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ABSTRACT: The application of pressure on halide perovskite materials provides key insights into their structural
properties and the collective motions of their basic structural
units. Here, we use synchrotron X-ray diﬀraction and Raman
spectroscopy measurements combined with density functional
theory calculations to perform a comprehensive study on the
structural and vibrational properties of the so-called defect
halide perovskites Cs2SnX6 (X = Cl, Br, I) under high
hydrostatic pressures up to 20 GPa. We ﬁnd that, while
Cs2SnCl6 and Cs2SnBr6 retain a face-centered cubic (FCC)
structure for all studied pressures, Cs2SnI6 undergoes
successive phase transformations initially to a more disordered
structure and secondly to a low-symmetry monoclinic I2/m phase. The ﬁrst transition is only evidenced by certain features
emerging in the Raman spectra at ∼3.3 GPa, whereas the latter happens in a pressure window of around 8−10 GPa and involves
tilting and elongation of SnI6 octahedra and hysteretic behavior with pressure release. Overall, the results reveal that pressure
can alter signiﬁcantly the structural characteristics of certain defect perovskites, such as Cs2SnI6, which is also anticipated to
aﬀect their optoelectronic properties.

1. INTRODUCTION
Perovskite halides have proven to be excellent light absorbers
in solar cells and have revolutionized the ﬁeld of thirdgeneration photovoltaics.1,2 The champion perovskite materials leading to maximum power conversion eﬃciencies are the
three-dimensional (3D) hybrid lead iodide compounds
containing methylammonium (MA: CH3NH3), MAPbI3, and
formamidinium (FA: NH2CHNH2), FAPbI3, which have
energy gaps near the optimum Shockley−Queisser limit (1.34
eV). A key challenge for the exploitation of halide perovskites
for industrial applications is the replacement of the toxic Pb by
Sn. However, the stability of 3D tin perovskite halide
analogues is poor due to the spontaneous oxidation of Sn2+
to Sn4+.3
Cs2SnX6 (X = Cl, Br, I) crystallize into the vacancy-ordered
double-perovskite structure (space group Fm3̅m).4−6 They can
be regarded as a zero-dimensional defect variant of the simple
3D perovskite CsSnI 3 structure with isolated [SnI 6 ] 2−
octahedra. Despite the absence of 3D covalency via Sn−X−
© 2018 American Chemical Society

Sn connectivity, the close-packed anionic lattice forms
dispersive frontier electronic bands with mobile carriers,
which are activated by intrinsic defects in the structure, most
probably iodine vacancies.7 Combined with the advantage of
the nontoxicity of Sn and their very high stability in oxygen
and moisture,4,8 the defect perovskites are very interesting
materials in photovoltaics, both as light absorbers9 and as holetransporting materials.10−12 Furthermore, changing the halide
species aﬀects dramatically the band gap, going from 1.26 eV
for Cs2SnI6 up to 3.9 eV for Cs2SnCl6.10
Pressure on the giga-pascal (GPa) scale can be used as an
external stimulus to investigate the behavior of perovskite
absorbers in a controllable and predictable way, since it is
known to trigger a wide variety of structural transformations in
organic and inorganic solids.13 Apart from the structural
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from tetragonal to the P2/m monoclinic phase, expressed by
cooperative octahedral tilting of the SnI6 octahedra.32
The current work examines the eﬀect of applying high
pressures of up to 20 GPa on the crystal structure and the
vibrational properties of the defect perovskites Cs2SnX6 (X =
Cl, Br, I). While the crystal structures of Cs2SnCl6 and
Cs2SnBr6 remain intact under pressure, we ﬁnd that Cs2SnI6 is
prone to disorder and phase transformations, something that
could be explored in the future to tune its optical, electronic,
and conducting properties.

changes, the inﬂuence of high pressure on the perovskite
optical and electronic transport properties,14−17 including the
observation of intense piezochromism,15,18 have been investigated. In particular, understanding the correlations between
pressure-induced structural and electronic changes allows us to
tune more precisely material properties through compression.19 In MAPbCl3, applied pressures above 0.8 GPa strongly
aﬀect the rocking vibration of the MA cation, which is conﬁned
by the surrounding PbCl6 octahedra.17 Tilting and distortion
of the octahedra occur above 1.9 GPa lowers the symmetry
and induces large changes in the Raman spectra. Comparative
pressure X-ray diﬀraction (XRD) and Raman experiments on
FAPbBr3 and MAPbBr314 show progressive phase transition
from Pm3̅m to Im3̅ and Pnma. The critical pressures of phase
transitions are higher for FAPbBr3 because of the less
compressible character of its formamidinium cation. Extensive
high-pressure XRD and photoluminescence studies have also
been performed on MAPbI3.20 The ambient-pressure tetragonal polymorph transforms ﬁrst to a CoAs3-type cubic phase at
0.3 GPa and then to an orthorhombic phase above 2.7 GPa.
This is accompanied by initial reduction and then increase of
the band gap above critical pressures.
Hybrid MASnI3, FASnI3, and MA0.5FA0.5SnI3 are among the
most compressible known perovskites (overall bulk moduli B0
are 12.6(7), 8.0(7), and 11.5(7) GPa, respectively).21 Upon
applying hydrostatic pressure, ﬁrst, a CoAs3-type doubling of
the primitive cubic unit cell occurs, resulting from octahedral
tilting, followed by a symmetry lowering and an eventual
amorphization above 4 GPa. Diﬀerences between the pristine
and the pressure-treated MASnI3 up to 30 GPa have been
studied by synchrotron XRD (SXRD) and Raman spectroscopy.22 A phase transition from tetragonal to orthorhombic at 0.7
GPa was observed, followed by an amorphization starting at
about 3 GPa. Interestingly, no amorphization was observed
during the recompression process, exhibiting a signiﬁcant
dependence on the compression history. The crystalline phase
of the pressure-treated MASnI3 persists to at least 30 GPa,
showing improved structural stability, electrical conductivity,
and visible light photoresponse.
The defect halide perovskites possess diverse crystallographic phases according to the size of the cations and the
anions23 and a rich phase diagram in temperature and pressure
space. Early studies have shown that, upon cooling, they
undergo cooperative octahedral tilting and rotations in
symmetry-lowering phase transitions.24−27 In the past,28
some A2MCl6 defect perovskites (A = Cs, Rb, K and M =
Sn Te, Pt) were systematically examined, including K2SnCl6
and [(CH3)4N]2SnCl6, which showed no phase changes but
small anomalies in the frequency versus pressure curves at low
pressures. Very recently, a combined XRD and Raman high
pressure study on Cs2SnBr6 has found no phase transformation
up to 20 GPa, in agreement with our ﬁndings, which we will
discuss in detail below.29 Regarding Cs2SnI6, the most relevant
study up to now is the pressure-dependent X-ray investigation
of cubic Cs2PdI6 and tetragonal Cs2PdI4I2.30,31 The two
systems are related by a solid-state electron-transfer reaction of
Cs2PdI4I2 to Cs2PdI6 at pressures of 2 GPa, while above 8 GPa,
a transition to a low-symmetry polymorph is observed, indexed
to the I2/m, which is a subset of the monoclinic space group
C2/m (Nr. 12). Upon cooling, Cs2SnI6 does not show any
phase transformation down to 10 K, in contrast to Rb2SnI6,
which, due to the smaller Rb+ ion relative to Cs+, transforms

2. EXPERIMENTAL SECTION
2.1. Chemical Synthesis. The Cs2SnX6 (X = Cl, Br, I)
perovskites were prepared from their binary precursors, as
previously described.10 The polycrystalline materials are stable
in air and have distinct colors, black, yellow, and white for the
I, Br, and Cl derivatives, respectively.
2.2. High-Pressure Synchrotron X-ray Diﬀraction. A
symmetric diamond anvil cell (DAC) was employed to
generate high pressure. A rhenium gasket was preindented to
30 μm in thickness followed by laser drilling a 150 μm
diameter hole in the central part to serve as the sample
chamber. Powdered Cs2SnX6 (X = Br, I) samples and ruby
microspheres (for pressure measurements) were loaded in the
chamber. Silicone oil was used as the pressure-transmitting
medium and the pressures were determined by the ruby
ﬂuorescence method.33 The in situ high-pressure angledispersive X-ray diﬀraction experiments were carried out at
B1 station, Cornell High Energy Synchrotron Source
(CHESS), Cornell University. A monochromatic X-ray beam
with the wavelength of λ = 0.4859(3) Å was used for the
diﬀraction experiments. The diﬀraction data were recorded by
a Mar345 detector, and the sample-to-detector distance and
other detector sitting parameters were calibrated using the
powder standard of CeO2. The raw two-dimensional images
were integrated to one-dimensional (1D) patterns with the
Fit2D program.34 To determine the unit cell parameters, the
XRD data were analyzed using the Le Bail method with the
Jana2006 program.35 The starting structural parameters of the
cubic (Fm3̅m) phase were taken from a previous work.10 We
then used the reﬁned structural parameters as the starting
parameters for the next pressure and continued this procedure
systematically with increasing pressure. The structural phase
transition of Cs2SnI6 was analyzed using the previously
reported group-theoretical analysis for double perovskites.36
For the case of α-Cs2SnI6 at various pressures, full Rietveld
reﬁnements were carried out using the FULLPROF software.37
2.3. Raman Measurements under Pressure. Small
pieces of defect perovskites in powder form, with crosswise
dimensions 10−30 μm, were loaded into a Syassen−Holzapfeltype diamond anvil cell (DAC) along with bulk silicon (Si) or
gallium phosphide (GaP) for monitoring the pressure.38 A
metal gasket with a central hole of ca. 150−250 μm in diameter
was inserted between the two diamonds of the setup. Apart
from the sample and the calibration unit, the gasket was ﬁlled
with a 4:1 methanol−ethanol pressure-transmitting medium.
The latter provides good hydrostatic conditions up to a
pressure of 12 GPa (at which it solidiﬁes) and quasihydrostatic ones above this pressure. These facts have been
conﬁrmed by the absence of signiﬁcant broadening of the
Raman spectra. Raman data were obtained up to 20 GPa in
several experimental sessions with repeated cycles of increasing
and decreasing the pressure. Overall, silicon calibration
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material in combination with 250 μm diameter holes in the
gaskets were used for detailed characterization of the
perovskites at low pressures of up to 7 GPa, and GaP in
combination with the lowest 150 μm diameter gaskets for
recording the high-pressure data.
Room-temperature micro-Raman spectra were measured in
backscattering conﬁguration on a Renishaw inVia Reﬂex
spectrometer using a high-power near-infrared diode laser (λ
= 785 nm) as the excitation source. The laser beam was
focused onto the samples on spots of 4 μm in diameter by
means of a ×20 magniﬁcation lens, with an extra-long working
distance of 25 mm necessary to overcome the thickness of the
DAC sapphire window and a numerical aperture of 0.25. The
scattered beam was ﬁltered at 30 cm−1 with a double Rayleigh
dielectric ﬁlter and analyzed on a 250 mm focal length
spectrometer along with a 1200 lines/mm diﬀraction grating
and a high-sensitivity charge-coupled device detector. Initially,
laser power tests were carried out and a power of 0.3 mW was
determined to be safe enough to avoid laser-induced thermal
shifts of the Raman bands. Furthermore, a large number of
spectra acquired from diﬀerent spots of each sample veriﬁed
uniformity and circular polarization of incident beam was
adopted to minimize intensity diﬀerences of the spectra lines
from the spectral acquisition of diﬀerent sample beads.
Frequency shifts were systematically calibrated by an internal
bulk Si reference.
2.4. Computational Methods. The results were obtained
with the density functional theory (DFT) code Quantum
Espresso.39 We employed projector-augmented waves40,41 to
describe the interactions between valence electrons and ions
and a generalized-gradient approximation exchange-correlation
functional,42 while van der Waals (vdW) interactions were
included with the DFT-D2 method.43 By setting the C6 vdW
coeﬃcients42 of I, Sn, and Cs equal, respectively, to 250, 825,
and 2500 in atomic units, we obtained a lattice parameter
(11.62 Å) for α-Cs2SnI6, which is in excellent agreement with
the experimental value. With the same set of C6 coeﬃcients,
the calculated lattice parameter for α-CsSnI3 diﬀers by less
than 0.3% from the experimental data.44,45 The relaxation of
atomic positions and unit cells was performed with an energy
cutoﬀ of 50 Rydbergs (Ry) for the plane-wave basis and was
terminated when the energy converged within 10−6 Ry.
Sampling of reciprocal space employed the Mohnkhorst−
Pack scheme46 and a 6 × 6 × 6 k-grid. Calculations with higher
energy cutoﬀs and ﬁner k-point meshes conﬁrmed the
convergence of the results on relative stability and lattice
parameters.

Figure 1. X-ray powder diﬀraction patterns (λ = 0.4859 Å) under
hydrostatic pressure for (a) Cs2SnBr6, where the FCC structure
remains unchanged up to 15.4 GPa and (b) Cs2SnI6, which presents a
drastic change upon compression above ca. 8−10 GPa, whereupon
the FCC lattice changes to the monoclinic I2/m. This structure
change is reversible with hysteresis, and the compound returns to its
original FCC structure upon decompression below 4 GPa.

upon decompression. The cubic unit cell shrinks continuously
with increasing pressure, expressed by the calculated bulk
moduli of B0 = 15.4 GPa for Cs2SnI6 and B0 = 13.5 GPa for
Cs2SnBr6, estimated by means of the Birch−Murnaghan
equation of states.47,48 The pressure dependence of the Vo/V
ratio (Figure 2) shows linear dependence in two regions, below

Figure 2. Pressure dependence of Vo/V for Cs2SnI6 and Cs2SnBr6 in
their cubic phase. Linear ﬁtting of the data below and above 2 GPa are
shown. Gradient values correspond to the isothermal compressibility,
βT.

and above a pressure of ca. 2 GPa. The gradient which
expresses the isothermal compressibility decreases from βT =
0.063 GPa−1 (below) to 0.028 GPa−1 (above 2.5 GPa) for
Cs2SnI6 and from βT = 0.069 to 0.022 GPa−1 for Cs2SnBr6.
The obtained bulk moduli indicated that the Cs2SnX6
compounds possess characteristics of an extended lattice
rather than molecular characteristics, as this is implied by the
crystal structure comprising discrete [SnX6]2− octahedra and
Cs+ ions in an FCC lattice. This statement is corroborated by
the fact that the bulk moduli of Cs2SnX6 are very similar to the
extended hybrid perovskite CH3NH3SnI3 (B0 = 12.3 GPa),
which is a representative compound with a three-dimensional
(3D) lattice,49 rather than a molecular compound, such as SnI4
(B0 = 5.2 GPa).50
Cs2SnBr6 retains its cubic crystal lattice within the studied
pressure range in accordance with ref 29 with almost ideal
reversible characteristics as shown by the SXRD patterns at all
applied pressures (Figure 1a). The full width at half-maximum
(FWHM) of the strongest (222) reﬂection presents good

3. RESULTS AND DISCUSSION
3.1. Synchrotron X-ray Diﬀraction Analysis. All
materials are indexed at room pressure in the FCC cubic
space group Fm3̅m. Only a trace amount of CsI (strongest
peak at 2θ = 8.6°) was detected for the Cs2SnI6 sample. In the
order of I, Br, and Cl derivatives, lattice constants are
11.6377(1), 10.8371(1), and 10.3817(1) Å and Sn−X bond
lengths are at 2.855, 2.7520, and 2.4886 Å. Cs 2 SnX 6
perovskites are expected to have an enhanced compressibility
and structural ﬂexibility due to their large framework vacancies.
In situ synchrotron X-ray diﬀraction (SXRD) measurements
under high pressure for Cs2SnBr6 and Cs2SnI6 conﬁrm this
hypothesis (Figure 1).
Both compounds can be reversibly compressed up to
approximately 16 GPa, returning to their original structure
24006
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The lattice constants derived at 10.9 GPa are equal to a =
9.055 Å, b = 7.396 Å, and c = 8.644 Å, and the crystallographic
angle β is equal to 94.24°. The experimental reﬁnement of the
I2/m in terms of bond lengths or thermal displacements is not
feasible because this is a monoclinic phase with many ﬁtting
parameters, which cannot be determined with accuracy due to
the low diﬀraction intensity and the small number of resolved
reﬂections (to some extent overlapping each other). Due to the
absence of direct group−subgroup relationship between Fm3̅m
and I2/m, the corresponding phase transition under pressure
for Cs2SnI6 is of ﬁrst order, conﬁrmed also by the hysteresis in
the reformation of the cubic phase upon releasing the pressure.
In contrast to the β-phase, α-Cs2SnI6 is a cubic FCC
structure with only few reﬁnable parameters in the Rietveld
analysis and signiﬁcantly better signal-to-background ratio. The
reﬁnement in this case is feasible and permits, apart from the
lattice parameters, the extraction of the inter- and intraoctahedral bond lengths. The deduced values at various
pressures are shown in Table S1. As for the Sn−I bond lengths,
they reach the lowest value of ∼2.73 Å under compression at
3.1 GPa, which is higher than the sum of the ionic radii51 of
the ions (0.69 + 2.20 = 2.89 Å), suggesting signiﬁcant
covalency in the bonding and then the values remain almost
constant regardless of further compression. A similar trend is
found for the intra-octahedral I−I distances. As for the Cs−I
bond lengths, they drop constantly under compression up to
7.4 GPa to 3.819 Å, which are much smaller than the sum of
their ionic radii of the elements (ca. 4.4 Å). However, the interoctahedral I−I distances, which mainly inﬂuence the band gap
of defect perovskites,10 are aﬀected to a larger extent by
compression, decreasing continuously from 4.1954 to 3.758 Å
as a result of pressure-induced shrinkage of the lattice voids.
Figure S3 presents graphically the average inter- and intraoctahedral I−I distances upon compression to 7.4 GPa.
Apparently, at ∼2 GPa, the intra-octahedral I−I distance is
reaching a threshold plateau being insensitive to further
compression, while the inter-octahedral I−I bond length
continues to decrease. These results denote a prestage of the
titling and deformation of the octahedra, which takes place at
higher pressure in order that the atoms will be able to occupy
space more eﬃciently. Qualitatively, this analysis conﬁrms the
empirical predictions23 that the iodide derivative in the
Cs2SnX6 series is the only one vulnerable to phase changes

reversibility in the pressure cycle (Figure S1a). Cs2SnI6, on the
other hand, undergoes a continuous structural phase transition
starting at ∼8 GPa and completing at ∼10 GPa, with both the
original cubic phase and the transformed monoclinic phase
being present between 8 and 10 GPa (Figure 1b).
Furthermore, upon pressure release, the reverse phase
transition to the ambient-pressure FCC structure is completed
only below 4 GPa. The large increase in the FWHM values of
the strongest (222) reﬂection suggests reduced crystallinity of
the material upon pressure release (Figure S1b). According to
the Rietveld analysis of the SXRD patterns, at low pressure
(Figure S2a at 0.9 GPa), Cs2SnI6 has the FCC structure (αphase) while at high pressure (see Figure S2b at 10.9 GPa), the
material adopts a nearly orthogonal monoclinic I2/m structure,
termed β-Cs2SnI6 based on phase transition nomenclature. In
fact, I2/m is among the candidate structures often encountered
in high-pressure distorted perovskites.36 Another plausible one
is the P4/mnc tetragonal phase, which partially ﬁts the
experimental SXRD reﬂections, too; however, this ﬁt is clearly
worse than that of the I2/m structure reported in Figure S2b.
The phase transition to β-Cs2SnI6 occurs through tilting of the
SnI6 octahedra about the monoclinic b axis, accompanied by
their axial expansion along the c axis, as presented in Figure 3b.

Figure 3. Crystal structure of Cs2SnI6 (a) at ambient pressure (FCC
α-phase) that can be described with a body-centered tetragonal
(BCT) unit cell and a lattice constant ratio c/a = √2 and (b) at high
pressure (I2/m β-phase), which is derived from the BCT structure
through tilting of the SnI6 octahedra about the b axis.

Figure 4. Selected Raman spectra of Cs2SnI6 upon increasing the pressure (a) up to 3.3 GPa, (b) from 3.3 to 19.1 GPa, and (c) upon pressure
release from 17.33 GPa to ambient pressure.
24007
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GPa). The aforementioned changes in the spectral characteristics, namely, dramatic decrease in the intensity of modes #3
and #4, the emergence of the mode #4s, and the enhancement
of the elastic background suggest an order−disorder phase
transition in the pressure range of about 3.3 GPa. This
transition evolves gradually from 1.8 to 4.2 GPa. This is
supported by a decrease in the slopes of the frequencies versus
pressure for all modes, at about 3.3 GPa, which probably stems
from the considerable reduction in the compressibility of the
crystal. To make a comparison with the SXRD results, a full list
of frequency shift versus pressure slopes (dω/dP) and reduced
slopes (ωo−1 [dω/dP]) is given in Table 1, recording values
below (phase I) and above (phase II) the 3.3 GPa. Indeed, the
∼52% reduction in the ωo−1 [dω/dP] slope of mode #1, which
adsorbs the major part of the crystal compression, corresponds
quite well to the ∼44% decrease of the compressibility
determined in the XRD data.
The transformation from phase I to phase II has the
characteristics of breaking the long-range translational
symmetry of the lattice, introducing local disorder, reducing
the empty spaces in the lattice, and making, thus, the crystal
less compressible. Raman spectroscopy is very sensitive to such
changes; SXRD, on the other hand, does show the change in
compressibility, but it cannot detect new motifs in the SXRD
patterns or abrupt changes in the FWHM of the peaks because
the average long-range order apparently is hardly aﬀected.32
Thus, for SXRD, phase II is indistinguishable to the ambientpressure Fm3̅m one, while Raman data detect it as a new
intermediate phase between 3 and 8 GPa. Such discrepancies
in the phase identiﬁcation between SXRD and Raman
measurements close to order/disorder phase transitions often
appear in the literature.52 This transition from phase I to phase
II resembles that induced by reduction of the temperature in
the isostructural K2SnCl6.53 It is accompanied by the
weakening of the symmetric Sn−I stretching mode #4 and
the emergence of the new mode #4s with lower frequency but
identical frequency versus pressure slope, which indicates that
it also originates from Sn−I stretching, albeit at a bigger Sn−I
distance, which can be taken as a signal of metastability toward
a phase with monoclinic symmetry. Moreover, the emergence
of a strong quasi-elastic scattering spectral continuum is a
characteristic feature of relaxational dynamics. This type of
elastic background is observed only in the high-temperature
cubic and tetragonal phase of CsPbBr3 and MAPbBr3 (not in
the low-temperature orthorhombic phase) and is attributed to
local polar ﬂuctuations in the structure.54 A similar analysis on
our data shows enhancement of the central quasi-elastic
continuum exactly at the critical pressure (3.3 GPa) of the
phase transition, suggesting increased anharmonic/disordered
motion. From the width of the corresponding central broad
scattering band Γ = 165 cm−1, a Debye relaxation time τr of the
order of 32 fs is estimated, according to the formula τr = 1/
2πcΓ.
Above 8−10 GPa, an abrupt change, consistent with the
changes in the X-ray diﬀraction patterns described above is
observed in the Raman spectra. Twelve modes have been
resolved named as A−L. Shifts versus pressure are shown in
Table S2. A small decline of the shift versus pressure gradients
above 13 GPa is attributed to the relaxation of the pure
hydrostatic conditions of the pressure medium.
Accordingly, we compared the 12 modes identiﬁed in the
Raman spectra above 8 GPa with those predicted by the group
theory for the I2/m space group, which was indexed in the

induced by pressure due to its low radius ratio deﬁned as ratio
of the radius of the Cs cation to the size of the cavity formed
by the neighboring iodine anions.
3.2. Raman Scattering Analysis. The spectra of Cs2SnI6
present very interesting changes upon increasing the pressure.
To follow these changes, three sets of data are shown in this
work. Detailed Raman spectra from ambient pressure up to 3.5
GPa are shown in Figure 4a and selected ones, above 3.5 GPa
and up to 19 GPa, in Figure 4b. All Raman bands shift
positively with pressure, as it is normally expected due to
hardening of chemical bonding during compression. At
ambient and very low pressure (0.22 GPa), only three ﬁrstorder Raman bands are observed, all pertaining to Sn−I
vibrations in the SnI6 octahedra: the triply degenerate
asymmetric bending X−Sn−X deformation, δ(F2g), at 78
cm−1 (mode #2), the doubly degenerate asymmetric Sn−X
stretching ν(Eg), at 92 cm−1 (mode #3), and the nondegenerate Sn−X symmetric stretching vibration, ν(A1g), at
126 cm−1 (mode #4).10 The latter is very strong with intensity
15 times larger than #3, which is the second more intense
mode. The spectrum further includes the second order 2ν(A1g)
mode at 250 cm−1 (mode #5). Above 0.62 GPa, the missing
triply degenerate lattice mode νL(F2g) (mode #1), involving
vibrations of the Cs atoms in the rigid [SnI6] lattice, emerges at
low frequency.10 Extrapolation of the Raman shifts of this
mode at zero pressure gives a value of 41 cm−1 that
corresponds to the frequency of the unobserved lattice mode
at ambient pressure. By increasing the pressure up to about 3
GPa, apart from frequency shifts, we observe intensity changes
of the #3 and #4 stretching modes (Figure S4). First, an
intensity increase is observed, for mode #4 mode, up to 0.22
GPa, followed by gradual intensity decrease for both modes #3
and #4. Thus, at 3.3 GPa, mode #3 vanishes and mode #4
appears just above the detection threshold (Figure 4a) and this
pattern continues up to 8 GPa. In this range (2−8 GPa), a new
weak satellite band (we call it 4s) appears next to mode #4.
Another interesting observation is that in the full range of the
gradual phase transition, a strong elastic scattering background
is established, which maximizes at 3.3 GPa. In Figure 5, we plot
the frequencies of bands #1, #2, #3, #4, and #4s as a function
of pressure (#1, #2 and #4 turn to #1', #2' and #4' above 3.3

Figure 5. Pressure dependence of the Raman band frequencies of
Cs2SnI6 upon compression.
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Table 1. Values of Zero-Pressure Raman Frequencies (ωο), Frequency Shift vs Pressure Slopes (dω/dP), Reduced Slopes
(ωo−1 [dω/dP]) of Cs2SnI6 in the FCC-Phase I and IIa
peak
PHASE I ≈ 0−3.3 GPa

1
2
3
4
5

PHASE II ≈ 3.3−8.0 GPa

1′
2′
4′
4s

ωP-T(cm−1)

50.1
99.8
152.8
135.2

ω0(cm−1)

dω/dP(cm−1/GPa)

ω0−1(dω/dP 10−3 GPa−1)

γ
1.08
1.27
0.66
0.98

41.1
77.7
92.2
127.1
250.0

±
±
±
±
±

0.3
0.3
0.3
0.3
0.8

2.79
6.24
3.84
7.86
13.72

±
±
±
±
±

0.14
0.16
0.11
0.18
0.46

67.9
80.3
41.6
61.8
54.9

44.5
83.0
134.9
127.5

±
±
±
±

0.3
0.7
0.8
0.9

1.58
4.38
5.36
5.09

±
±
±
±

0.06
0.12
0.14
0.16

35.5
52.8
39.7
39.9

a
Gruneissen parameters (γ) in phase I and frequencies at the critical pressure of 3.3 GPa, where phase transformation occurs (ωP−T) in phase II, are
also given.

XRD analysis as the high-pressure phase and they were found
in full agreement. This particular group has a total of 9 × 3 =
27 expected normal modes with k = 0, which are theoretically
divided into the following one-dimensional (Ag(u), Bg(u))
symmetry species of the C2h point group.55
Γ27 = 7A g + 6A u + 5Bg + 9Bu

Of the above modes, all of the even-parity ones (g) are
summarized in 12 Raman-active ones (7Ag + 5Bg), which are
further divided in external, (2Ag + Bg) due to vibrations of the
Cs atoms against the octahedra and internal (all of the others),
due to vibrations of the I atoms in the SnI6 octahedra.
From the Raman spectra recorded upon releasing the
pressure, baseline-corrected and shown in Figure 4c, we
observe that the phase transition from the low-symmetry I2/m
phase to the cubic FCC occurs below 5.85 GPa (and above 3.3
GPa) upon releasing the pressure versus 8−10 GPa, which is
the corresponding critical pressure for the phase transition in
the increasing pressure experiments. Apparently, the spectrum
at 5.85 GPa at reverse pressure scan resembles very well the
characteristics of the spectra of the I2/m phase with the
unambiguous observation of the intense J and the characteristic high-frequency L phonon bands. Therefore, a hysteresis of
2−5 GPa is observed in the phase transformation, in
accordance with the SXRD results. The hysteresis in the
transition to the original FCC structure upon releasing the
pressure is visualized in the Raman frequency versus pressure
graph of Figure S5, which includes data upon pressure increase
and release marked with diﬀerent symbols.
Variable-pressure Raman spectra obtained from the
Cs2SnBr6 and Cs2SnCl6 perovskites, up to about 12 GPa, are
shown in Figures 6a and 7a, respectively. Their analysis is given
in Figures 6b and 7b. A linear shift of the Raman bands with
pressure is evidenced, without observing any peculiar features
as those observed in the case of Cs2SnI6. The only exception is
the low-frequency lattice mode #1 in Cs2SnCl6, which has a
large frequency slope versus pressure, equal to 5.4 cm−1 GPa−1,
up to 2 GPa, decreasing, for higher pressures to 1.7 cm−1
GPa−1. In contrast, the mode is not resolved below 2 GPa in
the case of Cs2SnBr6. The intensities of all other Raman bands,
including the stretching Sn−X ones are unaﬀected by the
pressure and no extra modes or splitting is observed.
Furthermore, for Cs2SnBr6, the frequency merging of the
two modes #2 and #3, at pressures ≥11 GPa, is combined with
a marginal change in the frequency slope versus pressure, for
mode #4. It is not clear whether this is dynamically correlated

Figure 6. (a) Selected Raman spectra of Cs2SnBr6 at elevated
pressures. (b) Pressure dependencies of the Raman band frequencies
of Cs2SnBr6. Open symbols correspond to the data analysis upon
pressure release.

Figure 7. (a) Selected Raman spectra of Cs2SnCl6 at elevated
pressures. (b) Pressure dependencies of the Raman band frequencies
of Cs2SnCl6. Open symbols correspond to the data analysis upon
pressure release.

or a spontaneous coincidence. The only sign in the Raman
spectra that is reminiscent of the behavior of Cs2SnI6 is an
increase of the elastic background up to about 1.5 GPa for
both Br and Cl derivatives, but the eﬀect is now very weak.
Raman shifts versus pressure slopes are given in Table 2. The
unresolved mode #1 at ambient pressure for Cs2SnBr6 is
predicted at 51 cm−1, which is nearly identical to the frequency
24009
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Table 2. Values of Zero-Pressure Frequencies, Frequency Shift vs Pressure Slopes, Reduced Frequency Slopes, and Gruneissen
Parameters for Cs2SnX6 (X = Br and Cl)
Cs2SnBr6
−1

ωo−1

Cs2SnCl6
−3

−1

peak

ω0 (cm )

dω/dP (cm GPa )

1

51.1 ± 0.3

2.06 ± 0.05

39.5

0.57

2
3
4

109.8 ± 0.3
137.1 ± 0.3
186.8 ± 0.3

5.10 ± 0.05
3.26 ± 0.04
5.54 ± 0.02

46.4
23.8
29.7

0.67
0.34
0.43

-1

-1

[dω/dP] (×10

GPa )

γ

ω0 (cm )
-1

52.2
60.9
169.6
229.8
307.1

±
±
±
±
±

0.5
0.3a
0.3
0.4
0.7

dω/dP (cm GPa )

ωo−1 [dω/dP] (×10−3 GPa−1)

γb

±
±
±
±
±

103.1
29.6a
40.4
18.2
23.3

2.40
0.70a
0.96
0.43
0.55

-1

5.4
1.73
6.85
4.19
6.60

−1

0.4
0.04a
0.05
0.10
0.08

Values for pressures above 2.0 GPa. bValues obtained with βT= 0.042 GPa−1 taken from theoretical calculations.56

a

for Cs2SnCl6 (52 cm−1), obtained directly from the spectra at P
= 1 bar. However, the extrapolation to P = 0 of the Cs2SnCl6
frequency data obtained for pressures above 2 GPa gives a
ﬁtting parameter of 60.9 cm−1. Figure S6 includes Raman
spectra of Cs2SnBr6 and Cs2SnCl6 upon releasing the pressure,
showing good spectral reversibility.
Apart from the values of ω0 and the slopes dω/dP, Tables 1
and 2 further include calculated reduced slopes ωo−1 [dω/dP]
and the Gruneissen parameters γ for each mode, estimated by
the following relation

For Cs2SnCl6 and pressures up to 2 GPa, there is a very high
value for the reduced slope of the lattice mode #1. Above 2
GPa, the value falls down to the standard expected level.
Deduced values γ are near to unity in all cases, which is typical
for covalent crystals.57 The only exception is the initial (below
2 GPa) value for the Cl derivative, which reads γ = 2.4 and
suggests the strong ionic character of the Cs−Cl bond.
3.3. Computational Results. To explore the possibility of
phase transitions of Cs2SnI6 under pressure, we constructed a
number of metastable Cs2SnI6 structures. One set of such
structures was created by removing Sn atoms from the β-, γ-,
and Y-polymorphs of CsSnI 3 .43,44 Because all of the
corresponding (relaxed) Cs2SnI6 conﬁgurations are signiﬁcantly less stable (by more than 0.3 eV per chemical formula)
than FCC-Cs2SnI6, they are not considered as good candidates
for phase transitions, at least for the range of pressures
considered in this work.
In the second set of trials, we applied various forms of tilts
on the SnI6 octahedra. DFT calculations on the latter set
identiﬁed overall the following four high-pressure phases: (i)
monoclinic I2/m (Nr. 12a), (ii) monoclinic C2/m (Nr. 12b),
(iii) tetragonal P4/mnc (Nr. 128), and (iv) tetragonal I4/m
(Nr. 87). Phase Nr. 12b is practically the same with phase Nr.
87 and will thus not be discussed further below. Figure 9

i ∂ln ωi yz
1 ij ∂ωi yz
jj
zz
zz =
γi = −jjj
βT ωi k ∂P {T
k ∂ln V {T

where we recall that βT is the isothermal compressibility.
The results of the reduced slopes for the four Raman bands
observed in all FCC structures are shown in Figure 8. We

Figure 8. Reduced slopes ωo−1 [dω/dP] of the four ﬁrst-order Raman
bands in Cs2SnX6 (X = Cl, Br, I). For the iodide derivative, two sets of
results are shown, for the initial phase I up to 3.3 GPa (red solid
symbols) and the intermediate phase II at 3.3−8 GPa (red open
symbols). In this second phase, the predicted value for the missing
mode #3 is displayed. Lattice mode #1 for Cs2SnCl6 initially shows
very high reduced slope ≈103 × 10−3 GPa−1, which drops to ≈30 ×
10−3 GPa−1, above 2 GPa.
Figure 9. Calculated enthalpies (in meV per chemical formula) of the
I2/m, I4/m, and P4/mnc Cs2SnI6 polymorphs (referenced with
respect to the FCC structure) as a function of pressure. The blue line
corresponds to the I2/m case within the DFT-D2 approach. All other
data are based on calculations without van der Waals interactions.
Structures I4/m and P4/mnc are stabilized above 5 GPa.

chose to plot the reduced slopes versus mode number (rather
than vs mode frequency) to display more clearly the systematic
behavior with respect to the vibrational symmetry. For each
compound, the set of attained reduced slopes stands at a
diﬀerent mean level, with considerable deviations between
diﬀerent bands, always maximum for mode #2 and minimum
for mode #3. The trend of the mean reduced slope values is to
increase in the order of Cl < Br < I. The initial values for
Cs2SnI6 in phase I are considerably higher than those of the Br
and Cl derivatives. The reduced slopes decrease considerably
in the intermediate phase II (by nearly 2 times for the lattice
mode and 1.5 times for the Sn−I internal modes) at
magnitudes analogous to those observed in the other systems.

presents the calculated enthalpies of the above-mentioned
crystal phases as a function of pressure. As shown in the ﬁgure,
above about 4.7 GPa, phase I2/m becomes the most stable
among all structures, including the FCC ambient polymorph.
When vdW interactions are included within the DFT-D2
approach, only the I2/m and FCC structures are stabilized, the
I2/m phase above 2 GPa and the FCC structure at all
pressures. In contrast, structures P4/mnc and I4/m relax
24010
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Cs2SnCl6. On the basis of the results, we can conclude that
there is no phase transition between α- and β-crystal structures
of these compounds in full agreement with the XRD and
Raman experimental results. In fact, it should be noted that at
8 GPa, a structure initially prepared as a β-polymorph of
Cs2SnCl6 relaxes spontaneously to the FCC lattice.

spontaneously to the FCC lattice. On the other hand, when
vdW interactions are not included, structures P4/mnc and I4/
m are also stabilized above 5 GPa.
The a, b, and c lattice parameters of the I2/m structure at 2
GPa (this is the lowest pressure at which the I2/m polymorph
exists as a metastable phase) are equal to 9.82, 8.04, and 8.97
Å, respectively, while the corresponding α, β, and γ angles of
the cell are equal to 90, 92.8, and 90°. Figure 10 presents the

4. CONCLUSIONS
The study of the Cs2SnX6 defect perovskites under hydrostatic
pressure up to 20 GPa revealed a strong response on the
materials’ structural and vibrational properties. The most
interesting results were obtained for the Cs2SnI6 crystal, which
shows a slow establishment of Raman characteristics at about
3.3 GPa, such as vanishing of the strongest Sn−I symmetric
and asymmetric stretching modes, emergence of a new weak
Raman band, next to the weak Sn−I symmetric band with
similar pressure-induced shifts, strong reduction of the
frequency versus pressure slopes, and maximization of the
quasi-elastic background. This behavior consistently marks a
gradual phase transition to a disordered state that is only
evidenced in SXRD by reduction in the compressibility of the
crystal. Above 8 GPa, a complete transformation of the thrifty
to a multicomponent Raman spectrum marks the transition to
a low-symmetry phase. This phase transformation was
determined on the basis of synchrotron X-ray diﬀraction as
the monoclinic I2/m occurring through tilting of the SnI6
octahedra about the b axis. In contrast, no pressure-induced
phase transformations are observed in the case of Cs2SnCl6
and Cs2SnBr6 crystals for applied pressures of up to about 12
GPa, which originates from the lower polarizability of chlorine
and bromine relative to iodine atoms. The results are
supported by DFT calculations, which also predict the
thermodynamic stability of the FCC structure for Cs2SnCl6
and Cs2SnBr6 at the above pressure range. On the other hand,
DFT results for Cs2SnI6 show that the I2/m phase, with similar
structural parameters to those deduced by SXRD, is the only
metastable structure above 2 GPa and the lowest-energy phase
above 4.7 GPa. Considering that introduction of local strains in
the structure, e.g., by substitutional alloying, compensates for
the imposed high pressure, our results provide key directions
for modifying the local structure of the defect halide
perovskites toward improving their optoelectronic properties
and exploiting their use in photovoltaic applications.

Figure 10. DFT results on the variation of the crystallographic
parameters (a, b, and c lattice constants and angle β), in the β-phase
(I2/m) of Cs2SnI6 as a function of applied pressure. The inset shows
the conventional I2/m unit cell viewed along the b axis.

variation of the calculated lattice parameters and the
crystallographic angle β as a function of pressure. The results
are in very good agreement with the crystallographic data
extracted from the SXRD experiments. In particular, the
calculated (measured) values for the a, b, c, and β
crystallographic parameters at 11 GPa (10.9 GPa) are equal,
respectively, to 8.973 Å (9.055 Å), 7.466 Å (7.396 Å), 8.612 Å
(8.644 Å), and 93.72° (94.24°). Figure S7 shows the distances
between Sn atoms and their equatorial (Sn−I1 black line) and
axial (Sn−I2 red line) iodine (I) neighbors. Furthermore, DFT
calculations succeed with the prediction of a metastable phase
transition at a relatively low pressure, about 2.0 GPa, which
might be related to the order−disorder transition observed in
Raman at 1.8−4.2 GPa, involving remote arrangement of some
iodines at large Sn−I distances as well as the ﬁrst-order
transition to a low-symmetry phase at pressures above 4.7 GPa.
Although this critical pressure diﬀers considerably from the 8−
10 GPa recorded in the SXRD and Raman experiments, it
matches satisfactorily with the reverse I2/m to FCC transition,
which occurs upon pressure release.
On the basis of the above ﬁndings on Cs2SnI6, we
investigated whether Cs2SnBr6 and Cs2SnCl6 could undergo
similar transitions under pressure between analogous α- and βphases. DFT-D2 calculations on the α- (i.e., FCC) polymorphs
of Cs2SnBr6 and Cs2SnCl6 (with the C6 coeﬃcients42 of Cs, Sn,
Br, and Cl set to, respectively, 2500, 825, 108, and 44 in atomic
units) give lattice constants in excellent agreement with
experiments. In particular, the calculated lattice parameter of
Cs2SnBr6 (Cs2SnCl6) is 10.86 Å (10.39 Å), whereas the
experimental value58 is 10.77 Å (10.36 Å). As for the β-phase,
it exists as a metastable structure for both Cs2SnBr6 and
Cs2SnCl6 in the pressure range between 10 and 20 GPa.
However, the β-phases of Cs2SnBr6 and Cs2SnCl6 are
signiﬁcantly less stable than the FCC crystals. For example, the
enthalpy diﬀerence (ΔH) between the α and β structures of
Cs2SnBr6 at 10 GPa is 123 meV per chemical formula. In the
case of Cs2SnCl6, this diﬀerence is even larger at 193 meV.
Figure S8 summarizes the results on ΔH for Cs2SnBr6 and
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