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High-pressure x-ray absorption study of InSe
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The IlI-VI layered semiconductor InSe has been studied by high-pressure single crystal x-ray absorption
spectroscopy up to a maximum pressure of 14 GPa. The In-Se distance has been measured in both the low-
pressure layered phase and the high-pressure NaCl phase. The bond compressibility in the layered phase is
lower than the “a” crystallographic parameter compressibility, which implies an increase of the angle between
the In-Se bond and the layer plane. Under plausible hypothesis, a description of the evolution of the whole
structure with pressure is given. In particular, the intralayer distance is observed to increase with increasing
pressure. A plausible precursor defect and a simple mechanism for the transition are also presented. The
conclusions can be readily translated to other IlI-VI layered semicondu¢&0463-18269)07729-2

[. INTRODUCTION The properties of InSe at ambient pressure have been ex-
tensively studied. Under pressure, optical absorptiot?
Layered materials constitute a challenging case for thghotoluminiscencé? low frequency dielectric constaritop-

development of models that could be able to simultaneouslical reflectivity’® transport:® Raman spectroscopy;'’8
describe electronic interactions of very different nature. Un-and x-ray diffraction®*® (XRD) studies have been per-
der high pressure, the strength of intra- and interlayer interformed. At ambient temperature, themodification is stable
actions evolve in a drastically different manner, and the evoup to 10.35) GPa, where a first order transition with a vol-
lution of the associated physical properties constitutes aime variation of 14.8% towards a NaCl structure is
strong test of validity for theoretical models. In the family of observed® The rocksalt modification presents a metallic
layered I1I-VI materials, the covalent layers are separated bgharacterin ambient conditionsy-InSe has a direct gap of
the so-called van der Waals gap, with weak interactions ofL.35 eV} and remains stable up to at least 30 GPa. The com-
van der Waals type between the layers. Consequently, thigressibility of the low-pressure phase is highly anisotropic,
gap follows a pressure evolution considerably different fromshowing on the one hand a linear and rather moderate com-
the evolution of any characteristic distance inside the layergressibility of thea axis and on the other hand a marked
Besides the fundamental interest of this type of materials,

many technical applications have been proposed in nonlinear InSe R3m
optics}? the development of solar cell§or as candidates P<10 GPa
for solid state batteries.

InSe is a representative member of the 1lI-VI layered fam- [100]

ily (GaS, GaSe, GaTe, and InSewith the exception of

GaTe! the intralayer stacking of these compounds can be

described by &X-Y-Y-X scheme(X being the anion an¥

the cation. In turn, different interlayer stacking patterns have

been observed, labelgs] ¢, y. Even if theB and thes forms

have been proposed for In&sjngle crystals seem to follow

the y interlayer schenf& (space groupR3m), namely an a
ABCABC.. stacking(Fig. 1). Each atomic planeX=Se or O
Y=In) can be seen as(@11 plane in a conventional zinc- b
blende structure, th&Y sublayers being constituted by hex-

agonal cycles with chairlike deformation. TH& and theY X ® Sec
sublayers are connected by In-In bonds perpendicular to the

layers. The whole gives rise to quasitetrahedral coordination O In
for the In atomgthree Se and one Jrand threefold coordi-

nation for Se with In atoms. On average, the Hume-Rothery

rule is preserved. Th_ABCABCinterIayer s_tacking is carried FIG. 1. InSe low-pressure modificatiéspace grouR3m). The

out through successive=(a+ b)/3 translations of each layer |qyereqd structure is described in the text. Black and white atoms
(wherea and b are the basis vectors from the hexagonalcorrespond to Se and In atoms, respectivalyo, andc are the basis
description. lattice vectors from the hexagonal description of the structure.
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nonlinear and high compressibility along thexis. At about T ' ' '
7 GPa progressive and irreversible appearance of dislocation
related dark lines is manifested by direct optical observations
in single crystal$® but no trace of phase transition is evi-
denced by XRD. Nevertheless, the appearance of a phonon
mode near 7 GPgRef. 17 suggests a structural instability of
InSe below the transition pressure to the metallic phase. Fur-
thermore, near 4 GPa and at 250 °C, a stabilization of a
monoclinic modified InS-type nonlayered structure has been
obtained!8°
An essential problem in the description of the physical
properties at high pressure in IlI-VI layered compounds is
the lack of information concerning the pressure evolution of
the atomic arrangement inside the unit ¢afb to our knowl-
edge the experimental determination of the atomic positions
inside the unit cell has only been possible in GR®f. 21)].
This implies the introduction of additional assumptions in i
models to compute electronic band structure under pregsure 2620 12660 12680 12900
and is a fundamental limitation for total energy calculations.
This problem can be attributed to experimental difficulties Energy (eV)
introduced by the layered character of the material that on
the one side makes very difficult to obtain a pure single- FIG. 2. XANES spectra of InSe at the 3eedge at different
crystalline sample(the presence of stacking defects or Pressures for one of the orientations of the cell.
twinned planes is almost unavoidabblnd on the other side
introduces preferential orientation in powdered samples. Ipresence of glitches in the XAS spectra originated by XRD
InSe, the only reported XRD Stubrycould not give any in- by the diamond single crystals. The pressure cell is oriented
dication on the pressure evolution of the atomic positionswith respect to the polychromatic x-ray beam in order to
X-ray absorption spectroscoPy(XAS) is a very powerful remove these glitches from the widest spectral domain
technique that provides information on the local structure aground the x-ray absorption edge. This operation takes ad-
a function of pressure and is consequently an excelleritantage of the real time visualization of the XAS spectra
complement for XRD studies at high presséft@he combi-  thanks to the x-ray parallel collection characteristic of the
nation of the two techniques has already been successful #nergy dispersive setup. In our experiment, the sample itself
the determination of the full structure of high-pressure strucbeing a single crystal, additional XRD glitches come into the
tures of material® spectra and make the cell orientation process even harder. To
We have performed high-pressure single crystal x-ray abgive us the best chances of finding a good orientation of the
sorption spectroscopy at the Beedge on InSe up to 14 GPa cell plus sample systenii) a wide angular aperture diamond
in order to obtain maximal information of the pressure evo-anvil cell was used(ii) the sample was immobilized inside
lution of the local structure. the cell by using a relatively viscous pressure transmitting

media. Nevertheless it was not possible to obtain an orienta-

tion where the XANES(x-ray absorption near edge struc-
Il. EXPERIMENT ture) part and the EXAFSextended x-ray absorption fine
structure part of the spectra could be simultaneously col-
Nected and two different orientations of the cell were needed
for each pressure measurement: the first one for the XANES
Soart and the second for the EXAFS one, which will be dis-
cussed in the next section.

DOWNSTROKE

UPSTROKE

Absorption (arb. units)

High quality InSe crystals were prepared by the Bridgma
method from a nonstoichiometric melt of ;1S o5
Samples were cleaved from the ingots with a razor blade an
cut into parallelepipeds with typical dimensions of 100
X 150X 30 um®. A wide angle aperture membrane diamond
anvil celP® was used as pressure generator. The diamonds
were of the Drukker standard type, with culet size of 0.5 Ill. RESULTS AND DISCUSSION
mm. The single crystal sample was placed in a 260 di-
ameter hole drilled in an Inconel gasket. Silicon oil was used
as pressure transmitting medium and the pressure was mea- The XANES part of the x-ray absorption spectra is de-
suredin situ using the linear ruby fluorescence scAle. picted in Fig. 2 for some significant pressure values and cor-

The x-ray absorption experiments were carried out at theesponding to one of the orientations of the cell with respect
ID24 energy dispersive x-ray absorption station of the Euroio the x-ray beam. In contrast with the EXAFS part of a XAS
pean Synchrotron Radiation Facilitrenoble, Franoe?® A spectrum, the XANES one involves multiple scattering pro-
profiled curved Sil11) monochromatd® focused the beam cesses and is consequently sensitive to medium-range order
to a spot of approximately 5am in the horizontal direction. (up to 15 A around the absorbing atom in some cadesr-

In the vertical direction the beam was only slit to 10th.  ing the upstroke process, significant changes of the XANES
Details on the principle of energy dispersive x-ray absorptiorpart start to be observed from 7.1 GPa. At this pressure, the
data collection can be found elsewhéleéAn essential ex- doublet structure of the white line starts to smear giving rise
perimental aspect of XAS experiments at high pressure is tht® a singlet structure that is already well defined from 9.9

A. XANES
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TABLE I. Proportion of local mixing in the XANES part of the LI B B B B B
spectra during the phase transition. As characteristic from the low-
and high-pressure phases we have taken the spectra at 5.2 and 11.2
GPa, respectively.

Experimental % of spectrum % of spectrum
spectra at 5.2 GPa at11.2 GPa —_
w2
Spectrum at 7.1 GPa 8% 12+5 3=
Spectrum at 8.7 GPa 45 53+5 S
Spectrum at 9.9 GPa *H 95+ 5 e
S
=
i ite i % 5.2
GPa. The first broad structure after the white line shows *x :
equally a different scheme from this last pressure value. The ~ 4.3
whole evidences a structural phase transformation. The E 373
change from a doublet structure of the white line to the sin-
) . 2.3
glet one have been observed in the pressure induced phase
transformation of many tetrahedral semiconductors to higher 13
coordination schemedive- or sixfold coordination There- 04
" 1

fore, XANES suggests an increase in the coordination num- : i : é é : :t > é =
ber. The XANES scheme of the high-pressure phase is pre- .
served up to the highest pressure attaifietll GPaand is Distance(A)
kept during the downstroke process up to approximately 1.7

GPa, indicating that the high pressure local structure is main- FIG. 3. Pair-pseudo-distribution functioi’PDF obtained by
tained up to this pressure. Nevertheless, it is not recovered &purier transformation of the EXAFS signal. The contribution of
ambient conditions as can be seen by the shape of the tdpe first neighbor shellSe-In to the PPDF corresponds to the dou-
spectrum in Fig. 2. In fact, totally new XANES resonancesblet structure observed between approximately 1 and 3 A.

appear, exhibiting a net broadening of the structures. This is

in agreement with the irreversible feature of the transitionlimited range ofk values available in dispersive EXAFS and
and the amorphous character of the recovered sample thalso due to the close sequence in neighbor distances present
has been observed by XRDWe also observe that the sin- in InSe, only the first neighbor shell is clearly observable in
glet high-pressure scheme of the white line is kept in thghe PPDF. The EXAFS fit of the filtered part of the PPDF
recovered sample, suggesting that the amorphous phasedsrresponding to the first neighbor shell provides quantita-
not based on tetrahedral units. tive information on the local structure.

The XANES part can be used to determine the proportion The spectrum taken at ambient conditions was used to
of local mixing spectra taken at 7.1, 8.7, and 9.9 GPa. Weextract the EXAFS phases and amplitudes corresponding to
have tried to reproduce these spectra with proper weightinthe Se-In backscattering process, using the known structural
of characteristic normalized spectra from the Itspectrum  data®® This allows to follow the pressure variation of the
at 5.2 GPaand high-pressure phas@pectrum at 11.2 GPa  structural parameters of the first coordination shell. In Fig. 4
The results have been successful and are presented in Taliteshown the evolution of the intralayer first neighbor Se-In
I. We conclude that a progressive change in the coordination

of the Se atoms is produced. - —T— —

<

B. EXAFS

[

Distance Se-In (A)

The EXAFS oscillations were extracted from the spectra 270F , % %
obtained in a second orientation of the cell with respect to
the x-ray beam. XRD glitches were limiting the useful spec-
tral domain to 250 eV after the edge. The pair-pseudo- 2.65 | ' .
distribution function(PPDB is obtained by Fourier transfor-
mation of the EXAFS signal in & domain between 2.8 and | ]
7.8 A"l and using a Bessel based= 2.5) apodization win- 260 -
dow. It is shown in Fig. 3 for different pressures. The con- _
tribution of the first neighbor shell to the PPDF corresponds N e
to the doublet structure observed between approximately 1 0 2 4 6 g8 10 12 14 16
and 3 .A. This doublt_et is charactensﬂc of the presence of Pressure (GPa)
scattering atoms of high atomic numbBéfThe most notice-
able fact is the sudden shift of the doublet to higher distance F|G. 4. Evolution of the intralayer first neighbor Se-In distance
values between 9.9 and 11.2 GPa, indicating a structural reptained from the EXAFS fit. Up to 7.1 GPa it follows a monoto-
arrangement at a pressure of 1650 GPa, with a sudden nous compression that has been fitted to a Murnaghan equation of
increase of interatomic distances. As a consequence of thetate[Eq. (1)], resulting inBy= 116+ 20 GPa withBj=5.
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distance obtained from the EXAFS fit. This distance follows - - - T
a monotonous compression up to 7.1 GPa that has been fitted S4r i

to a first order Murnaghan equation of stéte, 5.3 /—’"_

B(’) *1/33(,) 52| ]
dsen= dSeInO( 1+ = P) ) 1) L Drotatoger 7 ]

BO 51 F “ _
where dggino IS the Se-In distance at ambient conditions
(2.634 A), B, is the isothermal bulk modulus at zero pres-
sure, andBy, its pressure derivative. The data dispersion
avoids to obtairB, andB; simultaneously. In order to obtain
comparative values with other Il1-VI layered compounds, we
have fixed, as in the case of Ga8eB; to a value of 5,
resulting in a bulk modulus d8,=116+20 GPa. This value
is very close to the ones obtained for Ga&ef. 33 (110
GPa and GaTeRef. 39 (124+6 GPa.
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C. Structural changes induced by pressure

The variation of the Se-In distance with pressure is much

2 2 " 1 . 1 N 1 L 1

slower than the variation found by x-ray studies for the “0 5 4 6 8 ' 10
lattice vector Bo,=44 GPa,B(j,=5). To make both values
in agreement the angle between the Se planes and the Se-In Pressure (GPa)

bond (¢) must change. At ambient conditions its valuepis

_ v . . _ FIG. 5. Evolution under pressure of the intralayer, interlayer,
=28.7°. Supposing that the trigonal symmetry of the Se atln-ln, and Se-In distances under two hypothesi@) the In-In

oms in the layer plane and the perpe_ndicu_lari'gy of the In-In ond length variation is assumed to be the same as the @eiin
bonds with respect to the Se planes is maintained, the Se'ﬁhuous lineg, (b) the layers are supposed to be isotropic, i.e., its

distance and the modulus of thdattice vector are related by compressibility along the axis is taken from the compressibility
along thea axis (dashed lines

a

5= dgeinCog ¢)cos 30°. (2
C .
Then thee value at 10 GPa is 31.4°. 6i=3 = dinn~ 2dsenSin(¢). (39
As mentioned in the Introduction, the knowledge of the . . .

evolution of the whole structure under pressure would be ar] "€ S€-In. In-In, interlayer and intralayer distances calcu-

invaluable aid to test the evolution of theoretical models, asated from the above formulas are depicted in Fig. 5 as con-

for example band structure models. Up to now, in Iayere(f”uous lines. It is remarkable the slight increase in the intra-

materials this has been possible only in G&®ef. 21) ayer distance with pressure. The augmentation is due to the

through XRD measurements, and this because of its higffct that the Aseisin(e) increment is not compensated by

symmetry(8 polytype, P65/mma and the presence of only the d|_m_|r_1ut|on ind,,. In previous \_Norkéo’_ the Iayer_ com-

two nonequivalent atoms in the unit cell. In that experiment?'€ssibility was supposed to be isotropic. Tdgy,, intra-

it was shown that the Ga-Ga and Ga-S distances follow th&Yer and interlayer distances calculated under this hypoth-

same relative behavior under pressure. It is then logical t§SiS @reé presented in Fig. 5 as dashed lines. An important

assume that the In-In and Se-In distances vary in the sanf@nsequence of Fig. 5 is that the intralayer and interlayer

way under pressure. The In-In bond in InSe and the Ga-g4eformation potentials for the direct and indirect gaps in

distance in GaS then follow a similar variation. With this INS€ and GaSe should be recalculated. o
additional presumption we can follow the evolution of the "€ pseudo Debye-WalldDW) factors obtained in the

whole structure with pressure. Let Us call i, Zse1, Zses _EXAFS analysis are presented in Fig. 6. The DW gives an
the z fractional coordinates in the hexagonal description ofidea of the degree of both dynamic and static disorder. Com-

the structure and, the interlayer distance. Then, we have PiNiNg the Einstein approximation with Raman-scattering
data under pressure we can evaluate an approximation for the

21 =0, (33  harmonic dynamic part of the DW*In InSe this calcula-
tion results in a diminution in the DW of the order of
dirin 104 A2, far away from the observed experimental increase,
Zing="5 (8b)  that can therefore undoubtedly be attributed to a considerable

increase of the static disorder. The static disorder suffers a
1 drastic increase from 6 GPa.
Zser=— (C—d; —dseinSin(¢)), (30 Although the rough shape of the PPDF for the high-
c pressure phase seems to be achieved at 9.9 GPa, the low
amplitude of the PPDF peaks shows that the disorder is con-
(3d) siderably high at this pressure, and it does not attain a value

1 .
Zser= ¢ (60~ 3dseinSin(¢) ~ din.in), comparable to the amplitude of the low-pressure phase even
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ered semiconductors. For example, GaSe has two Se-Ga-
Ga-Se structural units per unit cell. In this compound, the
Pressure (GPa) E"(?) andE”Y) phonon modes are Davydov conjugate part-
ners where the Se-Ga sublayers vibrate against each other. In
FIG. 6. EXAFS pseudo-Debye-Waller factor variation under the E”(?) andE”*) modes, the Se-Ga-Ga-Se layers vibrate in
pressure obtained in the EXAFS analysis. phase and out of phase respectively. The frequency of the
E"() mode is dominated by the Ga-Ga bond bending force
at the highest pressure measured, 14.1 GPa. Nevertheless, weereas the frequency of tH#' () mode is dominated both
EXAFS analysis shows that, from 12.6 GPa on, the distancby the intralayer and interlayer bond. The low intensity of
Se-In varies following the equation obtained by XRRef.  the Raman peak associated with &&Y) mode makes im-
15) for the rocksalt high-pressure phasewe take into ac-  possible its detection under pressure. &%) frequency
count the errors coming both from the experience and fronevolution under pressure shows only a slight augmentition
the transferability to the high-pressure phase of the phas&6.83 cmi Y/GP3a. As the force constant associated with the
and amplitudes obtained from the low-pressure phaliee interlayer bond is known to increase under pressure, this is
rocksalt high-pressure phase was possibly crystallized at thaterpreted as a weakening of the intralayer bhtf.What
highest pressure attained, but the PPDF indicates that it is nig more, using a coupled oscillator model for the Davydov
fully crystallized. In the downstroke process, no satisfactoryconjugate mode®, one can estimate the frequency variation
fit has been obtained. of the E"™ mode, resulting in a softening of-2.9
X 10 2GPal. In InSe there is only one Se-In-In-Se struc-
tural unit per unit cell. InSe and GaSe phonon dispersion
curves in thel'Z direction are related by a twofolding. The
E”(1) mode in thel’ point in GaSe is equivalent in InSe to
We are now in situation to discuss the mechanism of thehe E?> mode in the edge border of the Brillouin zone. This
transition and its possible precursor defects. The most sensirode is not accessible through first order Raman measure-
tive techniques to the apparition of defects in semiconductorments. So, experimentally it is not possible to see directly the
are transport and optical measurements. In particular, isoftening of the mode associated with the In-In bond. But as
InSe, due to the existence of a localized impurity level assoin GaSe, theE(® force constant is dominated both by the
ciated with a subsidiary minimum in the conduction band,intralayer and interlayer bonds and the frequency evolution
the carrier concentration is shown to reversibly decrease urin pressure of this phonon shows an even lower incféase
der pressure up to 4 GPa approximatélyeaching a value (0.68 cm Y/GP3. We can conclude that the In-In bond
of 10"°cm 3 (in tin doped samples with 0electrons/cm®  weakens under pressure.
at ambient pressurethat can therefore be considered as the The proposed defect formation mechanism above men-
sensibility limit for carrier measurements in InSe at 4 GPationed would also justify the apparition of donor levels ob-
Any further nonreversible increase above 4 GPa is attributederved in transport measurements. If an In-In bond is broken
to the formation of donor defects. At 10 GPa the number ofand one In jumps to the interlayer space, two cation dangling
carriers is 18'cm™3. If we suppose a defect per carrier, this bonds remain. In partly ionic compounds, cation dangling
implies a proportion of defects just before the transition inbonds occur in anion vacancies and have donor character.
the order of 1 defect per 10 unit cells. In optical absorption We have also observed a progressive change in the stiff-
experiments? the crystal turns opaque at a pressure near fess properties of samples submitted to pressure cycles and
GPa. At about 7 GPa progressive and irreversible appearantieen recovered. They lose in part their layer character, to the
of dislocations is manifested by direct optical observations irpoint that samples pressurized above 6 GPa are susceptible
single crystal€® In Raman experiments, for pressures to be polished. In our scheme, the cation situated in the in-
higher than 7 GPa, the spectra show an additional featurerlayer space would be responsible for the partial loss of the
(respect to the low-pressure spettizat was associated with layered character.
a local vibrational mode related to structural defects. In our Finally, this candidate for the defect would explain the
EXAFS experiment, the DW indicates a progressive increaséatures observed in the XANES and in the EXAFS part of
in the static disorder, with a more important augmentatiorour experiment. The change in coordination showed by the
near 6 GPa. Finally, the analysis of the XANES shows that aKANES from 7.1 GPa is readily understood when consider-
7.1 GPa approximately 12% of the Se atoms have changddg the differences in coordination of the Se sites before and
their configuration. Summarizing, all the methods indicate after the jump. We have analyzed the first neighbor shell

T ' ' ' ] continuous formation of defects, which is evidenced at dif-
+ ferent pressures depending on the sensitivity of the method.
0.015} A A possible candidate for the defect is one where an In
+ atom breaks its bond with the other intralayer In atom and
~0.010F i jumps to the interlayer space, where it has octahedral
ot coordination® This candidate is convincing for several rea-
o sons. First of all, the Se-In-In-Se plane sequence should
2 0.005 1 ] change to a Se-In-Se-In sequence in the phase transition to a
+ NaCl type structure.
0.000 - W%_‘ + ] Second, Raman measurements bring to evidence the pro-
gressive weakening of the cation-cation bond in 1lI-VI lay-
4 6

0 2 8 10

D. Mechanism of the transition and its possible
precursor defects
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contribution to the PPDF at 8.7 GPa employing two dis- InSe Fm3m
tances and assigning the same number of neighbors to both P>10 GPa
of them as suggested by Table I. The fitting givls-2.58

+0.02 andd,=2.79+0.02 A, suggesting that when the In [100]
atom occupies the octahedral site there is a reorganization of

distances around it to match the Se-In distance of the rock- ACBA
salt structure. Then it seems logical to think that the stress '
created by such a distortion is responsible for the high num-
ber of dislocations apparent in direct optical measurements.

™ >

The dislocations themselves would increment the stresses in @ Se é‘T
the sample and favor the formation of more defects, specially
in their surroundings. The static disorder observed in the DW O In g

is then assigned to the difference between both distances. Its
increment is interpreted as due to the augmentation of the
number of Se atoms in octahedral configuration. The PPDF
evolution near the transition can be interpreted in the same
way, as the sum of two contributions, one of thémstahe-
drical contribution considerably smeared due to the disper-
sion in Se-In distances in the octahedral site. At 9.9 GPa the
PPDF has such low amplitude because of the small propor-
tion of “ordered” Se sites. At this moment, the proportion of t

broken In-In bonds is very higfl per 10 unit cells, as est- FIG. 7. One possible way to accomplish the phase transition

r_nated by transport_ me_asureménme structure is destabi- from the low-pressure layered phase to the high-pressure modifica-
lized and a reorganization of the whole structure occurs. Thg,, (rocksalt structure, space gro@m3m). As shown in the fig-

left In-In bonds are broken and half of the In atoms of eachyre, an In-In bond is broken, one In atom jumps to the octahedrical
layer jump to the interlayer space. Then the remaining In-Sgijte in the interlayer space, two sublayéas sketched in the figure
sublayer suffers a translation of magnitudas indicated in  are translated a vectde=(a+b)/3, and finally the interlayer and
Fig. 7. At the same time the intralayer and interlayer thick-intralayer distances are adjusted to match the new values in the
nesses are diminished and augmented respectively to agbcksalt structure.
equate the Se-In distance to the value of the rocksalt struc-
ture (2.74 A). With only these small changes th&BC . ]
stacking sequence of the NaCl structure is reproduced. After The EXAFS fit of the filtered part of the PPDF corre-
the transition, the PPDF at 11.2 GPa shows an increment §Ponding to the first neighbor shell is used to extract infor-
amplitude associated with a diminution in the dispersion ofhation about the Se-In bond length and DW variation under
the Se-In distances, that now show its change with respect fféssure. The DW increment under pressure is interpreted as
the low-pressure phase. Anyway, as commented above, trsie tq the increase in static disorder associated with the pro-
amplitude does not attain values comparable to the lowdressive apparition of defects. From the monotonous com-
pressure phase because it is not fully crystallized. pression of the Se-In distance up to 7.1 GPa we Bt
Finally, it is worth noting that this is a simple way to =116+20GPa withBy=>5. Assuming that the trigonal sym-
describe the transition. The precise way in which the In atmetry of the Se atoms in the layer plane and the perpendicu-

locations, for exampleshould be elucidated by theoretical Pressure is proportional to the Se-In variation, we can obtain
calculations. an evolution of the whole structure under pressure. In par-

ticular, calculations give an increase in the angle between the
Se planes and the Se-In boffdom 28.5° at ambient condi-
IV. CONCLUSIONS tions to 31.4° at 10 GBaThis augmentation is finally re-
ponsible for the obtained slight increase of the intralayer

rav abSOrpiion SDecirosco 10 & maximum bressure istance. Our results do not confirm previous works, where
x-ray pu P Py up Ximum p uré qhe layers were considered as isotropic and where, accord-

14 GPa. XANES shows that between 7.1 and 9.9 GPa fhgly, the intralayer distance diminished with pressure. These

nonreversible change in the Se coordination occurs. This IFesults could be fundamental in theoretical calculations in

i_nterpreteq as a consequence of a progressive d_efect formﬁfSe and can be readily translated to other 1lI-VI layered
tion consisting in the jump of In atoms to the 'nterlayeréemiconductors

space, consistently with transport, optical, Raman, XRD, an
direct observation experiments. The PPDF shows that at
10.5+1 GPa the Se and In atoms are ordered following the
rocksalt structure pattern, but full crystallization is not ob-  This work was supported by the Spanish government
served before 12.6 GPa. CICYT under Grant No. MAT95-0391.
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InSe has been studied by high-pressure single cryst
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