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Elastic properties of single crystal hydrogen sulfide: A Brillouin scattering

study under high pressure-temperature
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We have performed high pressure-temperature Brillouin scattering measurements on single crystal
hydrogen sulfide using externally heated diamond anvil cell techniques. The pressure dependences of
the acoustic velocities, isothermal elastic constants, and moduli of single crystal hydrogen sulfide have
been determined along four isotherms. Both elastic constants and moduli increase monotonously with
pressure along each isotherm, while they show a decreased tendency with temperature elevated under
the same pressure points. The experimental equation of state of single crystal hydrogen sulfide is
obtained by fitting with a third-order Birch-Murnaghan and Tait equation. It is proposed that the
effect of hydrogen bonds contributes to the unique tendency of elastic anisotropy in single crystal
hydrogen sulfide. Through our work, we have extended the melting curve and phase diagram of
hydrogen sulfide up to 12 GPa and 580 K. Published by AIP Publishing.

https://doi.org/10.1063/1.5040399

l. INTRODUCTION

Hydrogen-rich compounds are not only potential high-
temperature superconductors,' > but also promising hydrogen
storage materials.” However, multiple attempts to find a
material with high critical superconducting temperature in
hydrogen-rich compounds did not produce a high-7,. mate-
rial. Until recently, the superconducting critical temperature
of H3S has been discovered up to 200 K at high pressure in
both theory®” and experiment,'”'" which breaks the previous
record of a copper base superconductor with 164 K'* and
further stimulates the research upsurge about high pressure
behavior of hydrogen chalcogenide."*™'® It is reported that
H3S can be obtained by pressurized hydrogen sulfide (H,S)
directly.®'*'” A high pressure-temperature (P-T) equation of
state (EOS) is the basis of studying the structures and proper-
ties of materials and has important significance to understand
the mechanism of phase transformation. Based on this, the
study of EOS on H,S is helpful to understand its decomposi-
tion process and phase transitions.

H,S is quite a typical molecule with hydrogen bonding
and is known to show three solid phases with increasing tem-
perature at ambient pressure.'® The lowest-temperature phase
III below 103.5 K is orientation ordered and has orthorhom-
bic Pbcm or tetragonal P4, with a unit cell containing 16
molecules, and each molecule with its neighbors forms a
quasi-two-dimensional hydrogen-bonded network.'” Middle
phase II from 103.5 to 126.2 K has the space group Pa3 with
four molecules in the unit cell, and each molecule randomly
flips by breaking and remaking of temporary hydrogen
bonds.'®*° High temperature phase I is stable between 126.2K
and 187.6 K. This plastic phase is an orientation disordered
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face-centered cubic structure with space group Fm3m, where
the disordered S-H bond orientations are isotropic or
pseudo-isotropic.”’ The solid phase I maintained from 0.47 to
8 GPa at 300 K, and then the phase I transforms to I, which is
simple primitive cubic and has space group P2,3. After 11
GPa, the transition from cubic phase I’ to the lower symmetri-
cal phase IV is still controversial.*>>> Until now, the present
phase diagram of H,S is limited to room temperature and low
temperature. Brillouin scattering is a convenient method
applied to high pressure experiments due to the transparency
of diamond.”® Tt provides precise elastic properties and valu-
able information on the atomic interaction of materials under
pressure to better understand the phase transition mechanism.
Previously, Shimizu and co-workers have measured the
angular dependence of Brillouin frequency in crystalline H,S
up to 7 GPa at room temperature®’ and 3.7 GPa at 240 K.*®

In this work, we complete high-temperature data infor-
mation and provide a thorough characterization of high P-T
elasticity in H,S. We obtain single crystal H,S under high
pressure at four temperatures successfully and perform
the velocity measurements on the single crystal sample by
the Brillouin scattering method. The elastic properties and
isothermal moduli of H,S are derived with identification of
its crystal orientation.

Il. EXPERIMENTAL DETAILS

In an argon atmosphere glovebox, commercial gaseous
H,S with purity above 99.999% is loaded into standard sym-
metric diamond anvil cell (DAC) for room temperature and
BX90 DAC for high temperature measurements with tung-
sten gaskets. All tubes from the lecture bottle to the DAC are
firstly purged of H,S gas to minimize the contaminations.
The H,S sample is condensed below 170 K by spraying its
vapor into the gasket holes (diameter 180um, depth
50-60 um) of a DAC cooled in a liquid nitrogen bath. The

Published by AIP Publishing.
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targeted single crystal is grown from a seed crystal after
recovering to room temperature. A small ruby chip in sample
chamber is used for pressure measurement, and a resistance
heater is fixed around the DAC by high temperature cement.
The temperature of the sample is determined by a K-type
thermocouple, which is glued to the side of diamond with
cement and controlled by a feedback power holding a fluctua-
tion within 1 K. Because of the existence of temperature gra-
dient around the sample chamber, the temperature dispersion
between anvil center and side face of the diamond cannot be
ignored. To obtain the accurate temperature of the sample
chamber, the calibrated curve is calibrated for each high P-T
DAC before Brillouin scattering measurements.

Room temperature in situ Brillouin scattering and syn-
chrotron X-ray diffraction (XRD) experiments are performed
at APS-Beamline 13 BM-D. The scattering angle of the
on-line Brillouin system is 50°. The wavelength of the X-ray
is 0.3344 A, and focused X-ray spot is 14 (H) x4 (V) /,tmz.29
High temperature Brillouin measurements are performed
using a custom-built Brillouin system with a 3 +3 pass
tandem Fabry—Perot interferometer. The symmetric platelet
60° is used for high temperature experiments. Both two
Brillouin systems use 532 nm as excitation source.

lll. RESULTS AND DISCUSSION
A. Brillouin scattering spectra and sound velocity

The high pressure Brillouin scattering spectra of H,S are
collected along four isotherms: 300, 400, 500, and 580 K.
The measured data points from this work are shown in Fig. 1
together with literature data. The phase diagram of H,S is
extended up to 580 K. The measured highest pressure along
each isotherm is up to respective pressure points where the
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FIG. 1. The pressure-temperature phase diagram of H,S. The black curves
are phase boundaries determined by Raman experiments.30 Blue lines are
from Fujihisa er al. by XRD experiments.”’ Cyan points between I’ and II
are determined by neutron experiments.’” The red dashed lines between
liquid and I are determined in this work. The measured pressure points of
four isotherms labeled by hollow circles are also given in the figure.
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transverse modes could not be detected (except 500 K),
which might be because of the shattering of single crystal.
This is consistent with the appearance of diffraction ring in
the red block region shown in Figs. 2(c) and 2(d). At platelet
scattering geometry, the wave vectors of observed phonons
are parallel to the inner face of the diamond anvil, and the
Brillouin shifts are independent of the refractive index. The
Brillouin frequency shift (Av) is related to sound velocity (v)
using the equation:

LAZ , (1)
2sin| =
)

where Ay is the incident laser wavelength and scattering
angle 6 is 50° or 60° in this experiment.

At 300K, a seed crystal coexists with liquid at about
0.67 GPa, and the photo of the sample chamber is shown in
Fig. 2(a), where the right circle around ruby is the seed
crystal. After the crystal is fully grown, XRD spectra are
measured to confirm single crystal in the DAC. The typical
diffraction points presented in Fig. 2(b) prove a high-quality
single crystal. Figure 3 shows representative Brillouin spectra
of H,S under high pressures at 300 K and 500 K. We obtain
the longitudinal signal of liquid phase; meanwhile, a pair of
backscattering (Avigp-) signal is detected caused by incident
light reflecting from the output diamond anvil serves as back-
scattering incident light [see Fig. 3(b)]. All three modes (LA,
TA,, and TA,) are measured after crystalizing at 0.84 GPa
and 300K. For 500K isotherm, after solidification at
1.71 GPa, both longitudinal and transverse acoustic modes of
the target can be detected. It can be seen that Brillouin peaks
shift fast with pressure along these two isotherms. Pressure
has more obvious effect on the decreased intensity than tem-
perature. Besides, the shattering of single crystal greatly

V=

(b) . 0.84 GPa

(c) 6.85 GPa

(d) 11.83 GPa

FIG. 2. (a) The photo of the sample chamber at 0.67 GPa and 300 K. Room
temperature X-ray diffraction (XRD) 2D images of the sample at (b) 0.84
GPa, (c) 6.85 GPa, and (d) 11.83 GPa, respectively.
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FIG. 3. Brillouin scattering spectra of H,S under high pressures at (a) 300 K and (b) 500 K with the azimuthal angle ¢ =170°. R refers to the Rayleigh scatter-
ing; LA, TA,, and TA, represent the longitudinal mode, slow transverse mode, and fast transverse mode, respectively, Av;gp- is the backscattering signal.

affects the decrease on intensity, and the obvious broadening
of LA peaks at higher pressure. Our measured pressure just
reaches 6.37 GPa along 500 K because of the heater oxida-
tion and melting of the resistance wire.

In the present study, liquid H,S firstly solidifies into
phase I: an orientation disordered face-centered cubic struc-
ture with space group Fm3m. Three independent elastic con-
stants are needed to fully describe the elastic behavior of
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FIG. 4. Acoustic velocity of LA, TA,, and TA, modes as a function of angle ¢ measured in platelet geometry for the crystalline H,S: (a) P=4.27 GPa,
T=300K, (b) P=4.14GPa, T=400K, (c) P=4.68 GPa, T=500K, and (d) P=4.29 GPa, T=580K. Green, red, and cyan symbols indicate experimental
points LA, TA,, and TA,, respectively; and the red, black, and blue solid curves are calculated using best-fit elastic constants, respectively.
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TABLE I. Isothermal bulk modulus and its pressure derivative determined from two EOS forms along four isotherms.

Tait Third-order B-M
Bo Vo Bo Vo
(GPa) B (cm/g) (GPa) B (cm/g)
300K 3.85 (4) 6.23 (1) 0.88 (5) 4.93+221 5.04x1.1 0.88 (4)
400K 34Q) 6.1 (1) 0.92 3) 5.72+1.09 4.57+0.33 0.88 (2)
500K 331 (1) 5.69 (5) 0.95 (4) 5.75+0.69 4.15+0.17 0.92 (2)
580K 3.3 (8) 5.8 (4) 0.99 (2) 3.29+1.13 5.26+0.57 1.00 (5)

cubic structure, that is, longitudinal constant C;;, shear con-
stants C,44, and the off-diagonal constants C;,. On the basis of
the theory developed by Every,”® the angle dependence of
acoustic velocities can be measured by rotating the DAC
about the axis perpendicular to the culet of the diamond with
10° intervals®* (20.2°). Then, according to Christoffel’s equa-
tion of cubic crystal, the acoustic modes can be expressed as
follows:

pv; =£(Ci1. Cra, Cas. 6. @ %), )
where p is the density; the subscript j (=0, 1, 2) indicates one
longitudinal (L) and two transverse modes (TA; and TA,),
respectively; Cj; is the adiabatic elastic constant; and the
Euler angles (6, ¢, y) relate the crystal reference frame to the
laboratory frame. Then, a least-squares fit between the calcu-
lated f;(¢;) as a function of experimental velocities (¢;, vj;) is
performed:

R=)  Uie)—vil’. j=0.1.2. 3)
The azimuthal angle ¢ is the only variable during measure-
ment. The sum of square errors R is minimized by systemati-
cally varying all of the parameters until the fit is optimized.
As a result, three ratios of elastic constants to density (C;/p,
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FIG. 5. Density variation with pressure for H,S at four isotherms: 300, 400,
500, and 580K, respectively. Solid and dotted lines are best-fitted results
using Tait and third-order BM EOS. Down triangle symbols represent XRD
data of this work, and solid circle symbols are the calculated values at high
temperature.

Ci2/p, and C.yp) and the crystal orientation can be deter-
mined completely. The crystallographic axes of a single
crystal grown in the DAC can be determined by XRD.
However, at high temperature, we identify the crystal orienta-
tion (0, ¢, y) under each applied pressure only by using
Brillouin scattering spectra as the method described above.

In Fig. 4, the velocities of LA, TA, and TA; modes as a
function of angles ¢ around 4 GPa are presented at different
temperatures together with solid curves calculated from
best-fit elastic constants. Obviously, the acoustic velocities of
single crystal H,S exhibit highly anisotropic, and this charac-
ter maintains in all experimental P-T range. The crystal orien-
tation at 500 K is different from the other isotherms since
this crystal grows at 500 K while others are at ambient tem-
perature. Theoretical research studies prove that the acoustic
modes would appear or disappear in a certain scattering
geometry.35 As shown in Figs. 4(b) and 4(c), we can observe
only one slow shear mode TA; for most azimuthal angle, and
the intensity of this mode varies little with the phonon direc-
tion changing in rotation plane.

B. Equation of state

Considering there are no high-temperature density data of
H,S, we adopt ab initio molecular dynamics (MD) simula-
tions in the Vienna ab initio simulation package (VASP)
code®®® to investigate H,S. The projector-augmented wave
(PAW) method®**® and the Perdew-Burke-Ernzerhof general-
ized gradient approximation (GGA)*' for exchange-correlation
functions are used. Monkhorst-Pack k-point with 2x2x?2
mesh** and the cutoff energy with 400 eV are set. Simulations
are implemented in a constant number of particles, pressure,
and temperature ensemble®® for a system containing 64 H,S
molecules. Then, we try to fit the relationship among volume,
pressure, and temperature with Tait and third-order
Birch-Murnaghan EOS as follows:

__ Bo / A
P‘(B'o+1>{exp[(30+“(1 Voﬂ 1}’ @

7 S
p_3Bo | (Vo3 _ (Vo)3
2 \%4 \%4
2

3 / Vo g
X 1+Z(BO_4) <7) -1 5 (5)
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TABLE II. The values of Cjj/p (GPa x cm3/g) together with the calculated density p at each P (GPa)-T (K) conditions.

300K 400K
Pressure p Cu/lp Colp Cyalp Pressure p Culp Colp Cyalp
0.84 1.28 9.16 6.70 3.98 3.70 1.55 20.19 14.94 8.45
0.92 1.30 9.41 7.09 4.05 4.14 1.58 20.15 15.19 8.78
1.17 1.34 10.52 7.81 4.66 477 1.62 21.99 16.42 9.69
1.20 1.35 11.15 8.36 4.94 5.95 1.69 25.35 18.40 10.94
1.42 1.36 12.20 9.10 5.38 8.77 1.85 30.90 22.88 12.90
2.25 1.45 15.36 11.41 6.74 9.57 1.90 33.26 24.49 13.46
2.61 1.49 15.83 11.84 6.94 10.36 1.91 33.25 23.46 13.86
3.50 1.56 18.94 14.17 8.43 12.34 1.95 37.12 26.31 13.74
3.62 1.58 19.44 14.35 8.35
4.27 1.63 20.97 15.56 9.28
5.06 1.69 23.89 17.17 9.70
5.94 1.73 25.12 18.10 10.65
6.85 1.77 26.48 18.05 10.74
500K 580K
Pressure p Culp Cpo/p Cyualp Pressure p Cu/p Cpo/p Cyalp
1.92 1.33 12.41 9.73 5.22 2.33 1.36 12.77 10.32 5.21
3.50 1.48 17.83 13.73 7.75 2.51 1.38 14.32 11.38 5.89
4.03 1.52 19.92 14.92 8.38 2.95 1.38 16.03 12.52 6.74
447 1.55 21.29 15.92 9.05 3.79 1.48 17.08 13.46 7.19
4.56 1.56 21.07 15.97 9.14 442 1.52 20.47 15.61 8.62
5.56 1.62 23.44 17.64 9.95 5.41 1.59 23.64 18.11 10.11
6.37 1.68 26.11 19.89 11.32 6.92 1.68 27.40 20.81 11.69
8.44 1.75 31.26 23.51 8.44
9.36 1.80 32.99 24.69 9.36
10.74 1.87 34.96 24.59 10.74
12.03 1.93 37.77 24.67 12.03
T T 70 T T T T c 3
C
40[ (a) 300K T (b) 4OOK 1]
—_
< =50 4
A 30- CIZ ] E C12
S QO 40 i
= =
O 20 1030 1
% . J-C44 o C44
20 A
10- E
10 b FIG. 6. Representative elastic constants as a function of
. . . n - - L pressure at (a) 300K, (b) 400K, (c) S00K, and (d)
0 lz)ressu;e (GPﬁa) 8 0 P GP 21 580K for H,S single crystal. Square, circle, and up tri-
70 ressure ( a) angle solid dots represent elastic constants C;;, Cy5, and

= C ‘=50 4
B30l 12 B C1z phase L.
% oy
Q-zlm. 4 O—SO
C
44
20
10- ]
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0 ' ' 8 0 14

2 4 6
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Cy4 of this work, and hollow dots are from Shimizu and
(C) C11 (d) 580K C ] Sasaki*’ at 300 K. The solid lines represent fitting
results with polynomials. At 500 and 580K, elastic
constant C;; mutates when the liquid changes to solid
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FIG. 7. Bulk (B) and shear (G) moduli variation with pressure at four iso-
therms for crystalline H,S. The purple, cyan, green, and red solid up trian-
gles and circles represent bulk and shear moduli at 300, 400, 500, and
580K, respectively. The solid lines represent the polynomial fitting results in
Table 1. The inset is an enlargement of the drawing circle part.

where P is pressure, V) is the reference volume at ambient
pressure, V is the deformed volume, and B, and B’0 are the
bulk modulus and the first derivative of the bulk modulus
respect to pressure at ambient pressure.

The fitting results and uncertainties are listed in Table L.
Two EOS fittings give similar curves. Tait EOS fitting shows
smaller fitting error; therefore, we choose Tait curves to get arbi-
trary densities corresponding to the experiment. The isothermal
variation of densities with pressure is shown in Fig. 5. We
compare the calculated result with the value obtained from XRD
at room temperature, and the error is 1.5%. In Table I, we report
the calculated density at each P-T conditions together with the
values of Ci/p which do not rely on any assumption on density.

C. Elastic constants and moduli

With the acquired densities, best fit set of elastic con-

J. Appl. Phys. 124, 125901 (2018)

pressure and temperature are defined. Elastic constants as a
function of pressure at different temperatures are described in
Fig. 6. The elasticity of anisotropic H,S phase I is fully
described by the elastic constants. The calculated elastic con-
stants by using MD fitted densities at 300 K in Fig. 6(a) are
in agreement with the results of Shimizu and Sasaki,27 which
meant the fitted densities at 300 K are almost identical with
the XRD results of our own and Shimizu and Sasaki.”’ All
three isothermal elastic constants enhance dramatically under
applied pressure, whereas the elastic constants reveal slight
decrease with temperature variation under the same pressure.
Among the three elastic constants, C;; and C;, are more sen-
sitive to the pressure, and the shear constant C44 gets a
smaller rate of change with pressure. The errors on Cj
become bigger because of the decreased intensity and broad-
ened peaks caused by crystal breaking at higher pressure, and
the error of bulk modulus also gets bigger at high pressure.
Assuming the high temperature density data are correct, the
relative accuracy on Cj; is within 5%.

Moreover, the isothermal bulk modulus B and shear
modulus G as a function of pressure are calculated according
to the Voigt—Reuss—Hill averaging method as follows:

2
B= M, ©6)
3

Cy—C 3C
G(Voigt) = —1 ;2 0w )

5Cu(C1y — Cr2)
G(Reuss) = s 8
( ) 4Cy4 +3(C11 — Cp2) ©

G(Voigt G(R

Gy — S0ish) + G(Reuss) ©)

2

All calculated moduli at different pressure and temperature
are presented in Fig. 7. The moduli of H,S are found to dra-

stants and the (6, ¢, y) of each plane in the DAC at measured
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FIG. 8. (a) Elastic anisotropy as a function of pressure at different temperatures. (b) Comparing AB/B,, per 100 K increasing among ice VII, H,S, and argon at
different pressures. The isothermal bulk moduli dependence of pressure data of ice VII comes from Shimizu et al.** and Bezacier et al.,** and argon is obtained
from Brillouin data of Marquardt er al.*® The AB/BO per 100 K represents the relative change between two isotherms in B for every 100K interval. B, means

the bulk modulus at ambient condition.
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TABLE III. The polynomial fitting parameters of moduli and elastic constants as a function of pressure.

B G Cn Cio Cas
T (GPa) (GPa) (GPa) (GPa) (GPa)
X) B’ B’ B” G G G’ ct Cl & ct, Cl, C, Cy Cly Cly
300 407 573 018 134 181  —0.05 4.6 719  —025 291 593 —031 18 34 -0.17
400 361 559 -0.14 114 172 0.034 433 628 0.2 2.8 484  —011 166 273  —006
500 326 541  —017 083 165  —0.03 403 5.66 0.041 255 489  —0.14 144 263  —0.05
580 304 536 -014 071 155  —0.02 376 54 —0.04 222 459  —012 127 266  —0.06

isotherm, but slightly diminish with the elevated temperatures
at the same pressure. B presents more sensitive to pressure
than G. The slope of B is approximately three times of G. At
the same time, we detect the Brillouin signal of the liquid
state during 500 and 580K in the inset figure of Fig. 7. We
find that B jumps from 11.21 to 11.52 at 1.71 GPa, 500 K
and from 11.05 to 11.68 at 2 GPa, 580 K. Thus, the two high
temperature’s freezing pressure points and their fall on the
extrapolation of the known melting curve are determined.
The polynomial fitting By is in good agreement with the
fitting results of Tait EOS, and the error is about 5%.

The isothermal fitting results of bulk and shear moduli
together with three elastic constants as a function of pressure
are well represented by quadratic polynomials function (such
as B=B% + B x P+ B" x P?) and shown in Table III.

D. Elastic anisotropy

Zener elastic anisotropy (A) for cubic crystals can be
defined as: A =2Cy4/(C;; — Cy5). The anisotropy is insensi-
tive to temperature and pressure change, as shown in
Fig. 8(a); firstly, it is stable at an average around 3.45 and
then decreases with increasing pressure. The decreased ten-
dency indicates that the elastic anisotropy weakens at high
pressure. We define a value AB/B(/AT to describe the relative
change rate in volume for every 100 K rising, as shown in
Fig. 8(b). The phenomenon of increase in AB/By/AT with
elevated pressure is observed in all three compounds,
whereas the relative changing rates are not exactly the same.
The rate in argon is the smallest one; in other words, when
temperature increases by 100 K, argon has the largest relative
change of B, which is 3.7 times as much as H,S and 15
times as much as ice VII. H,S, ice VII, and argon are all
cubic structures within a certain pressure-temperature
range,*”*® ice VII and H,S belong to hydrogen chalcogenide
with hydrogen bonds, and argon has similar atomic weight
with H,S but has no H-bonds. We speculate that the consid-
erable difference results from the support of hydrogen-bonds
in H,S and ice VII preventing the change of volume caused
by pressure and temperature. AB/By/AT in H,S shows more
than three times as large as ice VII at first, which is partly
because sulfur hydrogen bonds are more easily to compress
than oxygen hydrogen bonds. Besides, at low pressure, the
structure of H,S appears to be unaffected by hydrogen bonding
at all, while water is much more strongly H bonded."® Upon
further compression, hydrogen-bonds in H,S are significantly
enhanced, so the changing rate between ice VII and H,S

becomes consistent. This relative change of B explores the
possible overall effect of hydrogen bonds under high P-T.

IV. CONCLUSION

We have performed in situ Brillouin scattering studies on
single crystal H,S up to 12 GPa and 580K for the first time.
We systematically discuss the elastic properties’ dependence of
pressure and temperature. The changes of acoustic velocities
and elastic constants together with moduli as a function of pres-
sure are given along four isotherms. Molecular dynamics simu-
lations are integrated with experiments to obtain isothermal
equations of state, and well-fitting results are obtained with Tait
and third-order Birch-Murnaghan EOS. The hydrogen bonding
in H,S shows an effect of preventing the change of volume
caused by pressure and temperature. The phase diagram and
melting curve of H,S have been extended to 580 K.
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