximity of the Y point. Interestingly, spin textures for CB and
VB are nearly k-independent near kx = ±0.1 Å−1 (see dashed
regions in Figure 2e,f). Such quasi-persistent spin textures
promise nondephasing spin transport through a persistent spin
helix mechanism.46,47 Additionally, these spin textures can be
reversed through polarization switching with an energy barrier
of 35 meV/atom.
From the band structures, we observe the large dispersion at

the CBM and VBM, with the former being more dispersive
(see Figure 1c−e). Therefore, charge carrier transport would
be better in these chalcohalide PIMs. The effective masses
along different high-symmetry paths due to their anisotropic
nature are listed in Table 4. The Cmc21 phase of Sn2SbS2I3 has

a direct band gap at the Y point, whereas the band gap is
indirect in the case of the Cmcm phase of Sn2SbS2I3 and
Sn2SbSe2I3. The VBM is shifted, lying between Y and Γ in the
latter cases. Note that the semilocal εxc functional PBE
underestimates the band gap due to the well-known self-
interaction error. The band gaps are corrected by using MBPT
in the framework of single-shot GW (G0W0) calculations. The
band profile remains similar to PBE+SOC, but the band gap
opens up (see Figure S1 for the band structure obtained using
G0W0). The band gaps are improved in comparison to
previously reported theoretical11 values calculated using
HSE06+SOC but underestimated by ∼0.3 eV with respect to
experimentally reported values13,36 (see Table 5).

Table 3. Parametrization of α(1), α(3), β(1), β(3), γα, and γβ for the Lowest Conduction Bands and Top Valence Bands (around
the Y point) of Sn2SbX2I3 (X = S or Se) Having Cmc21 Group Symmetrya

band α(1) (eV Å) α(3) (eV Å3) γα (eV Å3) β(1) (eV Å) β(3) (eV Å3) γβ (eV Å3)

Sn2SbS2I3 VB 0.005 3.796 1.013 0.065 −3.595 0.508
CB 0.115 −4.877 0.883 −0.094 5.838 1.002

Sn2SbSe2I3 VB 0.007 5.211 2.132 0.081 −6.592 1.213
CB 0.131 −5.126 0.658 −0.099 4.892 0.995

aThe kx and ky ranges considered to fit our models are within 0.125 Å−1.

Table 4. Effective Masses of the Electron and Hole (in terms
of free-electron mass me) of Chalcohalide PIMs along the
High-Symmetry Path

configuration phase me* mh*
Sn2SbS2I3 Cmc21 0.26 (Y-Γ) 0.95 (VBM-Γ)

0.90 (Y-T)
Cmcm 0.33 (Y-Γ) 1.40 (VBM-Γ)

0.86 (Y-T) 1.32 (VBM-Y)
Sn2SbSe2I3 Cmc21 0.27 (Y-Γ) 0.71 (VBM-Γ)

1.13 (Y-T) 1.49 (VBM-Y)

Table 5. Band Gaps (in electronvolts) of Chalcohalide PIMs

configuration phase
PBE
+SOC

G0W0@PBE
+SOC

previously
reported

Sn2SbS2I3 Cmc21 0.55 1.20 1.0811

Cmcm 0.56 1.10 1.02,11 1.4113

Sn2SbSe2I3 Cmc21 0.51 1.11
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The dielectric function is obtained by solving BSE on top of
G0W0@PBE+SOC. The imaginary part of the dielectric
function [Im ε] is shown in Figure 3. As per the BSE
eigenvalue analysis, the energy positions corresponding to the
first bright exciton (optically active) lie at 1.02, 1.28, and 1.01
eV for the Cmc21 and Cmcm phases of Sn2SbS2I3 and the
Cmc21 phase of Sn2SbSe2I3, respectively. A dark exciton also
exists at nearly the same energy position as a bright exciton in
the Cmc21 phase of Sn2SbX2I3 (X = S or Se). On the contrary,
many dark excitons exist below bright excitons in the Cmcm
phase of Sn2SbS2I3. This can be seen from the oscillator
strength given in Table S2. Moreover, the main shoulder peak
lies at ∼1.4 eV (see Figure 3b), which agrees with the
experimental band gap of 1.4 eV measured by Nie et al.13 and
1.5 eV obtained by Starosta et al.36 The dielectric functions are
anisotropic, and the contributions of different components are
shown in Figure S2. Note that the exciton binding energy (EB)
can be determined by taking the difference of the peak
positions obtained from G0W0 and BSE. Hence, the EB values
of the optically active exciton for the Cmc21 and Cmcm phases
of Sn2SbS2I3 and the Cmc21 phase of Sn2SbSe2I3 are found to
be ∼173, ∼136, and ∼103 meV, respectively. These exciton
binding energies are larger in comparison for the LHPs48 but
smaller than for the chalcogenide perovskites.49 Using the
dielectric function, we find the absorption coefficient to be on
the order of ∼105 cm−1 in the visible-light region (see Figure
S3), which is promising from the perspective of application in
optoelectronic devices.
In addition, to gain a deeper understanding of the

fundamental limits of mobility, it would be beneficial to
make a first-principles prediction.31,50 While theories of
mobility are being developed, it is important to take into
account the polaron state, which results from strong
interactions between charge carriers and phonons rather than
solely considering the free carrier state. Fröhlich developed a
Hamiltonian that describes the interaction between independ-
ent electrons (i.e., those with a low density) and polar optical
phonons. The dimensionless Fröhlich parameter α of dielectric
electron−phonon coupling is

=
*i

k
jjjjj

y
{
zzzzz

i
k
jjjj

y
{
zzzz

e m1
4

1
2

1 1 2

0 S

2 1/2

(4)

The characteristics of the optical (ε∞) and static (εS) dielectric
constants, the effective mass (m*) of the bare-electron band,
and a characteristic phonon angular frequency (Ω) completely
determine it. The values of the Planck constant (ℏ), the
permittivity of free space (ε0), and the electron charge (e) are
also relevant. We find that the polaron in these materials lies in
the intermediate regime (α = 0.70−1.82) (see Table 6).
Feynman devised a novel approach to solving the Fröhlich

Hamiltonian, where the electron interacts with a group of
independent phonon excitations that behave harmonically and
are integrated over the quantum field.51 The electron interacts
with the perturbation it causes when passing through the
lattice, and it decays exponentially over time. In Feynman’s
method, the effective mass of the polaron (for a small α) is
expressed as follows

= * + + +
i
k
jjjj

y
{
zzzzm m 1

6 40
...p

2

(5)

This expression shows that the polaron mass is always higher
than the effective mass of Bloch’s electron. We observe that
electron−phonon coupling causes the polaron mass to be
increased by ∼11−20% (see Tables 4 and 6). We have used
the finite temperature model devised by Osaka52 to describe
the polaron based on the path integral calculations
demonstrated by Feynman.51 In this model, the self-free
energy of the polaron (F) is calculated using two free
parameters, v and w. We numerically find v and w that
minimize F = −(A + B + C),53 where
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Figure 3. Spatially averaged imaginary part [Im ε] of the dielectric function for (a) Sn2SbS2I3 in the Cmc21 phase, (b) Sn2SbS2I3 in the Cmcm
phase, and (c) Sn2SbSe2I3 in the Cmc21 phase, obtained using PBE+SOC, G0W0@PBE+SOC, and BSE@G0W0@PBE+SOC.

Table 6. Polaron Mobilities of Chalcohalide PIMs at Room Temperature (T = 300 K)a

configuration phase Ω (THz) εS ε∞ α rF (10−9 m) mp μH (cm2 V−1 s−1)

Sn2SbS2I3 Cmc21 4.20 22.95 10.78 0.70 7.94 0.29 202.93
Cmcm 1.42 93.22 13.09 1.82 2.18 0.40 90.16

Sn2SbSe2I3 Cmc21 2.76 22.66 11.64 0.74 5.60 0.30 214.94
aεS and ε∞ are given in units of the permittivity of free space (ε0). Effective polaron mass mp is given in units of free electron mass (me).
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where β = ℏΩ/kBT is the phonon occupation factor and v is
the frequency of relative motion between longitudinal optical
(LO) phonon and charge carrier. The expected value of the
squared distance between phonon and charge carrier defines
the polaron size (rF)

53
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In the theory, Hellwarth et al.54 defined the polaron mobility
by contour integrating the self-energy of the perturbed
polaron53,55,56
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At 300 K, we predict Hellwarth polaron mobilities of 202.93
and 90.16 cm2 V−1 s−1 in the Cmc21 and Cmcm phases of
Sn2SbS2I3, respectively. The Cmc21 phase has higher polaron
mobility compared to that of the Cmcm phase due to a small
static dielectric constant and a higher phonon angular
frequency. Similarly, the calculated polaron mobility is
214.94 cm2 V−1 s−1 in the Cmc21 phase of Sn2SbSe2I3. The
calculated parameters for the polarons, i.e., Fröhlich parameter
(α), polaron size (rF), LO phonon characteristic frequency
(Ω), polaron mass (mp), and polaron mobility (μH), are listed
in Table 6. We notice that the polaron mobility of these
chalcohalide PIMs is comparable to that of LHPs31 and larger
than that of chalcogenide perovskites.49,57

In conclusion, we have investigated the band splitting and
excited-state properties of chalcohalide perovskite-inspired
materials (PIMs) (Sn2SbX2I3; X = S or Se) by state-of-the-
art density functional theory, an effective k·p model, and many-
body perturbation theory. We observed that spin−orbit
coupling (SOC) significantly affects the electronic structure
in these chalcohalide PIMs. The calculated effective masses of
electrons are found to be small, suggesting good charge carrier
mobility. The Cmc21 phase of Sn2SbX2I3 (X = S or Se) shows
Rasbha and Dresselhaus effects, with the former being more

dominant for conduction band splitting. The band gaps are
corrected by the many-body perturbation theory approach,
namely G0W0. The exciton binding energies are found to be
173, 136, and 103 meV for the Cmc21 phase of Sn2SbS2I3, the
Cmcm phase of Sn2SbS2I3, and the Cmc21 phase of Sn2SbSe2I3,
respectively. The electron−phonon coupling strength is small
in these chalcohalide PIMs, resulting in an intermediate
polaron. The Cmc21 phase of Sn2SbS2I3 has a larger polaron
mobility in comparison to that of the Cmcm phase. Overall,
these results are expected to expedite the research and use of
chalcohalide PIMs in optoelectronic and spintronic devices.

■ COMPUTATIONAL METHODS
The DFT calculations were performed using the Vienna ab
initio simulation package (VASP).58,59 The projector-aug-
mented wave (PAW) pseudopotentials59,60 were used to
describe the interactions between electrons and ions for all
of the species. The PAW pseudopotentials with valence-
electron configurations 4d105s25p2, 4d105s25p3, 3s23p4, 4s24p4,
and 5s25p5 were considered for Sn, Sb, S, Se, and I,
respectively. All of the structures were optimized using the
optB86b-vdW εxc functional until the forces were smaller than
0.001 eV/Å. The functional validation for geometry
optimization is given in Table S3. The calculations were
performed with a 16-atom primitive unit cell. The tolerance for
electronic self-consistent iteration was kept at 1 × 10−6 eV, and
a plane-wave kinetic energy cutoff of 350 eV was used with the
standard PAW radial cutoffs. A k-point mesh of 4 × 4 × 2 was
used for Brillouin zone integration, generated using the Γ-
centered Monkhorst−Pack61 scheme. The effective masses
were calculated from the band structures obtained by the PBE
εxc functional. The band structures were generated using
SUMO,62 and the parabolic fitting of the band edges was
considered for effective mass calculations. Note that the van
der Waals interactions (two-body TkatchenkoScheffler63) and
spin−orbit coupling (SOC) were also considered. The
quasiparticle band gaps were obtained from single-shot
GW26,27 (G0W0) calculations. To determine the excited-state
properties, the Bethe−Salpeter equation (BSE)28,29 was solved
on top of G0W0 calculations. The PBE+SOC was considered as
a starting point for G0W0 calculations. For polarizability
calculations, a grid of 60 frequency points was used. A
sufficiently large number of unoccupied bands was considered
(for the convergence of empty states, see Table S4). A Γ-
centered 4 × 4 × 1 k-point mesh was used for BSE
calculations. The electron−hole kernel for BSE calculations
was constructed using 64 occupied and 64 unoccupied states
(see Figure S4 for convergence). The density functional
perturbation theory (DFPT) calculations were carried out with
a k-point mesh of 12 × 12 × 3, generated using the Γ-centered
Monkhorst−Pack scheme. The polaron mobility was calcu-
lated using the code PolaronMobility.jl.
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