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In this work, we focus on the study of the structural and elastic properties of mercury digallium
selenide (HgGa,Se,) which belongs to the family of AB,X4 ordered-vacancy compounds with
tetragonal defect chalcopyrite structure. We have carried out high-pressure x-ray diffraction
measurements up to 13.2 GPa. Our measurements have been complemented and compared with
total-energy ab initio calculations. The equation of state and the axial compressibilities for the low-
pressure phase of HgGa,Se4 have been experimentally and theoretically determined and compared
to other related ordered-vacancy compounds. The theoretical cation-anion and vacancy-anion
distances in HgGa,Se, have been determined. The internal distance compressibility in HgGa,Se,
has been compared with those that occur in binary HgSe and ¢—GaSe compounds. It has been
found that the Hg-Se and Ga-Se bonds behave in a similar way in the three compounds. It has
also been found that bulk compressibility of the compounds decreases following the sequence
“e-GaSe > HgGa,Se, > HgSe.” Finally, we have studied the pressure dependence of the theoretical
elastic constants and elastic moduli of HgGa,Se4. Our calculations report that the low-pressure
phase of HgGa,Se, becomes mechanically unstable above 13.3 GPa. © 2013 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4792495]

. INTRODUCTION

Mercury digallium selenide (HgGa,Se,) is one of the
less studied adamantine-type A"B,"™X,"! ordered-vacancy
compounds (OVCs) which crystallizes in the tetragonal
defect-chalcopyrite (DC) structure with space group (S.G.)
I-4, Z=2. OVCs are tetrahedrally coordinated semiconduc-
tors, which are derived from the diamond and the zincblende
or sphalerite (F-43 m) structures. They have a vacant cationic
site in an ordered and stoichiometric fashion, i.e., a stoichio-
metric vacancy is located at a fixed Wyckoff position in the
unit cell." The presence of vacancies in OVCs results in a
complex physics for these compounds.

OVCs are important materials to understand the role
played by vacancies in the physical and chemical properties
of solids because they constitute a bridge between perfect
and defect materials. Besides, they are interesting materials
to study order-disorder phase transitions occurring in tetrahe-
dral semiconductors. A common trend in all adamantine
OVCs is that they have several non-equivalent tetrahedrally
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coordinated cations resulting in a distortion of the crystal lat-
tice from the cubic symmetry. The lack of cubic symmetry
provides special properties to OVCs with important applica-
tions in optoelectronics, solar cells, and non-linear optics.H1
These semiconductors are of interest as infrared-transmitting
window materials among other applications. They are also
applied in nonlinear optical devices and in narrow-band opti-
cal filters. In addition, OVCs are promising optoelectronic
materials due to their high values of nonlinear susceptibility,
optical activity, intense luminescence, and high photosensitiv-
ity.? They are interesting also in photovoltaics,” in diluted
magnetic semiconductors,® and have already found practical
applications as tunable filters and ultraviolet photodetectors.”*®

High-pressure (HP) studies on A"B,"™X,"" compounds
are receiving increasing attention in the last years.’° In par-
ticular, the AGa,Ses (A =Mn, Zn, and Cd) family has been
studied by X-ray diffraction (XRD), Raman spectroscopy,
and optical absorption. However, only few works have been
devoted to the study of HgGa,Se, under pressure. Recently,
we reported optical absorption studies of DC-CdGa,Se, and
DC-HgGa,Se4 under pressure and focused on the explana-
tion of the strong non-linear pressure dependence of their

© 2013 American Institute of Physics
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direct band-gap energy.”> A comprehensive work on
DC-CdGa,Sey, where the pressure-induced order-disorder proc-
esses were discussed in detail, has been already published.?®

In order to improve the knowledge of the HP behaviour
of AGa,Se, compounds, we report here HP-XRD measure-
ments up to 13.2 GPa and ab initio total-energy calculations
in DC-HgGa,Se, to study in detail the structural and elastic
properties of the low-pressure phase of HgGa,Se,. In partic-
ular, we have determined the equation of state (EOS) and
the axial compressibilities of the low-pressure phase of
HgGa,Se,4. We have also carried out calculations of the elas-
tic properties of DC-HgGa,Se, and have studied its mechani-
cal stability under pressure. The technical aspects of the
experiments and calculations are described in Sects. II and
III. The results are presented and discussed in Sec. IV.
Finally, we present the conclusions of this work in Sec. V.

Il. EXPERIMENTAL SECTION

Single crystals of DC-HgGa,Se, have been grown from
its constituents HgSe and Ga,Se; by chemical vapor transport
method using iodine as a transport agent.>’ The as-grown
crystals represent triangular prisms with mirror surfaces.
Chemical and structural analyses have shown the stoichiomet-
ric composition of the crystals and no spurious phases have
been observed. Ambient pressure x-ray diffraction and Raman
spectroscopy confirmed that our sample has a DC-type
structure.

We carried out HP angle-dispersive powder XRD
experiments at room temperature. They were performed up
to 13.2GPa with an Oxford Xcalibur diffractometer using
the Mo K, radiation (1=0.7107 /&). Pressure was limited to
13.2 GPa to avoid the influence of deviatoric stresses and of
precursor effects®® associated with the phase transition
observed in related compounds between 15 and
20 GPa.'*?%22:23 The X-ray beam was collimated to a diame-
ter of 300 um. The same setup has been recently used to suc-
cessfully characterize the high-pressure phases of sulfides
and oxides.””*® XRD patterns were obtained on a 135 mm
Atlas CCD detector placed at 110 mm from the sample. The
samples were loaded in a modified Merrill-Basset diamond-
anvil cell (DAC) with an angular aperture of 20 =25°. The
diamond culets have a 500 um diameter. HgGa,Se, powder
was loaded in the 150 um-diameter hole of a stainless-steel
gasket pre-indented to a thickness of 50 um. A 4:1 methanol-
ethanol mixture was used as quasi-hydrostatic pressure-
transmitting medium (PTM).*'*? Pressure was determined
by the ruby fluorescence method.** Exposure times were typ-
ically of 1h. The observed intensities were integrated as a
function of 20 in order to give one-dimensional diffraction
profiles. The indexing and refinement of the powder patterns
were performed using CHECKCELL and POWDERCELL**
program packages.

lll. THEORETICAL CALCULATION DETAILS

Total-energy calculations were performed within the
framework of the density functional theory (DFT) and the
pseudo-potential method using the Vienna ab initio simula-
tion package (VASP).*>> The exchange and correlation

J. Appl. Phys. 113, 073510 (2013)

energy has been taken in the generalized gradient approxi-
mation (GGA) according to the Perdew-Burke-Ernzerhof
(PBE)*® and the PBESol descriptions.37 Details of total-
energy calculations in the DC structure can be consulted in
Ref. 25. Ab initio calculations allow the study of the mechan-
ical properties of materials. The elastic constants describe
the mechanical properties of a material in the region of small
deformations, where the stress-strain relations are still linear.
The elastic constants can be obtained by computing the mac-
roscopic stress for a small strain with the use of the stress
theorem.>® Alternatively, the macroscopic stress can be also
calculated using density functional perturbation theory
(DFPT).* In the present work, we perform the evaluation of
the elastic constants as implemented in the VASP code: the
ground state and fully relaxed structures were strained in dif-
ferent directions according to their symmetry.*® The total-
energy variations were evaluated according to a Taylor
expansion for the total energy with respect to the applied
strain.*' Due to this fact, it is important to check that the
strain used in the calculations guarantees the harmonic
behavior. This procedure allows us to obtain the Cj; elastic
constants in the Voigt notation where the number of inde-
pendent elastic constants is reduced by crystalline symme-
try.*> We have used the generalized stability criteria in order
to obtain information about the mechanical stability of the
low-pressure phase of HgGa,Se,4 from a theoretical point of
view.

IV. RESULTS AND DISCUSSION
A. X-ray diffraction and structural properties

Table I shows the crystallographic parameters of our DC-
HgGa,Se, sample at 1 atm compared to our calculations and
previous XRD experiments.*>** Our data agree with those of
Refs. 43 and 44 and they are similar to our calculations. It
must be stressed that GGA-PBE calculations tend to overesti-
mate the lattice parameters while GGA-PBEsol calculations
give results closer to those obtained experimentally.

In order to analyze the HP results, only the powder pat-
tern below 20 = 18.3° is considered in the refinement process
because of the appearance of the gasket peaks at higher
angles. In this angular region the low-pressure phase has
seven Bragg peaks which allow obtaining the pressure evolu-
tion of the unit-cell parameters. At the bottom of Fig. 1 we
show in solid line the measured x-ray diffraction pattern of
our sample at 0.4 GPa along with the Miller indexes of the
Bragg reflections for the DC phase. Vertical marks represent-
ing the positions of the Bragg reflections are also plotted.
Diffractograms up to 13.2GPa could be indexed with the
low-pressure DC phase. The diffraction peaks only move to
higher angles as pressure increases, thus indicating that com-
pression only cause a decrease of interplanar distances. It is
observed the broadening of the diffraction peaks caused by
the deterioration of the quasi-hydrostatic conditions of the
experiment beyond 9 GPa.*'"** Effects of deviatoric stresses
on structural properties*®™*® apparently are not relevant in
the pressure range covered by our experiments. However, a
systematic study of the influence of deviatoric stress
deserves a future systematic study.
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TABLE I. Experimental and theoretical crystallographic parameters of tetragonal (I-4, Z =2) HgGa,Se, at room conditions. Hg, Ga(1), and Ga(2) are located
at the 2a (0,0,0), 25 (0,0,0.5), and 2 ¢ (0,0.5,0.25) Wyckoff positions, respectively. The vacancy is located at the 2d (0,0.5,0.75) Wyckoff position. The rela-

tive atomic coordinates of the Se anion located at the 8 g (x,y,z) Wyckoff position are given in the table.

X-ray diffraction” Ab initio PBE" Ab initio PBEsol” X-ray diffraction® X-ray diffraction®
aA) 5.711(1) 5.860 5.736 5.715 5.693(1)
¢ (A) 10.814(1) 10.985 10.810 10.78 10.826(4)
x=0.270(2) x=0.2754 x=0.2797 x=0.25 x=0.273(1)
y=0.245(5) y=0.2624 y=0.2563 y=0.25 y=0.2582(8)
Se site: 8 g z=0.1315(6) z=0.1393 z=0.1411 z=0.125 z=0.1382(6)

#Our XRD measurements.
°Our calculations.

‘Ref. 43.

Ref. 44.

Figure 2 shows the pressure dependence of the lattice pa-
rameters for DC-HgGa,Se,4 obtained from XRD experiments
(solid circles) and from ab initio calculations. Experimental
axial compressibilities for @ and ¢ axes at zero pressure, defined
as Ky = ’713—; and obtained by fitting of a Murnaghan EOS,*
are k,=9.2(6)-10 > GPa ™" and k.= 7.1(7)-10 > GPa""'. These
values show a compressibility anisotropy, being « the most
compressible axis. This result agrees with previous results for
other AB,X, OVCs compounds.]‘l’zo‘zz’23 Our theoretical
results for the PBESol (PBE) description x,= 10.2-107°
(11.1-107% GPa~ ' and x,=6.7-10"> (9.6:10 %) GPa' agree
reasonably well with the XRD experiment.
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FIG. 1. Room temperature XRD patterns of HgGa,Se, at selected pressures.
In all diagrams, the background was subtracted. At 0.4 GPa, Bragg reflec-
tions are indicated with vertical ticks. Note that the (200) and (004) reflec-
tions are not seen because of their very low intensity which is less than 0.2%
of the (112) peak intensity at 1 atm.

Figure 3 shows the volume of the DC phase vs. pressure.
We have fitted these data with a third order Birch-Murnaghan
(BM) EOS. All the experimental and theoretical values for the
volume at zero pressure V(, bulk modulus By, and its first-
pressure derivative By are summarized in Table II. PBESol
results are again in relatively good agreement with the experi-
ment. Note that PBE yield a value for B, considerably lower
than that obtained from the experiment, due to the large over-
estimation of the volume. Finally, we must stress that the
obtained value for By in DC-HgGa,Se, from our experiment
is very similar but slightly smaller than that obtained for DC-
CdGa,Se, (By=41.5(2) GPa),'"* DC-MnGa,Se, (By=44(2)
GPa),”® DC-CdAL,Se, (Bo=52.1GPa),>! and DS-ZnGa,Se,
(Bo=47(2) GPa).*

Now we will analyze the pressure evolution of the c/a
ratio in DC-HgGa,Se, since the tetragonal distortion, ¢ =2
- c/a, could give important information. The inset of Fig. 3
shows the pressure dependence of the c/a vs. pressure. It can
be observed that c/a increases with pressure from 1.89 at
ambient pressure to 1.95 at 13.2 GPa. A similar experimental
pressure dependence of the c/a ratio has been found in

1.2
10.8

104 +

AN

Unit-cell parameters (A)
o
s A\

52 ]

Pressure (GPa)

FIG. 2. Lattice parameters of the DC phase of HgGa,Se, as a function of
pressure. Solid circles refer to experimental data. Ab initio results are plotted
with solid (PBESol) and dashed (PBE) lines.
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FIG. 3. Volume of the DC phase of HgGa,Se, as a function of pressure.
Experimental data (solid circles) and their EOS fit (dash-dotted line).
Theoretical results are plotted with solid (PBESol) and dashed (PBE) lines.
The inset shows the evolution of the ¢/a ratio of the DC phase as a function
of pressure. Dash-dotted line is a linear fit to the experimental c¢/a.

DC-CdGa,Ses and DC-MnGa,Se,.'*?%%® 1t is noteworthy
that AGa,X, compounds (A=Mn, Zn, Cd, Hg; X=S, Se)
with tetragonal DC structure at ambient pressure have c/a
values close to 1.90,14’20’50 while those with tetragonal defect
stannite (DS) structure like ZnGa,Se, or ZnGa,S, have c/a
ratios close to 1.98 at ambient pressure.”*>' In the DS struc-
ture (S.G.: I-42m, Z=2), one Ga occupies the 2a Wyckoff
position, the vacancy occupies the 2b Wyckoff site, and the
other Ga and the Hg occupy the same 4d site with a site occu-
pancy factor of 0.5 each one. In this way, the DS structure has
cation disorder in the planes occupied with Hg and Ga atoms.
This disorder has been used as an argument to propose that a
c/a ratio close to 2 (i.e., a small tetragonal distortion) is an in-
dication of a large cation-vacancy disorder in the struc-
ture.**° This hypothesis is not supported by our results. They
show that DC-HgGa,Se,, like other DC comp(>unds,14’20’26
tends to a more symmetric structure on compression.
However, the increase of ¢/a on compression deduced from
XRD experiments is well reproduced by calculations.
Therefore, since there is no cation-vacancy disorder involved
in our calculations, we conclude that the tetragonal distortion
cannot be correlated with cation-vacancy disorder in the tet-
ragonal structure at any pressure.”

According to Ref. 20, information on the cation-vacancy
disorder could be obtained from the study of the pressure

TABLE II. Experimental and theoretical (Th.) volume (Vy), bulk modulus
(Bo), and its pressure derivative (By') here obtained for DC-HgGa,Se, at
zero pressure using a third-order BM EOS.

Vo (A% B, (GPa) By
Experimental 352.9(6) 39(2) 5.2(4)
Th.(GGA-PBE) 379.5(1) 31.52) 5.1(1)
Th.(GGA-PBESol) 355.8(1) 36.0(1) 5.5(1)

J. Appl. Phys. 113, 073510 (2013)

dependence of k, and . and their difference. These depend-
ences are shown for DC-HgGa,Se, in the top, middle, and
low panels of Fig. 4 for our XRD experiment, PBE, and
PBESol calculations, respectively. As can be seen, in all
cases the «, and x. compressibilities decrease with pressure
as expected. The k, - k. difference is positive at every pres-
sure but has a non-linear dependence with a positive pressure
coefficient at low pressures and a negative pressure coeffi-
cient at high pressures, being the maximum value of k, - k.
in the range 1.5-4 GPa. A similar evolution was found previ-
ously for DC-MnGa,Se,4.”° In that work, it was proposed that
the change in tendency of x, - k. with pressure was a sign of
the onset of the transformation from the DC to the DS phase.
This would imply that cation-vacancy disorder is increasing
with pressure above that pressure. However, our calculations
show a maximum for x, - k. at a similar pressure than experi-
ments despite cation-vacancy disorder is not considered in
them. Therefore, we must conclude again that the change of
the pressure coefficient of x, - k. cannot be taken as a mea-
sure of the cation-vacancy disorder in DC compounds.

In order to understand better the compression of the
structure of DC-HgGa,Se,4, we show in Figure 5(a) the evo-
lution with pressure of the cation-anion and vacancy-anion
distances of DC-HgGa,Se, obtained from calculations. The
largest distance is that of Hg-Se, the intermediate distances
are those of Ga(1)-Se and Ga(2)-Se, and the shortest distance
is that of vacancy-Se. Ga(1)-Se, Ga(2)-Se, and Hg-Se distan-
ces are much less compressible than the vacancy-Se, despite
the vacancy-selenium distance is the smaller one. The high
compressibility of the vacancy-Se distance is due to the
weak repulsion between the separated electron distributions

Pressure (GPa)

FIG. 4. Left side of panel: x, and . vs. pressure. Right side: (k,-k.) vs.
pressure. Results correspond to: (a) XRD experiments, (b) PBE calculations,
and (c) PBESol calculations.
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FIG. 5. Calculated cation-anion and vacancy-anion distances (a) and compressibilities (b) as a function of pressure for DC-HgGa,Se,. Solid (PBESol) and

dashed (PBE) lines are used.

of Se atoms surrounding the vacancy. Consequently, Se
atoms move towards the vacancy site at a faster rate than to
the sites occupied by cations. These results for DC-
HgGa,Se, agree nicely with those obtained for DC-
CdGa,Se, from XRD measurements reported in Ref. 14.

A different perspective of the pressure dependence of
the cation-anion and vacancy-anion internal distances for
DC-HgGa,Se, can be obtained by plotting the compressibil-
ity of those distances as a function of pressure [see
Fig. 5(b)]. The distance compressibility decreases following
the sequence ‘“vacancy-Se > Hg-Se > Ga(1)-Se > Ga(2)-Se.”
At HP, the cation-anion distance compressibility tends to
approach to a similar value whilst the vacancy-Se distance
compressibility is still the most compressible one. The calcu-
lated compressibility at zero pressure for the Hg-Se, average
Ga(1)-Se and Ga(2)-Se, and vacancy-Se distances is sum-
marized in Table III.

Finally, we have carried out a comparative study of the
compressibility of the Hg-Se and the average Ga-Se bonds in
DC-HgGa,Se, with those of the Hg-Se and Ga-Se bonds in
the binary compounds HgSe and ¢-GaSe. Results are sum-
marized in Table III. HgSe has a cubic unit cell with a zinc-
blende structure (S.G.: F-43m, Z:4),52 while &-GaSe has a
hexagonal unit cell with a laminar structure consisting of a
four-sheet sequence of planes of Se-Ga-Ga-Se (S.G.: P-6m2,
Z=4).> For the case of HgSe we have calculated, the
Hg-Se bond compressibility from ab initio results taken from
Ref. 54 with both the PBE and the PBESol description,

whereas for the case of ¢-GaSe, we have calculated the
Ga-Se bond compressibility from ab initio results taken from
Ref. 55 with the GGA description. Curiously, the Hg-Se
bond compressibility is similar in both DC-HgGa,Se, and

TABLE III. Distance compressibility x (in 10 ~? GPa™") obtained from our
calculations at zero pressure. For DC-HgGa,Se,, data of the Hg-Se, average
Ga-Se, and vacancy-Se distances are shown. For HgSe, data of the Hg-Se
distance are shown. For ¢-GaSe, data of Ga-Se and Se(1)-Se(2) distances are
shown. Theoretical (th.) and experimental (exp.) values for By (in GPa) at
zero pressure are also included.

HgGa,Se, HgSe e-GaSe
x(Hg-Se) (th.) 7.1%5.7° 7.7, 6.4
K(Ga-Se) (th.) 3.9 3.1° 3.4°
k(vacancy-Se) (th.) 26.4% 24.2°
K[Se(1)-Se(2)] (th.) 35.8°
By (th.) 31.5(2)%,36.0(1)° 427, 518 28.3"
By (exp.) 39(2)! 497 34(2)F, 34.4',33.1™

**QOur calculations with GGA-PBE and GGA-PBESol description, respectively.
“dObtained with structural data taken from Ref. 54 with GGA-PBE and
GGA-PBESol description, respectively.

“Obtained with structural data taken from Ref. 55.

feRef. 54 with GGA-PBE and GGA-PBESol description, respectively.

"Ref. 56.

Our XRD experiment.

B, is obtained from the elastic constants given in Ref. 57.

“Ref. 55.

"MB, is obtained using the Hill approximation®® from the elastic constants
measured in Refs. 59 and 60, respectively.
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HgSe, and the Ga-Se bond compressibility is similar in both
DC-HgGa,Se4 and ¢-GaSe. It is also interesting to calculate
the Se(1)-Se(2) bond compressibility in ¢-GaSe (see Table III),
where Se(1) and Se(2) are anions located in adjacent sheets
linked together by van der Waals interactions. The compressi-
bility of the Se(1)-Se(2) distance in ¢-GaSe is the greatest one
followed by the compressibility of the vacancy-Se distance in
DC-HgGa,Se,. These results suggest that the bulk compressi-
bility (modulus) in the three compounds under comparison
should decrease (increase) following the sequence “e-GaSe-
DC-HgGa,Se,—HgSe.” That is, following the sequence
“laminar compound-OVC-zincblende-type compound without
vacancies.” This hypothesis is verified by the values of the
bulk modulus at zero pressure obtained both theoretically and
experimentally and summarized in Table III. This result indi-
cates that the bulk compressibility at zero pressure of the lami-
nar compound is mainly determined by the compressibility of
the Se(1)-Se(2) distance due to the van der Waals interaction
between Se atoms along the ¢ axis and that the bulk compressi-
bility of the OVCs is mainly determined by the compressibility
of the vacancy-anion distance due to the presence of stoichio-
metric vacancies in the unit cell.

B. Elastic properties

Compounds crystallizing in the DC phase belong to the
tetragonal Laue group TII. This Laue group contains all crys-
tals with 4, —4, and 4/m point groups. In this group, there are
seven independent second-order elastic constants which are
Ci1, C12, Ci3, Cz3, Cyy, Cge, and Ci6. On the other hand, in
the tetragonal Laue group TI, which contains all crystals
with 422, 4mm, —42 m, and 4/mmm point groups, there are
six independent second-order elastic constants which are:
C'11,Cla, Cl3, C'33, C' 44, and C'g6. The formulas for the cal-
culation of the elastic moduli with the use of the elastic con-
stants in the Laue group TII have not been derived
analytically. This is due to the presence of the off-diagonal
shear elastic constant C;s which is not normally zero.
However, it is possible to transform the seven components
Cjj of the elastic tensor of a TII crystal into the six compo-
nents C';; of the elastic tensor of a TI crystal. For that pur-
pose one needs to make C’ 4 equal to zero by means of a
rotation around the z axis with the angle given by:®'

by = rarct
,=—arctan| —————=>
B4 Ci1 — Ci2 — 2Ces

Equation (1) gives two values for ¢ in the range 0
< ¢ <|rn/2| that correspond to ¢, and ¢, where
¢, =+ /4.6192 For DC-HgGa,Se, at zero pressure, we
obtain ¢, = 0.76° and ¢, = 45.76°. The small value for ¢;
is because of the small value of C;5s= —0.3 GPa obtained at
zero pressure. The equations used to obtain the six independ-
ent C';; elastic constants of a TI crystal as a function of the
seven Cj; elastic constants of a TII crystal and the ¢ angle
are taken from Ref. 62.

We report in Table IV the set of seven elastic constants Cj;
at zero pressure obtained from our calculations with the PBESol
description together with the two sets of six C';; obtained for
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angles ¢, and ¢,. The calculations have been carried out using
the PBESol prescription as it is the one that better mimics the
structural parameters for the crystal. In Table IV, it is also
included theoretical results for the seven Cj; elastic constants of
DC-CdGa,Se, and DC-CdGa2$4‘63 In general, the values for Cj;
are similar in both DC-HgGa,Se4 and DC-CdGa,Se4. We must
note that with the Cj reported for DC-CdGa,S4, we obtain a
value of the bulk modulus in the Reuss approximation® of
40.6 GPa instead of the value of 58.4GPa reported by the
authors. In this sense, we think that there could be a mistake in
the reported values for the Cj; of DC-CdGa,S, since we expect
that B should be around 60 GPa in DC-CdGa,S,.

With the set of six elastic constants for DC-HgGa,Se,,
standard formulas for the bulk (B) and shear (G) moduli of
the tetragonal Laue group TI in the Voigt,*” Reuss,** and
Hill>® approximations, labeled with subscripts V, R, and H,
respectively, can be then applied:®®

~ 2C11 +C33 +2C1p +4Cy3

By 9 , 2)
By = : 3)
k= 2811 + 833 + 2812 + 48137
By + B
BH:%, )

TABLE IV. Seven Cj; elastic constants (in GPa) for DC-HgGa,Sey. The set
of six C';; (C'16=0) elastic constants are also given. The elastic moduli B,
G, and E (in GPa) and Possion’s ratio (v) are given in the Voigt, Reuss, and
Hill approximations, labeled, respectively, with subscripts V, R, and H. The
BJ/G ratio and the shear anisotropy factor (A) are also given. The values for
K, and k. have been obtained from the S;; elastic compliances tensor by
using Egs. (10). All given data has been calculated with the PBESol
prescription at zero pressure. Calculated data for DC-CdGa,Se, and
DC-CdGa,S, are also added.*?

DC-HgGa,Se;," DC-CdGa,Ses® DC-CdGa,S,°

Ci 542 52.5 61.8
Ci 243 20.4 24.7
Cis 31.2 38.8 35.7
Cxs 55.5 60.0 50.0
Cas 29.9 31.6 33.9
Css 26.2 16.0 27.0
Cis -03 -19 -27
' 54.2°, 65.5¢

C', 24.3¢,13.0¢

C'3 31.2¢,31.2¢

C'33 55.5¢,55.59

Clus 29.9¢,29.9¢

C'es 26.2¢, 14.9¢

By, Bg. By 37.5,37.2,37.4 36.1 58.4°
Gy, Gg, Gy 22.3,18.8,20.6

Ey, Eg, Ey 55.9,48.4,52.2

Vy, VR, Vi 0.25,0.28,0.27

BvIGy, Bg/Gg, By/Gy;  1.68,1.98, 1.81

A 1.75%,0.57¢

K Ko (1073 GPa™) 10.1,6.7

“Our calculations with GGA-PBESol prescription.

"Data taken from Ref. 63.

“IRotation angle of ¢, =0.76° and ¢, =45.76°, respectively.

“We obtained for By a value of 40.6 GPa from the C;; data given by Ref. 63.
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GV:2C11+C33—C12 _152C13+6C44+3C66’ 5)
R = RS + 455 — 451 1—58513 T 6Sn 35 O
Gy = @ %)

In the Reuss approximation, we use formulas for By and
Gy obtained from the elastic compliance §'; tensor (the
inverse of the elastic constant C';; tensor). In the Voigt
(Reuss) approximation, uniform strain (stress) is assumed
throughout the polyc:rystal.64’65 On the other hand, Hill has
shown that the Voigt and Reuss averages are limits and sug-
gested that the actual effective B and G elastic moduli can be
approximated by the arithmetic mean of the two bounds.’®
The Young (E) modulus and the Poisson’s ratio (v) are cal-

culated with the expressions:**¢’
9BxG
=% @)
GX + 3BX
1 /3Bx — 2Gx
2\ 3By 1 Gy 9
=3 (T s 60) ©)

where the subscript X refers to the symbols V, R, and H. In
Table IV, we summarize all the values obtained of the B, G, and
E for DC-HgGa,Se, at zero pressure in the Voigt, Reuss, and
Hill approximations. Note that we have obtained a value for the
bulk modulus in the Hill approximation of By = 37.4 GPa which
is in very good agreement with the value of By=36.0(1) GPa
obtained from our PBESol structural calculations via a third-
order BM EOS fit. This result gives us confidence about the cor-
rectness of our elastic constants calculations.

Table IV also includes the values of the ratio between
the bulk and shear modulus, B/G, and the shear anisotropy
factor A. The B/G ratio has been proposed by Pugh to predict
brittle or ductile behavior of materials.®® According to the
Pugh criterion, a B/G value above 1.75 indicates a tendency
for ductility; otherwise, the material behaves in a brittle man-
ner. In our particular case, we found a value of B/G=1.81 in
the Hill approximation indicating that the material should be
ductile but close to the limit of ductility at zero pressure. The
shear anisotropy factor A for our tetragonal cell is defined as
A=2C¢/(Cq;-C 12).69 If A is equal to one, no anisotropy
exists. On the other hand, the more this parameter differs from
one, the more elastically anisotropic is the crystalline struc-
ture. In our particular case, A=1.75 and 0.57 for angles ¢,
and ¢,, respectively. These values are rather different from 1
and evidence the anisotropy of our tetragonal cell at zero pres-
sure. Note that the anisotropy factors obtained for the two pos-
sible rotation angles follow the relation 0.57 = 1/1.75, which
is a direct consequence of the n/4 rotation around the z axis
(¢, = ¢ + m/4). We have also obtained the axial compressi-
bilities k, and . from the elastic constants. The used formulas

are:62
Ke =811 +S8S2+ 813 and k. =283+ S33, (10)

where S;; refers to components of the elastic compliances
tensor. Table IV includes the values for k, and x. obtained at
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zero pressure using Eq. (10) which are in very good agree-
ment with those reported in Fig. 4(c). Again, this result gives
us confidence about the correctness of our elastic constants
calculations.

In the following, we are going to study the mechanical
stability of DC-HgGa,Se4 at HP. A lattice is mechanically
stable only if the elastic energy change associated with an ar-
bitrary deformation given by small strains is positive for any
small deformation.”® This implies restrictions on the C;; elas-
tic constants that are mathematically expressed by the fact
that the principal minors of the determinant with elements
Cj; are all positive.”! The latter restrictions are often called
the Born-Huang stability criteria and for the case of a tetrag-
onal crystal with six C;; elastic constants, the mechanical
stability at zero pressure requires that:”°

Cii >0, Cyu>0, Ce>0, C;1—Cp2>0 (11)

and
C11C33 + C12C33 — 2C13* > 0. (12)

In our particular case, all the above criteria are satisfied
for DC-HgGa,Se, at zero pressure and the tetragonal crystal
is mechanically stable at zero pressure, as expected. In order
to study the mechanical stability of the tetragonal phase at
HP, one has to study the evolution of the elastic constants as
pressure increases. Figure 6(a) shows the evolution of the
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FIG. 6. Pressure dependence of the theoretical (PBESol) elastic constants of DC-
HgGasSey: (a) Seven Cj; elastic constants and (b) Six C';; elastic constants. Solid
lines connecting the calculated data points are shown as a guide to the eyes.
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seven calculated C;; of DC-HgGa,Se4 with pressure. It can
be seen that the Cyy, Cy,, C13, Ca3, and Cgg elastic constants
increase monotonically as pressure increases. The Cy4 elastic
constant increases up to a value of 8§ GPa and above that
pressure decreases as pressure increases. In the case of the
C¢ elastic constant, it increases up to a value of —0.05 GPa
at about 7.5GPa and then decreases reaching a value of
—0.9 GPa at 21 GPa. In any case, Cs remains small in all the
studied pressure range.

In order to study the mechanical stability of the tetragonal
phase under pressure Eqgs. (11) and (12) have to be modified to
include the particular case when the external load is different
from zero. For a detailed explanation of how the Born stability
criteria must be modified when the solid is subject to a external
load, we refer the reader to Refs. 70 and 72—74. The general
stability criteria valid when the tetragonal TI crystal is sub-

jected to an external hydrostatic pressure P take the form:*"*
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We note that the general stability criteria shown with Egs.
(13) to (17) are applicable to a tetragonal crystal with six elastic
constants. In this way, we plot in Figure 6(b), the evolution with
pressure of the six elastic constants for the case of ¢, =0.76°
and check whether DC-HgGa,Se, satisfies Egs. (13) to (17) for
all pressures or not. It is found that Eq. (17) is violated at
13.3GPa, Eq. (14) is violated at 17.5 GPa, and Eq. (16) is vio-
lated at 20.5 GPa. We highlight the fact that the pressures at
which we find that the three equations are violated are the
same for both ¢, and ¢, transformations. On the other hand,
it is interesting to comment that Eq. (17), that in the particular
case of P =0GPa reduces to Eq. (12), is the numerator of the
expression for the bulk modulus in the Reuss approximation
when By is expressed as a function of Cj (:omponents.74
Therefore, our study of the mechanical stability of DC-
HgGa,Se, at HP suggests that the tetragonal phase becomes
mechanically unstable beyond 13.3 GPa. This pressure is con-
sistent with the pressure at which dark linear defects appear in

Cu—P>0, (13)  absorption experiments.”
Cai P >0 (14) To conclude we would like to comment on the pressure
a4 ’ dependence of the elastic moduli (B, G and E), the v
Ces — P > 0, (15)  Poisson’s ratio, the B/G ratio, and the A factor reported in
Fig. 7. It is found that the bulk modulus increases as pressure
Ciy—Cpp—2P >0, (16) increases reaching a value of By =83.6 GPa at 13 GPa. The
shear modulus increases with pressure reaching a maximum
(C33 — P)(Cyy +C1a) —2(Ci3 4+ P)* > 0. (17)  value of G;;=25.9 GPa at 10.5 GPa and above that pressure
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it decreases as pressure increases. In the case of the Young
modulus, it increases with pressure reaching a maximum value
of E;=69.8GPa at 10.8GPa and above that pressure it
decreases as pressure increases. The Poisson’s ratio and the
B/G ratio increase as pressure increases reaching a value
vy =0.37 and By/Gy = 3.50 at 13 GPa. In the case of the shear
anisotropy factor A, it is found that for ¢, =0.76°, A decreases
slightly reaching a minimum value 1.71 at 3.0 GPa and above
that pressure it increases with pressure reaching a value of 1.86
at 13 GPa. The change of the pressure coefficient of the theoret-
ically calculated G and E elastic moduli at high pressures seems
to be related to the mechanical instability of the DC structure
above 13 GPa. These behaviors could be related to the onset of
the cation-vacancy disorder process that occurs in DC-
HgGa,Se, above this pressure that it is evidenced by the
appearing of dark linear defects in absorption measurements, as
already commented. In this sense, more experimental and theo-
retical work is needed to confirm if the coincidence between
the pressure for the appearance of dark linear defects and that
of the mechanical instability happens in other DC compounds,
and therefore, they can be considered as related phenomena.

V. CONCLUSIONS

We have performed HP-XRD measurements in DC-
HgGa,Se, and have compared the experimental results with
ab initio calculations. The axial compressibilities and the
EOS of tetragonal DC-HgGa,Se,4 have been obtained show-
ing that DC-HgGa,Se, behaves in a similar way to other
AGa,Se, (A =Mn, Zn, Cd) adamantine OVCs and in particu-
lar to DC-CdGa,Sey,.

A comparative study of the compressibility of the inter-
nal distances in DC-HgGa,Se, and the compressibility of the
Hg-Se and Ga-Se bonds in the binaries HgSe and &-GaSe
shows that the Hg-Se and Ga-Se bonds behave in a similar
way in the three compounds. However, the bulk compressi-
bility of the three compounds decreases following the
sequence “e-GaSe > DC-HgGa,Se, > HgSe,” i.e., the binary
layered e-GaSe compound, characterized by a van der Waals
interaction between the layers, is more compressible than the
defect chalcopyrite structure, which contains stoichiometric
vacancies, and this structure is more compressible than
zincblende-type HgSe that has no vacancies in its structure.

Finally, a detailed theoretical study of the elastic proper-
ties of DC-HgGa,Se, has been accomplished. At zero pres-
sure, the theoretical elastic constants and elastic moduli
obtained for the tetragonal phase are in agreement with other
calculations for similar compounds. Additionally, we have
reported the HP evolution of the elastic constants and have
performed a study of the mechanical stability of the tetrago-
nal phase at HP. We have found that the low-pressure tetrag-
onal phase of DC-HgGa,Se, should become mechanically
unstable at pressures above 13.3 GPa.
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