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High-pressure x-ray absorption study of GaTe including polarization

J. Pellicer-Porres,* A. Segura, and V. Mun˜oz
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The evolution of the local structure in GaTe under pressure is studied by x-ray absorption spectroscopy
experiments at the GaK-edge ~10.368 keV! on oriented single crystals. Taking advantage of the linearly
polarized character of synchrotron radiation, the pressure evolution of both the Ga-Te and the in-plane Ga-Ga
bond lengths could be determined, in spite of the small amplitude of the latter. Our measurements show that
both distances are much less compressible than what could be inferred from the bulk compressibility, which
evidences a strong variation of Ga-Ga-Te and Te-Ga-Te angles under pressure. The Te-Te intralayer distance
perpendicular to the layers is observed to increase with increasing pressure. In the high-pressure NaCl phase,
no anisotropy of the x-ray absorption fine structure spectrum is detected and local and bulk compressibilities
coincide. With the help of microphotographic measurements the main source of instability of the layer struc-
ture is attributed to the tilt of the Ga-Ga bond with respect to the layer plane.
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I. INTRODUCTION

Semiconductors from the III-VI layered family prese
strongly anisotropic physical properties, whose descript
demands for theoretical models that could be able to sim
taneously describe electronic interactions of very differ
nature. Under high pressure, the strength of intra- and in
layer interactions evolve in a drastically different mann
and the evolution of the associated physical properties c
stitute a strong test of validity of theoretical models. In th
family of III-VI layered materials, the covalent layers a
separated by the so-called van der Waals gap, with w
interactions of van der Waals type between the layers. C
sequently, this gap follows a pressure evolution considera
different from the evolution of any characteristic distan
inside the layers. Besides the fundamental interest of
type of materials, many technical applications have been
posed in the development of solar cells,1–3 nonlinear
optics,4–9 or as candidates for solid-state batteries.10–12

GaTe is a member of the III-VI layered family~GaS,
GaSe, GaTe, and InSe!.13 The monoclinic ~B2/m! low-
pressure modification14 of GaTe@Fig. 1~a!# is a semiconduc-
tor with a band gap of 1.68 eV~Ref. 15! in ambient condi-
tions. As in the other III-VI layered semiconductors,16,17

bonds inside the layers are mainly covalent but, unlike G
GaSe, or InSe in which all cation-cation bonds are perp
dicular to the layers, in GaTe one-third of the Ga-Ga bon
are parallel to the layers, giving rise to a supplement
cleaving plane along thec axis, so that the crystals can b
very easily oriented. Figure 1~b! presents the top view of a
single layer, where we have drawn the direction of the cr
tallographicc axis and its perpendicular in the layer plane f
subsequent reference. The layers are bound mainly by
der Waals forces between Te atoms. The whole gives ris
quasitetrahedral coordination for the Ga atoms~three Te and
one Ga! and threefold coordination for Te with Ga atoms.
PRB 610163-1829/2000/61~1!/125~7!/$15.00
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average, the Hume-Rothery rule is preserved. We exp
then a high anisotropy in bonding, which will manifest in th
compressibilities, not only in the direction perpendicular
the layers plane, but also in the layer itself.

To our knowledge, GaTe has been studied under pres
by means of photoconductivity low-pressure experiment18

x-ray diffraction ~XRD!,19 optical reflectivity,19 and optical
absorption.20 By XRD experiments a first-order high
pressure transition to a high-pressure polymorph of the N
type was found at 1061 GPa. Optical reflectivity demon
strated the metallic character of the high-pressure ph
When decreasing pressure, the NaCl phase was obse
down to 3.2 GPa, pressure at which the material beca
amorphous.19 Photoconductivity experiments showed th
shift of the direct band gap at low pressure. A more accur
and complete study of the direct band-gap evolution w
carried out by optical-absorption measurements, where in
dition it was extracted information about the indirect gap a
the static dielectric constant.20

An essential problem in the description of the physic
properties at high pressure in III-VI layered compounds
the lack of information concerning the pressure evolution
the atomic positions in the unit cell. To our knowledge it h
only been possible in GaS.21 This implies the introduction of
additional assumptions in models to compute electronic b
structure under pressure22 and is a fundamental limitation fo
total-energy calculations. This problem can be attributed
experimental difficulties introduced by the layered charac
of the sample that on the one side makes it very difficult
obtain a pure single-crystalline sample~the presence of
stacking defects or twinned planes is almost unavoida!
and on the other side introduces preferential orientation
powder samples. X-ray absorption spectroscopy23 ~XAS! is a
very powerful technique that provides information on t
pressure evolution of the local structure and is conseque
an excellent complement for XRD studies at high pressur24

The combination of the two techniques has already been
cessful in the determination of the full structure of hig
125 ©2000 The American Physical Society
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pressure structures of materials.25,26

Recently, XAS experiments under pressure have been
ried out in single crystals of GaSe27 and InSe.26 The main
conclusion obtained was the low compression of the cat
anion bond when compared with the variation of thea axis.
The pressure variation of the bond length is only compat
with the variation of the lattice parametera if one assumes a
change in the cation-anion-cation and anion-cation-ca
angles. Under plausible hypothesis, a description of the e
lution of the full structure with pressure was given.26

In this paper we present an extended x-ray absorption
structure~EXAFS! experiment in oriented GaTe single cry
tals at the GaK-edge ~10.368 keV! in order to study the
evolution of the local structure under pressure. The synch
tron radiation polarization is used to separate the contr

FIG. 1. ~a! GaTe structure.~b! GaTe layer top view. In both
drawings, the crystallographicc axis and its perpendicular~in the
plane of the layer! are drawn. Nonequivalent atoms have differe
shadowing. Big and small circles correspond to Te and Ga ato
respectively. View~b! corresponds to the plane of polarization
the x rays.
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tion from the Ga-Ga bonds that lie in the layer plane fro
the more intense Ga-Te contribution.

We also present the results of microphotographic m
surements of the compressibility along the direction perp
dicular to thec axis in the layer plane.

II. EXPERIMENT

High quality oriented GaTe needles were grown by vap
phase transport. The needles present natural faces paral
the layers and natural edges parallel to thec axis. Samples
were cut into parallelepipeds with typical dimensions
1003150330mm3. A wide angle aperture membran
diamond-anvil cell28 ~MDAC! was used as pressure gene
tor. The diamonds were of the Drukker standard type, w
culet size of 0.5 mm. The single-crystal sample was pla
in a 250-mm diameter hole drilled in an Inconel gasket. Si
con oil was used as pressure transmitting medium, and
pressure was measuredin situ using the linear ruby fluores
cence scale.29

The XAS experiments were carried out at the ID24 e
ergy dispersive x-ray absorption station of the Europe
Synchrotron Radiation Facility~ESRF, Grenoble, France!.30

The undulator source provides linearly polarized photons
the horizontal plane. A profiled curved Si~111!
monochromator31 focused the beam to a spot of approx
mately 50mm in the horizontal direction. In the vertical di
rection the beam was only slit to 100mm. Details on the
principle of energy dispersive x-ray absorption data coll
tion can be found elsewhere.32 An essential experimental as
pect of XAS experiments at high pressure is the presenc
glitches in the XAS spectra originated by XRD of the di
mond single crystals. The pressure cell is oriented with
spect to the polychromatic x-ray beam in order to remo
these glitches from the widest spectral domain around
x-ray absorption edge. This operation takes advantage o
real time visualization of the XAS spectra thanks to the x-r
parallel collection characteristic of the energy dispers
setup. In addition, in our experiment, we needed to orient
sample with respect to the synchrotron radiation polarizat
vector to increase the signal coming from the Ga-Ga bo
that lay in the layer plane with respect to the signal com
from the Ga-Te bond. Given the geometry of our experime
the x-ray polarization vector is always in the layer plane.
give us the best chances of finding a good orientation of
cell plus sample system:~i! a wide angular aperture
diamond-anvil cell was used.~ii ! the sample was immobi
lized inside the cell by using a relatively viscous press
transmitting media~silicon oil!. For the first sample~sample
A!, we found two positions of the cell plus sample syste
where the polarization vector was parallel and perpendic
to the Ga-Ga bonds and where no diamond glitches appe
in the spectral domain of interest. For the second sam
~sample B! we obtained two other orientations with the p
larization vector forming angles ofa525° anda565° with
respect to the in-plane Ga-Ga bonds.

To determine the compressibilities of GaTe in the lay
plane high-pressure microphotographic measurements w
performed. A charge-coupled device~CCD! camera was in-
serted in the optical axis of a microscopic optical setup
absorption measurements in the MDAC~see, for instance

t
s,



th
m
w
ge
he

uo
ur
h
i

c-
r

at
de
th
ra

uc
n
tr
ru
on
c
re

ro
m
sh
a

res
ase

can
th

the
he
ects
ge.

diza-

is-
on

this
and

2.3
sive
de
ural
he
cov-
he
ristic

e
e

r-

on

to

PRB 61 127HIGH-PRESSURE X-RAY ABSORPTION STUDY OF . . .
Refs. 33 and 34!. In Ref. 34, Gauthieret al. verified that no
systematic error is involved from a lens effect due to
deformation of the anvils up to 25 GPa. As we use the sa
type of MDAC and the maximum pressure was 20 GPa,
do not expect any lens effect. We employed the CCD ima
to measure the relative diminution in the length of t
sample for different directions. Thec-axis compressibility of
GaTe~Ref. 19! was used as pressure gauge. The ruby fl
rescence method was not used in order to avoid any so
of error originated from the movement of the camera. T
sample dimensions in the digital image were measured w
a relative error of 2%.

III. RESULTS AND DISCUSSION

A. XANES

Normalized XANES~x-ray absorption near-edge stru
ture! spectra for sample A are presented in Fig. 2 for seve
significant pressures. In the XANES regime, multiple sc
tering of the excited electrons confers sensitivity to the
tails of the spatial arrangement of atoms neighboring
absorbing one. The use of linearly polarized synchrotron
diation can bring to evidence the differences of local str
ture with respect to two spatial directions. In our experime
x-ray linear dichroism is clearly observable in all the spec
from ambient pressure up to 10.7 GPa. From this spect
on, XANES resonances start to change in both orientati
of the sample and the x-ray linear dichroism disappears,
herently with the transition to the isotropic high-pressu
NaCl structure described in XRD studies.19 The high-
pressure resonance pattern is maintained in the downst
up to at least 2.3 GPa. Nevertheless, the recovered sa
presents a net broadening of the structures and does not
any x-ray linear dichroism, suggesting the amorphous ch
acter of the sample after the pressure cycle.

FIG. 2. GaTe XAFS spectra at several pressures. Dot lin
polarization vector in the plane of layers and perpendicular to thc
axis ~sample A,a590!; continuous lines: polarization vector pa
allel to thec axis ~sample A,a50!.
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We have used the XANES weighted average method35 to
deduce the proportion of local mixing spectra for pressu
near the phase transition, and in this way determine the ph
transition pressure. This study shows that the transition
be situated at 10.361.0 GPa, in very good agreement wi
XRD experiments.19

B. EXAFS

1. Data analysis

The EXAFS~extended x-ray absorption fine structure! os-
cillations were extracted from the spectra coming from
two samples and for the two orientations of the cell. T
presence of XRD glitches and some x-ray coherence eff
limited the useful spectral range to 250 eV after the ed
The pair-pseudodistribution function~PPDF! is obtained by
Fourier transformation of the EXAFS signal in ak domain
between 2.36 and 7.90 Å and using a Bessel based apo
tion window (t52.5). It is shown in Fig. 3 for different
pressures~sample A!. The peak extending from 1.2 to 3.2 Å
corresponds to contributions coming from Te atoms at d
tances ranging from 2.637 to 2.686 Å. If the polarizati
vector has not the same direction as thec crystallographic
axis (aÞ0), the Ga-Ga bond parallel to the layers~2.436 Å!
also contributes to the peak. The position and shape of
peak abruptly change for pressures higher than 10.7 GPa
maintains its structure in the downstroke up to at least
GPa. In the downstroke process we observed a progres
evolution of the PPDF, that strongly diminishes its amplitu
and enlarges its width, indicating the appearance of struct
disorder. As there is no linear dichroism, the isotropy of t
structure is preserved in the process. The PPDF of the re
ered sample is totally different from the PPDF of both t
low- and high-pressure phases, and presents all characte

s:
FIG. 3. Pair-pseudodistribution function~PPDF! obtained by

Fourier transformation of the EXAFS signal. Dot lines: polarizati
vector in the plane of the layers and perpendicular to thec axis
~sample A,a590!; continuous lines: polarization vector parallel
the c axis ~sample A,a50!.
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features of the spectrum of an amorphous sample, in w
agreement with the findings of XANES in the previous se
tion and those of XRD in Ref. 19.

The presence of multiple distances in the first neigh
shell prevents from using the ambient pressure spectr
directly extract the EXAFS phases and amplitudes that
needed in the analysis of higher pressure spectra. Ins
different methods were used for their calculation, all co
verging to give the same results. Fora50 ~sample A! and
a525 ~sample B! we extracted the phases and amplitud
corresponding to the Ga-Te backscattering process with
methods:~i! from the high-pressure spectra, where the str
tural data were known by XRD19—we employed only one
distance in the fitting procedure, representing an average
tance, and deduced pressure variations for the Ga-Te b
length ~Fig. 4! and the corresponding increments in t
EXAFS pseudo-Debye-Waller~DW! factor @Fig. 5~a!#; ~ii !
with phases and amplitudes from the FEFF code forab initio
calculation of multiple-scattering x-ray absorption fin
structure.36 In this case, phases and amplitudes were ca
fully studied to bunch them in three representative grou
Nevertheless, the high number of parameters involved in
fit compelled us to hold fixed the DW factors. With respe
to the Ga-Te bond length variation, the deduced values
sented the same overall behavior as in case~i!, but were
more dispersed. We consider more reliable the data obta
with method~i!. In addition, no matter which method is em
ployed, in the high-pressure phase it is possible to extend
analysis to the second shell of neighbors.

FIG. 4. Ga-Te and in-plane Ga-Ga distances obtained by a fi
the EXAFS part of the spectra. Squares: upstroke. Circles: do
stroke. Hollow symbols: sample A. Filled symbols: sample B. Co
cerning the Ga-Ga data, the meaning of the symbols is: squa
phases and amplitudes for Ga-Te from the high-pressure modi
tion, phases and amplitudes for Ga-Ga from the FEFF code.
angles: phases and amplitudes for Ga-Te from the high-pres
modification, phases and amplitudes for Ga-Ga from the orien
weighted difference between spectra witha50° anda590°. Dia-
monds: phases and amplitudes for Ga-Te from the FEFF c
phases and amplitudes for Ga-Ga from the FEFF code.
ll
-

r
to
re
ad,
-

s
o
-

is-
nd

e-
s.
e

t
e-

ed

he

For a590 ~sample A!, the average Ga-Te bond leng
previously extracted from the spectra taken witha50 was
used as input to deduce the Ga-Ga bond length. In this c
three different sets of phases and amplitudes were emplo
~i! phases and amplitudes for the Ga-Te and Ga-Ga co
butions from the FEFF code. As in the other orientation
the cell @method~ii ! of the precedent paragraph#, the result-
ing Ga-Ga bond length presented a considerable disper
~Fig. 4, diamonds!, ~ii ! phases and amplitudes for the Ga-T
backscattering process from the NaCl phase. It is worth n
ing that it is not possible to extract phases and amplitudes
the Ga-Ga backscattering process from the NaCl phas
study the low-pressure phase because of the high differe
in the Ga-Ga distance between both phases. Thus we ca
out the orientation-weighted difference between the spe
with a590 anda50 to extract the phases and amplitud
for the Ga-Ga backscattering process~Fig. 4, triangles!, ~iii !
phases and amplitudes for the Ga-Te backscattering pro
from the NaCl phase and phases and amplitudes for
Ga-Ga backscattering process from the FEFF code. This
method presents the smallest dispersion in the resul
Ga-Ga bond length and is the more reliable method in
opinion ~Fig. 4, squares!. It also allows us to obtain the evo
lution under pressure of the Ga-Ga DW factor@Fig. 5~b!#.

Due to the inferior quality of data for sample B with re
spect to sample A and the lack of spectra with the contri
tions from the Ga-Te and Ga-Ga backscattering proce

to
n-
-
s:
a-

ri-
re

d-

e,

FIG. 5. EXAFS pseudo-Debye-Waller factor variation und
pressure obtained in the EXAFS analysis for:~a! the Ga-Te bond,
~b! the Ga-Ga bond. Squares: upstroke. Circles: downstroke. H
low symbols: sample A. Filled symbols: sample B.
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clearly detached, it was not possible to extend the analys
the Ga-Ga bond length variation to sample B.

2. Structural changes

In the low-pressure phase, the pressure evolution of
Ga-Te and the in-plane Ga-Ga first neighbor distances h
been fitted with a Murnaghan equation of state:

d5d0S 11
B0

B0
PD 21/3B0

, ~1!

whered0 is the bond length distance at ambient conditio
B0 is the isothermal bulk modulus at zero pressure, andB08
its pressure derivative. For volume fits we substituted 3B08 in
the exponent byB08 . The data dispersion prevents from o
taining B0 and B08 simultaneously. In order to obtain com
parative values with other III-VI layered compounds, w
have fixed, as in the case of GaSe~Ref. 27! and InSe,26 B08 to
a value of 5. The fitting procedure yields the values

Ga-Te: d052.665 Å,B0512466 GPa,B0855, ~2a!

in-plane Ga-Ga: d052.436 Å,B0510268 GPa,B0855.
~2b!

The bulk modulus for the Ga-Te distance is very close to
ones obtained for Ga-Se in GaSe~Ref. 27! (9064 GPa) and
In-Se in InSe~116620 GPa).26

The volume variation of the NaCl-type polymorph in th
downstroke can also be fitted to a Murnaghan equation
state, givingV0519065 Å3, B055864 GPa withB08 fixed
to 4.2. Our values are in perfect agreement with those
tained in Ref. 19~V0519561 Å3, B056064 GPa, andB08
54.260.6!.

The variation of the Ga-Te distance with pressure is m
slower than the variation found by x-ray studies for thec
axis.19 To make both values to be in agreement the an
between the Te planes and the Ga-Te bond~w! must change.
Because of the low symmetry of the unit cell, bothw and the
intralayer Te-Te distance take different values. In avera
the Te-Te distance in ambient conditions iscm54.33 Å.
With the aim of estimating the effect of pressure inw, we
calculate an averagew value through

cm

2
5dGaTecos~w! cos 30°. ~2!

Equation~2! is exact in the other members of the III-V
layered family, where the cation-cation bond defines a sy
metry axis of order 3. Next we suppose thatcm varies with
pressure in the same way than thec axis does. With these
considerations we can estimate that the average angle
tween the Ga-Te bond and the plane defined by the Te at
increases with pressure at a rate of 0.2360.03°/GPa, which
represents a variation forw from 20.260.8 at ambient pres
sure to 22.660.8° at the transition pressure. If we ca
‘‘base’’ the face of the tetrahedron formed by the Te atom
we can say that the ‘‘base’’ edge of the tetrahedron is
creasing under pressure more rapidly than its ‘‘height.’’ T
small change of the in-plane Ga-Ga distance, as compare
the value of the compressibility along the direction perp
of
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dicular to thec axis (x'c), also indicates an increase of th
tilt angle of this bond with respect to the layer plane.

The structural changes inside the layer have implicati
on the evolution of intra- and interlayer distances. Followi
what happens in another simpler semiconductor of the s
family, InSe,26 we can estimate the evolution under press
of the average inter- and intralayer distances as

dintralayer
' 5dGa-Ga

' layer12dGa-Tesinw, ~3a!

dinterlayer5d2dintralayer
' , ~3b!

whered is thickness of the layer calculated from XRD dat
dinterlayer the interlayer distance, anddintralayer

' is the intralayer
Te-Te distance in the direction perpendicular to the lay
~opposed toc or cm!. Proceeding as in InSe, we assume th
the bond length evolution under pressure is the same for
Ga-Te bond and for the Ga-Ga bond perpendicular to
layer plane,dGa-Ga

'layer. The inter- and intralayer distances~in-
tralayer distance taken perpendicular to the layer! obtained in
this way are presented in Fig. 6. Like in InSe, it is rema
able the slight increase ofdintralayer

' with pressure. The aug
mentation is due to the fact that the increment
2dGa-Tesin(w) is not compensated by the diminution
dGa-Ga

'layer. The evolution of thedintralayer
' distance in GaTe is

similar to that of InSe, whereas the interlayer distance dim
ishes 6% less than in InSe. Although part of the differen
could be absorbed by the experimental error both in the X
and XAS data, the lower compressibility of the interlay
distance respect to InSe is understood as due to a hi
interaction in the interlayer space caused by the tilt of
Tepz orbitals and the bigger size of these orbitals with
spect to the Sepz ones.

The pressure evolution of the pseudo-Debye-Waller~DW!
factors obtained in the EXAFS analysis is presented in F
5. The DW factor gives an idea of the degree of both d
namic and static disorder. Combining the Einstein appro
mation with Raman-scattering data under pressure we
evaluate an approximation for the harmonic dynamic par
the DW ~Refs. 37–39! factor. In InSe this calculation result
in a diminution in the DW factor of the order of 1024 Å 2

FIG. 6. Evolution under pressure of the intra- and interlay
distances in GaTe. The intralayer distance is the Te-Te dista
measured in the direction perpendicular to the layers. The cont
ous lines are guides to the eye.



w
A

l
e
e
w
te

im
e

w
g
r

.
e

-

b

t
e

o
e
e

e
a

, it
y of
ect

in
Ga
rly

ta-
po-
e

rms

ro-
e of
ine
der
To

a
re-

ths,

l de-
ed
es-

anes

d in
e in
the
re
has
58
s

s
the
or-

are

the
g to
he
lay

ent

r

130 PRB 61PELLICER-PORRES, SEGURA, MUN˜OZ, AND SAN MIGUEL
when pressure is increased from 0 to 10 GPa. For GaTe
can expect a variation of the same order of magnitude.
though the observed experimental decrease is slightly bigg
the small precision in the DW factor imposed by the norma
ization procedure of the spectra does not let us infer n
conclusions. During the transition the DW factor increas
because of the structural rearrangements. Along the do
stroke process a structural destabilization is manifes
through the increase of the static disorder. The loss of lon
range translational order is evidenced by the even more
portant increase of static disorder corresponding to the s
ond shell of neighbors@Fig. 5~b!#.

C. Microphotographic measurements

The results of the photographic measurements are sho
in Fig. 7. As commented in Sec. II, the compressibility alon
thec axis (x ic) is used as a gauge to determine the pressu
In the low-pressure phase we observe thatx'c is nonlinear,
decreasing as pressure approaches the transition value
expected, in the NaCl high-pressure phase, within the exp
mental errors,x'c and x ic become identical. The value
found for the compressibility is compatible with the XRD
experiment carried out in Ref. 19 for the low- and high
pressure phases.

The comparison ofx ic and x'c shows that distances in
the direction perpendicular to thec axis shrink faster than
those in the direction parallel to thec axis. As a result of the
different compressibilities, the irregular hexagons formed
the Te atoms in the layer plane@Fig. 1~b!# tend to become
more regular under pressure. This can be attributed to
fact that, when two layers approach, the strong interlay
repulsive forces tend to favor the close-packing sequence
Te atoms. The small change of the Ga-Ga distance, as c
pared to the value ofx'c , also indicates an increase of th
tilt angle of this bond with respect to the layer plane. Th

FIG. 7. Compressibility in the direction perpendicular to thec
axis in the layer plane obtained by microphotographic measu
ments.
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x'c discontinuity in the transition is due to the filling of th
volume in the region of the layer surrounding the Ga-G
bonds parallel to the layer. With these considerations
seems reasonable to attribute the main source of instabilit
the layer structure to the tilt of the Ga-Ga bond with resp
to the layer plane.

IV. CONCLUSIONS

The evolution under pressure of the local structure
GaTe has been studied by XAS experiments at the
K-edge up to 14 GPa. The anisotropy of the sample is clea
manifested in the XAS spectra taken with different orien
tions of the sample respect to the synchrotron radiation
larization. The decomposition of the XANES part of th
spectra into its low- and high-pressure components confi
the transition to a NaCl-type polymorph at 10.361 GPa. The
phase transition is nonreversible. In the downstroke a p
gressive amorphization of the sample is observed. The us
the polarization in the EXAFS analysis has let us determ
both the Ga-Te and Ga-Ga bond lengths variations un
pressure, in spite of the small amplitude of the latter.
quantify the evolution of the these bond lengths, a fit to
Murnaghan-type equation of state has been performed,
sulting in an isothermal bulk modulus of 12466 and 102
68 GPa for the Ga-Te and the in-plane Ga-Ga bond leng
respectively~B08 has been fixed to 5!. As the GaTe low-
pressure phase needs 18 structural parameters for a ful
scription, our results are insufficient to carry out a detail
analysis of the evolution of the whole structure under pr
sure, as the one performed in InSe.26 Nevertheless, combin-
ing our results with XRD ones,19 we have estimated that in
average the angle between the Ga-Te bond and the Te pl
increases with pressure at a rate of 0.2360.03°/GPa. This
increase is the final responsible of the augmentation foun
the intralayer distance. The interlayer distances decreas
the same interval of pressures 6% less that in InSe due to
higher interlayer interaction in GaTe. In the high-pressu
phase no difference between the local and bulk modulus
been found, obtaining an isothermal bulk modulus of
64 GPa withB08 fixed to 4.2. The study of the DW factor
helps to follow the structural changes. In particular it inform
us of the progressive amorphization of the sample in
downstroke, manifested through the increase of static dis
der in the first two shells~Te and Ga! neighboring Ga atoms.
The microphotographic measurements have let us comp
the compressibility along thec axis with the compressibility
in the direction perpendicular to thec axis in the layer plane,
showing the tendency of the irregular atoms formed by
Te atoms to become regular under pressure, and bringin
evidence that the most important source of instability of t
structure is the tilt with pressure of the Ga-Ga bonds that
in the layer plane.
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27J. P. Itié, A. Polian, M. Gauthier, and A. San Miguel, inHigh-
lights ESRF 96-97, edited by ESRF Information Office~ESRF,
Grenoble, 1997!, p. 58.

28J. C. Chervin, B. Canny, J. M. Besson, and Ph. Pruzan, Rev.
Instrum.66, 2595~1995!.

29G. J. Piermarini and S. Block, Rev. Sci. Instrum.46, 973 ~1975!.
30M. Hagelstein, A. San Miguel, A. Fontaine, and J. Goulon,

Phys. IV7, 303 ~1997!.
31J. Pellicer-Porres, A. San Miguel, and A. Fontaine, J. Synchrot

Radiat.5, 1250~1998!.
32H. Tolentino, F. Baudelet, E. Dartyge, A. Fontaine, A. Lena, a

G. Tourillon, Nucl. Instrum. Methods Phys. Res. A286, 307
~1990!.

33A. Polian, J. M. Besson, M. Grimsditch, and H. Vogt, Phys. Re
B 25, 2767~1982!.

34M. Gauthier, A. Polian, J. M. Besson, and A. Chevy, Phys. R
B 40, 3837~1989!.
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