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Atomic and electronic structure transformations in SnS; at high
pressures: A joint single crystal X-ray diffraction and DFT study

M. @. Filsg?, E. Eikeland?, J. Zhang?, S. R. Madsen?, B. B. Iversen?

The layered semiconductor SnSz spurs much interest for both intercalation and optoelectronic applications. Despite the
wealth of research in the field of metal dichalcogenides, the structure-property relationship of this compound remains
unclear. Here we present a thorough study combining single-crystal X-ray diffraction and DFT calculations on SnS; in the
pressure range 0 < p < 20 GPa. The anisotropic compression of the unit cell is clearly linked to the van der Waals interactions
between the S-Sn-S sandwich layers, as the compression mainly affects the interlayer distance. This compression behavior
is coincidal with the compression of other well-known layered compounds (graphite and boron nitride) but differs
significantly from the compression of other MS, compounds, making it clear that SnS; presents a unique and interesting case
in the field of metal dichalcogenides. The compression leads to a significant increase in S...S interlayer interaction which in
turn results in a change in the electronic structure, documented through DFT band structure calculations. The calculated
narrowing of the band gap is supported by a significant, reversible color change of the single crystal. At 20 GPa, the size of

the band gap has decreased from 2.15 to 0.88 eV, and band gap closure is predicted to occur at 33 GPa.

Introduction

Interest in metal dichalcogenides MX,, X = S, Se has increased
dramatically over the past few decades as a result of their
versatile structure and properties. The layered structure
consists of X-M-X sandwich layers, which enables a variety of
intercalation applications, e.g. Li-intercalation for lithium ion
batteries.’™ Furthermore, their promising optical properties
open up the possibility for optoelectronic and photocatalytic
applications. ®1! Understanding the structure of metal
dichalcogenides is therefore of great importance such that their
properties may be tuned to meet technological demands.

High-pressure techniques can be utilized to relate the structure
of this essential group of compounds to their physical
properties. The act of forcing atoms closer together offers
pivotal insight into the nature of the interatomic interactions
which are the very key to the properties of the compound. In a
layered structure such as MX;, two types of interactions are
present: strong, polar covalent intralayer X-M bonds and weak
X...X van der Waals interactions. As a result of their soft nature,
the van der Waals interactions are more easily manipulated and
may therefore be easily probed by gradually exposing the
compounds to increased pressure. Information concerning the
van der Waals X...X interlayer interactions is important to fully
understand the properties of the material,'?'* and gaining this
information will benefit not only research in layered
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dichalcogenides, but also the general research of the nature of
van der Waals interactions.

In this article, we will focus on the simple 2H polytype of
SnS,, space group P3m1, with Sn at (0,0,0) and S at (2/3,1/3,2),
z~0.25, see Figure 1.1 SnS; is a semiconductor, and the indirect
band gap of the 2H polytype is 2.2 eV, in the visible range of the
electromagnetic spectrum.® 17 The high-pressure behavior of
SnS; has been studied by single-crystal X-ray diffraction (SCXRD)
up to 3 GPa,'®in a joint powder X-ray diffraction and theoretical
study up to 10 GPa,'® and by Raman spectroscopy up to 20
GPa.2% 2! Early studies of optical properties and band structure
were performed by Powell and co-workers.?> 23 Furthermore, a
theoretical study by He et al. investigated the properties at
pressures 0 < p < 20 GPa and temperatures 0 < T < 800 K.2* It is
the goal of this study to expand the knowledge about the van
der Waals forces present in SnS, and their influence on the
properties of the material, both concerning the atomic and
electronic structure. Therefore, a comprehensive, combined
single-crystal X-ray diffraction and DFT study was performed,
going to the high pressure 20(1) GPa. In addition, a thorough
comparison with other layered materials will categorize the
interlayer interactions of the material in the range of other
prominent materials such as boron nitride, graphite, and other
MS, compounds. An improved understanding of weak van der
Waals-type interactions will benefit in a wide range of scientific
areas, since these interactions are part of the structure of many
prominent materials used in society today.

Experimental

Synthesis
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For synthesis and crystal growth, the method of Kourtakis et al.
was employed.?> A mixture of 0.7265 g S and 1.2779 g Sn was
loaded into one end of a 1.5 cm wide quartz ampoule, which
was evacuated and sealed to a length of 15 cm. The sample was
pre-reacted in a horizontal tube furnace at 600 °C for 24 hours.
To prevent any vapor transport during the pre-reaction, the
empty end of the ampoule was kept at higher temperature
(~730 °C), utilizing the inherent heat gradient in the oven.
After pre-reaction, the ampoule was turned around so the
temperature was 650 °C at the sample end and 600 °C at the
empty end. The sample recrystallized in the ‘cold’ end of the
ampoule under these conditions for 10 days, after which it was
furnace-cooled to RT. The result was a mixture of um-thin
sheets several mm across and smaller, thicker plates,
approximately 100x100x20 um3. All tested crystals were of the
second type and diffracted as single crystals to large angles.

Data collection and reduction

A 93x80x20 um? single crystal was selected, and data were
collected at ambient pressure and temperature on a SuperNova
diffractometer from Oxford Diffraction using Mo-K, radiation, A
= 0.71073 A. Subsequently, the crystal was mounted in a
Boehler-Almax-type DAC with 600 um culets. A 200 um thick
steel plate was indented to a thickness of 120 um. A 177+13 pm
hole was made by spark erosion. The pressure medium used
was a 4:1 mixture of methanol/ethanol which is hydrostatic to
~9.5 GPa.?® %’

High-pressure data were collected on a Bruker-Nonius APEX
diffractometer equipped with an Ag-K, source, A = 0.56086 A.
Both data collection strategies (ambient and high-pressure) are
attached in the supporting information (Tables S1 and S2). Due
to the plate-like morphology of the crystals, the preferred
orientation of the crystal on the diamond culet was with the c-
axis perpendicular to the culet. This orientation combined with
the limited angular window available for incoming and outgoing
radiation lead to poor completeness (approx. 33 % for the
complete data range) for all high-pressure datasets. Throughout
the pressure range, the scattering power of the crystal was high
(max. 26 = 50°). Data coverage and R(int) values are given in
Table S3.

The pressure was determined by the fluorescent signal from
two rubies, which were included at different positions inside the
pressure chamber.?® The fluorescence was measured using a
green laser from Ocean Optics in a home built setup. After each
pressure increase, the cell was allowed to equilibrate in
pressure for at least two hours before initiating data collection.
The development of the pressure during equilibration was
followed through fluorescence measurements. Furthermore,
the pressure was measured immediately before and after each
data collection to evaluate its stability during measurement.

As the pressure increased past the hydrostatic limit of the
4:1 methanol:ethanol medium, a pressure gradient built up
slowly in the pressure chamber. For data collection up to 13.7(2)
GPa, all differences in pressure between the two rubies were
within their standard deviation. However, as pressure increased
to 14.8(2) GPa, the ruby signal broadened signi-ficantly, and the

peak fitting procedure did not recover any meaningful
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uncertainties. After data collection at 16.8(4) GPa the DAC was
heat treated at 130 °C for 2 hours to temporarily reestablish
hydrostatic conditions as this is likely to reduce the pressure
gradient.?® After heat treatment and subsequent cooling to RT,
a significant pressure drop was observed. Increasing the
pressure to 20(1) GPa, the pressure difference was further
increased, making it clear that establishing quasihydrostatic
conditions at these high pressures was not feasible. A final
dataset was collected at this pressure. No further heat
treatment was attempted.

The frames were integrated with SAINT and corrected for
absorption through a multi-scan procedure in SADABS.
Furthermore, absorption by the pressure cell was taken into
account with the SHADE software.3% 3! During the integration,
the box size was fixed to values suitable for the sample peak
profile to avoid bias from the larger and more intense diamond
reflections. The structure was solved using SHELXS and refined
using SHELXL as implemented in the program OLEX2.3?
Reflections with poor statistics were omitted from the structure
refinements. As a result of the high symmetry of the crystal
structure and the great scattering power, refinement
progressed without major issues in spite of the low
completeness. An anisotropic refinement of the ADPs resulted
in highly elongated ellipsoids for both S and Sn along the ¢
direction. This effect was concluded to be a result of the
orientation of the crystal in the DAC which leads to poor
samplingin the (0, 0, /) direction of reciprocal space. Since errors
often accumulate in the refinement of thermal vibrations, the
effect of the low completeness was only evident in the ADPs,
and an isotropic model for thermal vibration was maintained
through all refinements. In a standard high-pressure study, it is
normal to observe a decrease in the ADP magnitude with
increasing pressure. However, this trend is not apparent in this
case, presumably due to low completeness and strain effects.
Therefore, no structural interpretation is drawn from the ADPs.
Selected parameters from refinement can be found in Table S4.

Theoretical calculations

Density Functional Theory (DFT) calculations were carried out
using the projector augmented-wave (PAW) method3? as
implemented in the Vienna ab initio simulation package
(VASP).3* The PBE functional was used for crystal structure
relaxation.3> TB-mBJ exchange-correlation potentials3® were
used in the electronic structure calculation. Van der Waals
interactions were taken into account during structural
relaxation at the vdW-DF level with optB86b as the exchange
functional (optB86b-vdW).37 In the current work the spin-orbit
coupling was not included. The plane-wave energy cutoff was
set at 400 eV, and a 6x6x4 Monkhorst-Pack k mesh was used for
crystal structure optimization, while a larger 15x15x10
Monkhorst-Pack k mesh was used for electronic structure
calculations. An energy convergence criterion of 10°® eV and a
Hellmann-Feynman force convergence criterion of 0.001 eV A-
1 were adopted.

Results and discussion

This journal is © The Royal Society of Chemistry 20xx
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Selected crystal structure results from the high-pressure SCXRD
data collections are given in Table 1. The contraction of the unit
cell is highly anisotropic over the whole pressure range, Figure
2a. At 20(1) GPa, the compression of the g-axis is 3.79(2) %
while the compression of the c-axis is 15.53(7) %. At pressures
above 12 GPa, the theoretical and experimental results differ,
displaying the effect of the non-hydrostatic conditions which is
not included in the DFT model, leading to a slightly more
anisotropic compression behavior in the experi-ment. It should
be mentioned that a similar difference be-tween experiment
and calculation was observed in the com-pression of the
structurally closely related MoS, compound. Here, the
difference was found to be caused by a layer sliding
mechanism.3® Further investigation is needed in order to fully
confirm or disprove if this is also the case for SnS,.

Comparing the unit cell compression to the previous studies
of SnS,, the present results agree well with the results by Knorr
et al.*® However, the compression of the c-axis as estimated by
Hazen and Finger® is significantly larger, see Figure S1 in the
Supporting Information. This deviation can likely be attributed
to compression under non-hydrostatic conditions in the work of
Hazen and Finger, as the pressure medium used (glycerin) has a
low hydrostatic limit of 1.4 GPa.?” The larger compression along
c is in line with the effect of non-hydrostatic conditions
observed in our study at pres-sures above 12 GPa.

A comparison of the unit cell axis compression with other

layered structures is displayed in Figure 2b. In all cases, a is the
unit cell axis parallel to the atomic layers and c is oriented
perpendicular to the layers. The compression of the c-axis
agrees very well with the compression of boron nitride, BN, and
graphite.? It is clear from this similarity that the nature of the
compression of SnS, is mainly compression against van der
Waals forces. Therefore, the compression of the covalently
bonded S-Sn-S sandwich layers must be minimal compared to
the compression of the interlayer. This conclusion is supported
by calculations of layer thickness and interlayer distance parallel
to ¢ as a function of pressure, which show a nearly constant
layer thickness and a greatly decreasing interlayer distance, see
Figure S2. The compression of the interlayer S...S distance is
19.8(3) % at 20(1) GPa. It is curious that the very related
structure of MoS,*® (space group P63/mmc) displays
significantly lower compressibility along c. Investigating other
MS, structures, WS,*' (isostructural with MoS,) and TiS;*?
(isostructural with SnS,), shows that SnS; is the outlier in this
respect. The smaller compressibility of these other MS,
compounds is likely a result of a stronger interaction between
layers, leaving SnS, as the only disulfide of this group which
expresses pure van der Waals-type S...S interactions directly
comparable to the interlayer forces in graphite.
A comparison with portlandite, Ca(OH), (space group P3m1)
indicates the effect of interlayer H-bonding which causes a
more linear compression of the c-axis until a balance between
the attractive forces of the H-bond and the repulsive O...0
interactions is established.*?

For compression along a, the curve for SnS; falls between
the curves of MoS; and TiS,, following the trend that the more
covalent bond is the least compressible and vice versa. All MS;

This journal is © The Royal Society of Chemistry 20xx
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structures are significantly more compressible than BN and
graphite, owing to the larger compressibility of the M-S bond
compared with the stronger sp? C-C/B-N bond. Furthermore, for
SnS, a regularization of the SnSe octahedra is observed as the
Sn-S-Sn angle decreases from 90.80(7)° at ambient pressure to
89.97(17)° at 20(1) GPa. This change contributes to the
compression along a. This subtle effect was predicted earlier by
Knorr et al.,*® but never proven experimentally. The change in
the octahedral angle is more pronounced in the related
structure of portlandite, Ca(OH),, where the O-Ca-O angle
decreases from 98.7(2)° at 0.5 GPa to 95.8(3)° at 9.7 GPa.** The
large change in angle leads to a higher compressi-bility along a
compared to SnS,, even though the compression of the Ca-O
bond (1.3(4) % from 0.5 to 9.7 GPa) is smaller than the
compression of the Sn-S bond (2.1(3) % from 0.664(9) to 9.78(8)
GPa).

The compression of the interlayer distance increases the
S...S interaction. The Pauling crystallographic van der Waals
radius for S(-11) is 1.85 A which leads to a van der Waals contact
distance of 2 x 1.85 A = 3.70 A. At ambient pressure the S...S
distance is 3.647(3), or just below the van der Waals contact
distance. With pressure, the distance decreases, reaching a
value of 2.926(10) A at 20(1) GPa. This short distance clearly
induces a high degree of interaction, although a distance close
to the typical 5-S bond length of 2.05 A has not been reached.
The close S..S contact can be displayed by calculating the
Hirshfeld surface of S mapped with dhorm (defined by Spackman
and co-workers, see e.g. CrystEng-Comm?**). Any red area of the
Hirshfeld surface marks the overlap of van der Waals radii of the
center atom and its neighbors. At 0.664(9) GPa, the area of the
Hirshfeld surface facing the other S atom is blue/white, Figure
3a. However, at 20(1) GPa the same area is bright red, Figure
3b. It is also worth noting the increase in electron density in the
area directly between the S atoms when comparing the
calculated procrystal isosurface (ppro = 0.010 au) at these two
pressures, Figure 3.*> This increase in electron density in the
S...S region has also been observed for MoS,% and TiS,.%”

The average mosaicity estimated by SAINT during
integration is shown in Figure 4. The orientation of the crystal in
the DAC infers that the xy-mosaicity and the z-mosaicity
parameters relate to mosaicity in the crystallographic ab-plane
and along the c-axis, respectively. As expected, the softer c-
direction is more vulnerable to deformation. Up to 3.4 GPa, the
mosaicity drops along c. This pressure-annealing was also
observed by Hazen and Finger.!® From this point, the mosaicity
along c increases steadily with pressure, most likely due to the
slow introduction of microstrain in the crystal. Before the
measurement at 20 GPa the DAC was heat treated, which
explains the small drop in mosaicity at this pressure.

The isothermal equation of state was fitted to data for both
volume and axis compression within the hydrostatic limit (p <
9.5 GPa) with the software EoSFit7,%8 Figure 2a. The order of the
Birch-Murnaghan equation used was determined from P vs.
P(obs-calc) plots, in combination with the estimated standard
deviations of parameters and the weighted %2.49 This lead to a
3d-order fit to the volume and the c-axis and a 2"-order fit to
the a-axis. The K’ value is larger than the previously determined
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accepted range of 3.8 < K’ < 8.0 This discrepancy has been
observed in other studies on SnS,'® and in studies on MoS;>% >2
and TiS,.4% >3 Fixing K’ to 8.0 results in a bulk modulus of Ko =
30.2(4) and a slightly poorer fit (weighted x? = 4.40 compared
to 1.37 for the non-constrained fit). Since the structure is
significantly anisotropic, the compression is best described by
two compressibilities: Bo(ll) and Bo(_) for compression parallel
and perpendicular to the S-Sn-S sandwich layers, respectively.
All relevant results from the equations of state fits are given in
Table 2, along with compressibilities from studies by Knorr et al.
and Hazen and Finger, respectively. The present results lie in
between the values of the earlier findings, however the
difference is considerably larger than the stan-dard
uncertainties, in spite of the comparability between the axis
compression curves of the present work and the study by Knorr
et al. This discrepancy underlines the large correlation between
the bulk modulus and the first derivative. Confidence ellipses of
the present work for the correlation between parameters in
Table 2 are given in Figure S3 and Figure S4. The deviation from
the present results of the compressibilities calculated by Hazen
and Finger is expected to be caused by non-hydrostatic effects
in the experiment combined with a large uncertainty (not
estimated) which stems from the fit to only few data points.

During data collection, a gradual, but substantial color
change of the crystal was observed, as is evident from images
taken during pressurization, Figure 5. Being yellow/orange and
transparent at ambient pressure, the color slowly intensified to
a dark red before transitioning to black and opaque at approx.
15 GPa. Upon decompression, it was clear that the color change
was fully reversible. The color change is attri-buted to a change
in the electronic structure. As the layers are forced together, the
band gap decreases because of the increased S...S interlayer
interaction. Hence, the amount of visible light with sufficient
energy to be absorbed increases. Applying a sufficiently high
pressure leads to absorption of all visible light, and the crystal
turns black. Unfortunately, it was not possible to measure the
band gap experimentally during the experiment. The band gap
calculated by DFT is shown in Figure 6. One set of calculations is
based on the experimental unit cell which was not allowed to
relax, while the other is a fully relaxed theoretical study. Since
the PBE functional is known to overestimate the unit cell
dimensions, the relaxed-structure curve is slightly shifted
towards lower pressures.

The onset of band gap closure was previously proposed by
Knorr et al. to occur at around 10 GPa through theoretical
calculations using the PBE functional.’® However, the
conventional PBE functional is known to underestimate band
gaps in compounds containing d-block elements. Furthermore,
the van der Waals interactions were not considered. From our
theoretical calculations using the mBJ potential the band gap at
0 GPa was calculated to be 1.96 eV, only ~0.24 eV below the
experimentally derived value at ambient pressure. It is evident
that the size of the band gap is indeed gradually decreasing in
the whole pressure range. However, even at 20 GPa, the band
gap retained a value of 0.88 eV. The band gap closure point was
calculated to be around 33 GPa.

4| J. Name., 2012, 00, 1-3

The orbital-projected band structure of SnS; is shown in
Figure 7. As the interlayer distance is decreased, hybridization
is enhanced between S(p,) orbitals, causing a steep increase in
the energy level of the antibonding p, orbital (shown in red) and
thereby the level of the valence band maximum. The interlayer
S...S interactions thus play a significant role for the electronic
properties. This finding underlines the importance of properly
modeling even weak interactions.

The decrease in Sn-S bond length with increasing pressure
causes an increase of S(py) and S(p,) antibonding orbital energy
levels, although more moderate than the increase found for
S(p;). The increase of antibonding S(p) orbitals causes an
increase in the conduction band at all points except at the K
point, which decreases in energy. This leads to a shift in
conduction band minimum (CBM) from the L point to the K
point. This effect might be a result of a decrease in contri-bution
of S orbitals at the K point as a result of charge transfer from S
to Sn as the layers are forced together.?® >* The decrease in S-
orbital contribution is illustrated in Figure 7 by the decrease in
thickness of the colored bands. The increase in interlayer
interaction is indicated by the increase in the slope of the
dispersion curves in the segment between I"and A, which is the
direction perpendicular to the layers.% >3

Conclusions

A joint high-pressure single-crystal X-ray diffraction and DFT
study of SnS; at pressures 0 < p < 20 GPa was presented, and
the influence of the van der Waals interactions on the atomic
structure and the electronic properties was investigated. The
layered structure compresses anisotropically over the whole
pressure range, where the compression in the c-direction stems
solely from the decrease in interlayer distance. In this way, the
compression of the interlayer is directly comparable to the
compression of BN and graphite, in contrast to the compression
of similar compounds MoS; and TiS,. This significant difference
has not, to our knowledge, been put forward before and
indicates that the interlayer interaction in MoS; and TiS; is
stronger than the typical van der Waals interaction.

The compression of the interlayer distance leads to an
increased S...S interaction, which increases S(p,) hybridization
and changes the total band structure. A steady decrease of the
band gap is observed, causing a color change of the crystal from
yellow over red to black. No semiconductor to semimetal
transition was observed in the pressure range; band gap closure
is calculated to occur at approx. 33 GPa, provided no phase
transitions take place between 20 and 33 GPa. Itis clear that the
weak van der Waals interactions play a crucial role for the
properties of the material. High-quality crystallographic data or
theoretical calculations including a proper modeling of these
interactions (i.e. using the exchange functional optB86b-vdW) is
therefore of great importance in order to predict properties of
similar compounds.
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Fig. 1. Layered atomic structure of SnS..

Table 1. Selected crystal structure data at the 14 different pressure conditions explored. The refined space group was P3m1 for the entire pressure range.

p (GPa) a(A) c(R) V(&%) 2(9) d(sn-s) (A) d(s...s) (A) £(Sn-S-Sn) (%)
0.0001 3.6456(4) 5.8934(11) 67.83(2) 0.2473(3) 2.5601(11) 3.647(3) 90.80(7)
0.664(9) 3.6390(3) 5.7853(19) 66.35(2) 0.2513(15) 2.555(5) 3.563(10) 90.82(16)
1.109(11) 3.6339(2) 5.7322(17) 65.56(2) 0.2544(16) 2.555(6) 3.511(11) 90.65(18)
1.991(16) 3.6215(3) 5.650(3) 64.18(3) 0.2565(14) 2.544(5) 3.456(9) 90.76(17)
3.40(3) 3.6067(3) 5.544(2) 62.46(3) 0.2631(14) 2.542(5) 3.352(9) 90.36(15)
4.22(3) 3.5983(4) 5.494(3) 61.61(3) 0.2639(10) 2.533(4) 3.324(7) 90.50(13)
6.29(5) 3.5766(4) 5.393(3) 59.74(3) 0.2701(13) 2.527(5) 3.227(8) 90.09(14)
8.08(6) 3.5605(4) 5.317(3) 58.37(3) 0.2729(16) 2.516(5) 3.171(10) 90.07(16)
9.78(8) 3.5455(3) 5.257(3) 57.23(3) 0.2738(18) 2.502(6) 3.138(11) 90.21(17)
11.88(9) 3.5388(3) 5.157(2) 56.13(3) 0.2775(15) 2.497(5) 3.079(9) 90.23(15)
13.68(19) 3.5362(4) 5.100(3) 55.23(3) 0.2836(15) 2.502(5) 3.007(8) 89.93(15)
14.8(2) 3.5343(4) 5.068(3) 54.82(3) 0.2839(12) 2.497(4) 2.994(7) 90.11(13)
16.8(4) 3.5272(4) 5.026(3) 54.16(3) 0.2859(17) 2.492(5) 2.963(9) 90.08(16)
20(1) 3.5074(7) 4.978(4) 53.05(5) 0.2879(19) 2.481(6) 2.926(10) 89.97(17)
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Fig. 2 a) Relative change in unit cell parameters as a function of pressure. Results from theoretical calculations and an equations-of-state fit to data with p <
9.5 GPa have been included, see text for details. b) Comparison of the axis compression of SnS, with the compression of the layered structures graphite,*
BN,* Ca(OH)2,** and M0S.*

a)

Fig. 3 Illustration of the short contacts to sulfur and the compression of the unit cell by the program CrystalExplorer at a) 0.664(9) GPa and b) 20(1) GPa. Atoms
are Sn (pink) and S (yellow). The Hirshfeld surface is mapped with dhorm. The blue isosurface visualizes the area of the unit cell, where ppro = 0.010 au.
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Fig. 4 Average mosaicity as a function of pressure as estimated during integration in SAINT; el, e2 corresponds to mosaicity in the xy-plane, while e3
corresponds to mosaicity in z.
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Table 2. Values from the Birch-Murnaghan equation of state fits to volume and axis compression, respectively. K, and M, correspond to the bulk modulus from the volume
compression and axis compression fits, respectively. *M’ is fixed in the 2"d-order refinement of a. Values from studies by Hazen and Finger!8 and Knorr et al.° are included.

Vo (A) Ko (GPa) K’ - Ko (GPa)*® Ko (GPa), K'*°
exp: 27.9(9), 10.7(7)
67.82(2) 28.1(6) 9.5(4) - - ol 28.4(7), 10.5(5)
ao (A) Mo (GPa) M’ Bo(ll) (GPa™) Bo(ll) (GPa™)® Bo(ll) (GPa™)*
" : ! exp: 2.2(4)-10°3
3.6468(5) 289(5) 12.00 3.46(6)-10° 6.00-10°3 cale: 2.4.10°
co (A) Mo (GPa) M’ 6o(_L) (GPa™) Bo(_L) (GPa™)*® 6o(_L) (GPa™)*?
102 102 exp: 2.5(5)-102
5.8930(14) 31.5(8) 18.4(7) 3.17(8)-10 3.500-10 ol 5 85102

100 um
—_—

Fig. 5. Images of the crystal at three different pressures: a) 0.66(1) GPa, b) 8.1(1) GPa, c) 16.8(4) GPa. Length scale for all images is indicated in a). Deformation
of the steel gasket can be observed.
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Fig. 6: Indirect band gap as a function of pressure from calculations based on the experimentally determined structure and the relaxed structure.
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Figure 7. SnS; orbital-projected band structure dispersions and density of states at a) 0 GPa and b) 21 GPa. Band widths indicate the relative magnitude of

each contribution to the band structure. The curves are normalized according to the core level energies.
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SnS, is observed to have a layer compressibility similar to that of graphite, and a reversible color change
with pressure is explained from band structure calculations.



