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High-pressure x-ray-absorption study of GaSe
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We performed two x-ray-absorption experiments under pressure in GaSe, at the Ga and SeK edges~10.368
and 12.653 keV, respectively!, up to 34 GPa. The Ga-Se distance obtained from the extended x-ray-absorption
fine-structure fit decreases monotonically up to 1662 GPa, following a first-order Murnaghan equation of state
with B059266 GPa andB08 fixed to 5. Under a plausible hypothesis, we calculate the evolution of the whole
structure up to 1662 GPa. These calculations indicate that the layer thickness decreases slightly under pres-
sure.
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I. INTRODUCTION

The III-VI layered family of semiconductors has attract
the interest of both theoretical and experimental researc
due to the presence of interactions of very different natu
and for their potential applications. The most characteri
feature of this family of semiconductors is the existence
layers where bonds are covalent with a certain ionic com
nent. Layers are held together by weak van der Waals for
The properties of III-VI layered compounds in ambient co
ditions show a highly anisotropic behavior. Many technic
applications have been proposed in the fields of so
cells,1–3 nonlinear optics,4–8 or as candidates for solid-sta
batteries.9–11

As a result of the very different natures of interactions
these materials, basic properties such as the unit-cell vol
or the band gap show a markedly nonlinear behavior un
pressure. Theoretical models able to describe not only
highly anisotropic physical properties at ambient pressu
but also to model their behavior under high pressure, con
tute a challenging enterprise for solid state scientists.

GaSe belongs to the family of III-VI layered compound
One layer may be viewed~Fig. 1! as formed by two cation-
anion hexagonal cycles with a chairlike deformation, link
by strong Ga-Ga bonds. These bonds are perpendicular t
layer plane. Hence the Ga atoms are surrounded by thre
atoms and one Ga atom, whereas the Se atoms have thre
first neighbors. On average, the Hume-Rothery rule is p
served. Stacking of the layers ensure compact packing o
anions, and gives rise to several stacking patterns, so-c
polytypes. Depending on the growth method, GaSe has b
found in b,12 «,13–16 g,14,17 or d ~Ref. 18! polytypes. Bridg-
man grown samples are commonly found to follow the«

stacking pattern, with symmetryP6̄m2 (D3h
1 ) and a hexago-

nal unit cell described bya53.743 Å andc515.919 Å.
0163-1829/2002/65~17!/174103~7!/$20.00 65 1741
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The ambient pressure properties of GaSe have been
tensively studied. Under pressure, various types of exp
ments have been carried out: optical absorption,19–22

reflectivity,23 microphotographs,19 ultrasonic,24 transport,25

FIG. 1. Left: «-GaSe unit cell as seen from the@010# direction.
dintralayer and dinterlayer represent the intralayer and interlayer di
tances, respectively.w is the angle between the layer and the Ga-
bond. Right: bond configuration detail.dGaGa and dGaSe refer, re-
spectively, to the Ga-Ga and Ga-Se bond lengths.
©2002 The American Physical Society03-1
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resistance,26 dielectric constant19,27–29 and Raman
spectroscopy.19,30An essential problem in the description
the physical properties at high pressure in III-VI layer
compounds is the lack of information concerning the pr
sure evolution of the atomic positions inside the unit cell.
an x-ray diffraction~XRD! experiment information about th
atomic positions is obtained through an analysis of the
fracted intensities. In III-VI layered semiconductors the pr
ence of stacking faults or twinned planes makes it very
ficult to obtain a pure single-crystalline sample. On the ot
hand, the layered character of the samples is such that e
grain is a platelet which orientates parallel to the other
soon as pressure is applied, introducing preferential orie
tion in the powder. Consequently, the information comi
from the intensity in a XRD experiment carried out in the
materials is very difficult to extract. Two XRD experimen
under pressure were recently reported.23,31 Both investiga-
tions made evident that a structural transition toward a cu
phase occurs around 24 GPa~2362 and 25 GPa, following
Refs. 23 and 31, respectively!. Optical22 and electrical
resistance26 experiments seem to indicate a phase transi
around 20 GPa. Information about the variation of thec axis
is available not only from XRD, but also from
microphotographies.19,22 The c axis behaves irreversibly i
the pressure is increased above 1662 GPa. Finally, the com-
pressibility of thea axis at atmospheric pressure,xa , was
derived from the elastic constants.19,24 Due to the van der
Waals character of the inter layer interaction, t
compressibility of thec axis, xc524.931023 GPa21, is
much larger than the compressibility of thea axis;
xa5531023 GPa21.

X-ray-absorption spectroscopy~XAS! is an experimenta
technique that probes the local environment of the absorb
atom, and consequently complements the long-range o
information given by XRD experiments. We have perform
high-pressure single-crystal x-ray-absorption spectroscop
Ga and SeK edges up to 34 GPa in order to study the str
tural evolution of GaSe under pressure. In the sections
follow we shall first of all describe the experimental setu
Afterward, in Sec. III, we will present the inferences draw
from the study of the x-ray-absorption near-edge struct
~XANES! part of the spectra, and the details of the extend
x-ray-absorption fine-structure~EXAFS! analysis carried
out. Then we shall examine the structural changes that o
below 1662 GPa. Finally we will discuss the value of th
structural phase transition pressure obtained with differ
methods.

II. EXPERIMENT

A wide-angle aperture membrane diamond anvil ce32

~DAC! was used as the pressure generator. The diamo
were of the Drukker standard type, with a culet size of
mm. High-quality GaSe crystals were prepared by the Bri
man method. Samples were cleaved from the ingots wit
razor blade and cut into parallelepipeds. Single crys
samples of dimensions 1003150330mm3, Ga K edge, or
1503150330mm3, SeK edge, were placed in a 260-mm-
diameter hole drilled in an Inconel gasket. The press
17410
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was measuredin situ using the linear ruby fluorescenc
scale.33

The x-ray-absorption experiments were carried out at
ID24 energy-dispersive x-ray-absorption station of the Eu
pean Synchrotron Radiation Facility~Grenoble, France!,34 in
two different beamtime allocations.

We performed two different experiments. The first o
was performed at the GaK edge~10.368 keV!, using silicon
oil as pressure transmitting medium. A profiled curv
Si~111! monochromator35 focused the beam to a spot of a
proximately 50mm in the horizontal direction. In the vertica
direction the beam was only slit down to 100mm. Details
about the principle of energy-dispersive x-ray-absorpt
data collection can be found elsewhere.36 The incident inten-
sity I 0 was measured outside the pressure chamber. An
sential experimental aspect of XAS experiments in a DAC
the presence of glitches in spectra originated from diffract
peaks of the diamond single crystals. The pressure ce
oriented with respect to the polychromatic x-ray beam
order to remove these glitches from the widest spectral ra
around the x-ray-absorption edge. This operation takes
vantage of the real time visualization of the XAS spec
characteristic of the energy-dispersive setup. Given the
ometry of the experiment, the polarization vector of the sy
chrotron radiation was always in the layer plane.

The second experiment was performed at the SeK edge
~12.653 keV!, using a 4:1 methanol ethanol mixture as pre
sure transmitting medium, some time after the first. Me
while a focusing vertical mirror was installed in ID24
Thanks to the combined action of the new mirror and
previously installed profiled monochromator, the size of t
spot at the sample was reduced to 120360mm2. Due to the
small size of the focus point and the relative size of t
sample and gasket hole, it was possible, for the first time~to
the best of our knowledge! in a dispersive XAS experiment
to measure theI 0 through the DAC, close to the sample. A
the SeK edge is energetically located above the GaK edge,
in this second experiment the glitches associated with
diamond diffraction peaks were more numerous and diffic
to eliminate from the spectral range of interest. We employ
two orientations of the diamond anvil cell. In the first one t
XANES part of the spectrum was free of glitches. In t
second one there was only one small glitch next to the w
line, not affecting the EXAFS part of the spectrum, who
contribution was eliminated by the normalization process

III. RESULTS AND DISCUSSION

A. XANES

In Fig. 2 we present XANES spectra of GaSe for som
pressures. The spectra are taken at the GaK edge@10.368
keV, Fig. 2~a!# and SeK edge@12.653 keV, Fig. 2~b!#. The
XANES part of the spectra involves photoelectron multip
scattering paths, and is consequently sensitive to med
range order~up to;15 Å!. XANES can be used as a finge
print characteristic of the absorbing atom environment to
tect structural phase transitions.

In the low pressure spectrum taken at the SeK edge the
white line shows a doublet structure. The valley separat
the two peaks blurs with increasing pressure, and at 1
3-2
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HIGH-PRESSURE X-RAY-ABSORPTION STUDY OF GaSe PHYSICAL REVIEW B65 174103
GPa the second peak has become a shoulder of the first.
it clearly evolves up to 20 GPa; where the white line h
been already transformed into a singlet. We will see later
EXAFS data confirms that these changes observed in
XANES structure correspond to a phase transformation.
same evolution in the white line, from doublet to singlet, h
been observed in the SeK-edge XANES spectra of InS
during a phase transition from the layered phase to the ro
salt phase.38 The singlet structure of the white line is main

FIG. 2. XANES spectra of GaSe at the GaK edge~a! and the Se
K edge~b!. The numbers next to the spectra refer to the pressur
which the spectra were taken. The letterd indicates that the spectr
were taken in the downstroke. The inset in~a! represents the white
line full width half maximum evolution under pressure.
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tained in the downstroke up to 13.261.5 GPa. The XANES
of the recovered sample is different from that of the low- a
high-pressure phases. In the spectra taken at the GaK edge,
the widening of the white line at 2563 GPa@see the inset in
Fig. 2~a!# can be related to the onset of the structural hig
pressure transition.

B. EXAFS

The quality of the spectra in the experiments taken at
Ga K edge allows EXAFS analysis up to 400 eV after t
edge. We obtained the pseudo-pair-distribution funct
@~PPDF!, Fig. 3~a!# performing a Fourier transform of th
EXAFS signal comprised between 3.1 and 10.9 Å21 with a
Bessel-type (t54) apodization window. The first shell o
neighbors is constituted by three Se atoms and one Ga a
and manifests itself in the PPDF through the maximum
tending from approximately 1.4 to 2.8 Å. The Ga atom do
not participate in this maximum because the Ga-Ga bon
oriented perpendicularly to the polarization of the incide
radiation.

In Fig. 3~a! the amplitude of the maximum correspondin
to the first shell of neighbors starts to decrease at
63 GPa. At 3164 GPa there is not any well-defined stru
ture in the PPDF, indicating that the sample is still not co
pletely transformed and that the disorder at this pressur
very high.

At the Se-K edge, diamond XRD glitches limited the us
ful spectral range to 250 eV after the edge. The PPDF w
obtained by a Fourier transformation of the EXAFS signal
a k domain between 2.7 and 8 Å21, and using a Bessel base
(t54) apodization window. It is shown in Fig. 3~b! for
some representative pressures. Under ambient condition
Se environment is constituted by three Ga atoms at 2.47
The contribution of the first-neighbor shell to the PPDF c
responds to the peak observed between approximately 1
2.7 Å. The PPDF pattern is not very stable in the lo
pressure phase. This instability might be related at leas
part to an experimental problem, coming from the influen
of residual tails in the x-ray spot. Although the horizont
spatial distribution of the spot is nearly Gaussian, it has lo
intensity tails which proved hard to eliminate with differe
monochomator35 designs. In the experiment at the SeK edge
both theI 0 ~close to the sample! and I ~through the sample!
signals were taken through a DAC, and it may be poss
that the residual tails in the x-ray spot would have affec
the quality of the normalization procedure.

To deduce structural information about the environm
of the absorbing atom from EXAFS data, phases and am
tudes have to be known. They are deduced from amb
pressure spectra where all the structural parameters
known,15 and supposed to be independent of pressure. W
the limited spectral range obtained we can not deduce qu
titative information from the second maximum of the PPD
because it is originated from the contribution of several
oms situated at distances differing in some tenths of a
stroms, and that present distinct behaviors under pressu

The Ga-Se distance under pressure, as obtained from
EXAFS fit, is depicted in Fig. 4. It is essentially the same f

at
3-3
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FIG. 3. Pseudo-pair-distribution function~PPDF! obtained by
Fourier transformation of the EXAFS signal.~a! Ga K edge. The
maximum extending between approximately 1.4 and 2.8 Å co
sponds to the contribution of the Ga first-neighbor shell to
PPDF. The Ga atom belonging to the first-neighbor shell does
participate in this maximum because the Ga-Ga bond is orie
perpendicularly to the polarization of the incident radiation.~b! Se
K edge. The three Ga atoms defining the Se first neighbor s
contribute to the PPDF with the maximum extending from 1 to
Å. The numbers next to the spectra refer to the pressure at w
the spectra were taken. The letterd indicates if the spectra wer
taken in the downstroke.
17410
both experiments up to 15 GPa, although the data com
from the SeK-edge experiment present more dispersion. T
pressure uncertainties when using either silicon oil or the
methanol-ethanol mixture as pressure transmitting me
have been estimated using the data appearing in Ref.
where the dispersion in the pressure measurement give
several ruby grains located at different positions in the pr
sure chamber is shown. To evaluate the distance error
we employed the typical uncertainty in EXAFS experimen
under pressure, 0.01 Å, established from a comparison
XRD and EXAFS data.37 In the EXAFS fits concerning the
high-pressure phase we continue using the phases and a
tudes of the low-pressure structure, introducing a supplem
tary error in the determination of the distances. The con
bution to the error can be estimated37 as an additional 0.01
Å, and results in an overall error of 0.02 Å.

We have fitted the monotonous decrease observed u
15 GPa to a Murnaghan-type equation of state,

dGaSe5dGaSe0S 11
B08

B0
PD 21/3B08

, ~1!

wheredGaSe0 is the Ga-Se distance at ambient pressure,B0

the local isothermal bulk modulus, andB08 its pressure de-
rivative. The data dispersion and the small pressure rang
not allow one to obtainB0 andB08 simultaneously. We have
fixed B08 to a value of 5, resulting in a bulk modulus ofB0

59266 GPa. This value is slightly smaller that those fou
for InSe (116620 GPa) ~Ref. 38! or GaTe (12466 GPa)
~Ref. 39! for the cation-anion distances. The Ga-Se dista
deduced from the experiment at the SeK edge~solid circles

-
e
ot
d

ell

ch

FIG. 4. Ga-Se distance as obtained from the EXAFS fit.~a!
Solid triangles: GaK edge, upstroke.~b! Solid circles: SeK edge,
upstroke.~c! Hollow circles: SeK edge: downstroke.~d! Solid line:
Murnaghan fit @see Eq. ~1!# of ~a! and ~b! with d052.470
60.003 Å, B059266 GPa andB08 fixed to 5. ~e! Dashed line:
Murnaghan fit of~c! with d052.5360.02 Å, B05260640 GPa,
and B08 fixed to 4.1.~e! Dash-dotted line: Murnaghan fit of dat
coming from XRD ~Ref. 23! with d052.5660.01 Å, B05230
610 GPa, andB08 fixed to 4.1.
3-4
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HIGH-PRESSURE X-RAY-ABSORPTION STUDY OF GaSe PHYSICAL REVIEW B65 174103
in Fig. 4! shows a high-pressure phase transition at
62 GPa, in agreement with our XANES conclusions.

The evolution of the Ga-Se distance in the downstro
~hollow circles in Fig. 4! is compatible with the XRD equa
tion of state of the high pressure phase~dash-dotted line!
down to around 13 GPa, if we take into account the erro
the determination of the distances both in EXAFS and
XRD. A Murnaghan fit ~dashed line! to the downstroke
points obtained by EXAFS results ind052.5360.02 Å and
B05260640 GPa, withB08 fixed to 4.1. The same fit to th
data obtained from XRD givesd052.5660.01 Å andB0

5230610 GPa withB08 fixed to 4.1, in agreement with EX
AFS results. Below 13 GPa in the downstroke a structu
change takes place, and the cation-anion distance obta
tends progressively toward that of hexagonal GaSe.

The EXAFS fit also gives information about static diso
der and thermal vibration through the so-called pseu
Debye-Waller~PDW! factor. In x-ray diffraction the Debye
Waller factor is related to the mean-square deviation
position for each atom. In EXAFS, it is calledpseudo-
Debye-Waller factor because it is related to the deviation
the relative position between the absorbing and backscat
ing atoms. The PDW factor obtained from the EXAFS fit
presented in Fig. 5. Although presenting a considerable
persion, it diminishes up to 1662 GPa with a slope of
(2666)31025 Å/GPa. The evolution under pressure
the harmonic contribution to the PDW factor can
estimated37 in the Einstein approximation using the Gru¨n-
eisen parameter,19 and the measured decrease in the Ga
distance. The result is 831024 Å 2, which is of the same
order of magnitude than the harmonic contribution to
PDW in GaSe. Therefore, we can conclude that up to
62 GPa there is no significant increase in the static disor
In the data taken at the SeK edge the PDW increases from
1662 GPa on, indicating that the static disorder starts
grow. The characteristic disorganization of a phase transi
is responsible for the increase in the PDW around 20 GPa
the downstroke the PDW increases steadily down to 11 G

FIG. 5. EXAFS pseudo-Debye-Waller factor variation und
pressure as obtained from the EXAFS fit. The line represen
linear fit with slope (2666)31025 Å 2/GPa.
17410
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where a structural change brings the PDW to compara
values to that of the low-pressure phase. In the data take
the GaK edge the PDW starts to increase at 2563 GPa. This
fact will be clarified in Sec. III D.

C. Structural changes up to 15 GPa

We have shown in Sec. III B that up to 15 GPa the Ga-
distance follows a Murnaghan equation given bydGaSe0
52.47060.003 Å andB059266 GPa, withB8 fixed to 5.
On the other hand, from the x-ray spectra appearing in R
31 it is possible to deduce the evolution under pressure of
a axis, resulting in a053.74360.007 Å and B0561
64 GPa withB8 fixed to 5. The associated compressibili
xa51/(3B0)5(5.560.4)31023 GPa21 is consistent with
the one obtained19,24 from the elastic constants (xa55
31023 GPa21). From a direct comparison of their assoc
ated isothermal bulk modulus it is clear that the Ga-Se d
tance and thea axis do not shrink under pressure at the sa
rate. To reconcile the two compressibilities, the anglew be-
tween the Ga-Se bond and the plane of the layer~see Fig. 1!
should change, as already proposed for InSe~Ref. 38! or
GaTe.39 It seems logical to assume~hypothesis I! that the
trigonal axis defined by the Ga-Ga bond remains perpend
lar to the layer under compression. Thus the next equa
follows:

a

2
5dGaSecosw cos 30, ~2!

As thea axis diminishes faster than the GaSe bond leng
the anglew must grow. Concretely, it increases from 29
60.7° at ambient pressure to 30.460.7° at 16 GPa.

GaS is the most symmetric III-VI-layered semiconduct
The atomic arrangement within the unit cell is described
only two independent parameters, and it has been possi40

to make a complete structural determination using only XR
data. The calculations show that the Ga-Ga and Ga-S b
lengths vary in the same way under pressure. Therefore
reasonable to suppose~hypothesis II! that in GaSe the Ga-Ga
and Ga-Se bond lengths shrink at the same rate under p
sure. Assuming only hypotheses I and II, it is possible to g
the evolution of the whole structure under pressure:

zGa15
1

2
2zGa2, ~3!

zGa25
dGaGa

2c
, ~4!

zSe15
1

c S dGaGa

2
1dGaSesinw D , ~5!

zSe25
1

2
2zSe1. ~6!

zGa1, zGa2, zSe1, and zSe2 are the positional parameters o
nonequivalent atoms in the crystallographic unit cell.

r
a

3-5
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The intralayer and interlayer distances~see Fig. 1! can be
calculated through

dintralayer5dGaGa12dGaSesin~w!, ~7!

dinterlayer5
c

2
2dintralayer. ~8!

The resulting variation is represented in Fig. 6. An imp
tant conclusion is that the layer compression is not isotro
Whereas thea axis is a 5.2% shorter at 15 GPa than
atmospheric pressure, the intralayer distance shrinks onl
2.4%. In previous works,19,22,41before having any indication
about the evolution of the internal structure of the laye
they were supposed to follow an isotropic compression un
pressure. The dependence of both direct and indirect g
was directly related to the intralayer and interlayer distan
through deformation potentials. Taking into consideration
complex behavior of the structure under pressure, it is c
that the deformation potentials should be reconsidered o
least recalculated. Our structural model was recently in
duced in the electronic band calculation of InSe under h
pressure.42

D. Phase-transition pressure

In our experiment at the SeK edge, the Ga-Se distanc
and PDW augmentations, as well as the XANES chan
occur at 1662 GPa. In the experiment carried out at the G
K edge, the white line and the quality of the EXAFS fi
remain unaltered below 2563 GPa. From that pressure th
white line broadens and the Ga-Se distance and the P
start to grow. The experiment at the GaK edge locates the
beginning of the phase transition close to 2563 GPa, above
the value obtained in the SeK edge: 1662 GPa. We think
that most of the difference is due to the different press
transmission media used.

FIG. 6. Evolution of the intralayer and interlayer distances
GaSe.
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All the experiments on GaSe have been performed un
non pure hydrostatic conditions. When the ethanol-metha
mixture is used ~this work at the Se K edge and
Ref. 22!, a similar transition pressure is observed~around
1662 GPa!. For other pressure-transmitting med
~methanol-ethanol-water,31 or silicon oil in this work at the
Ga K edge! a higher pressure is obtained (2563 GPa). The
higher value for the methanol-ethanol-water mixture can
related to its known better hydrostatic properties resp
methanol-ethanol alone. Phase transitions in layered c
pounds are very sensitive to the stress conditions. The di
ence of transition pressure reflects the difference in the st
induced by the different pressure transmitting media.

As a final remark we can suggest the origin of the des
bilization of the layered structure in GaSe. First of all, if th
Ga-Ga bond behave as the Ga-Se one up to the struc
phase transition, it can be estimated that the interlayer
tance between Se atoms at 20 GPa is 3.07 Å. We know
trigonal Se is formed by helical chains of Se atoms.43 Bonds
inside the chains are covalent, whereas the chains are bo
by van der Waals interactions. The covalent bond length
2.38 Å at ambient pressure and 2.40 Å at 10 GPa.43,44 The
shortest distance between Se atoms of adjacent chains is
Å at ambient pressure and 2.97 Å at 10 GPa.44 At 14 GPa
trigonal Se is no longer stable.45,46 Then, from 2062 GPa
on, the interlayer distance in GaSe may be too small for
structure to be stable. The interlayer distance between
atoms in GaSe is smaller than in InSe~3.4 Å! just before the
phase transition, and in this case the destabilization seem
be associated with the weakness of the In-In bond.38

IV. CONCLUSIONS

The evolution under pressure of the local structure
GaSe has been studied by XAS experiments at Ga and SK
edges up to 34 GPa. Both XANES and EXAFS at the
K-edge indicate a high-pressure phase transition at
63 GPa, in good agreement with diffraction data. The tra
sition pressure at the SeK edge is largely affected by th
deviatoric stresses in the methanol-ethanol mixture above
freezing point. Nevertheless, this effects allows us to obse
the Ga-Se distance in the rocksalt high-pressure phase.

The EXAFS fit of the filtered part of the PPDF corre
sponding to the first-neighbor shell is used to extract inf
mation about the Ga-Se bond length and PDW variation
der pressure. The Ga-Se distance follows a monoto
decrease up to 1662 GPa, that has been fitted with
Murnaghan-type equation of state, giving a value for the
cal isothermal bulk modulus ofB059266 GPa, with its de-
rivative B08 fixed to a value of 5. Below 1561 GPa the DW
factor does not show any static disorder induced increa
Assuming that the trigonal symmetry of the Se atoms in
layer plane and the perpendicularity of the Ga-Ga bonds w
respect to the layer planes are maintained, and that
Ga-Ga bond length variation is proportional to the Ga-
one, we have given the evolution of the whole structure
der pressure. The most striking consequence of the resu
3-6
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that the intralayer distance decreases only slightly un
pressure. This is due to an increase of the angle between
Ga-Se bond and the layer planes from 29.060.7° at ambient
conditions to 30.460.7° at 15 GPa.
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