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Acoustic-phonon dispersion in CdTe at 7.5 GPa
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The dispersion of longitudinal acoustic phonons has been measured by inelastic x-ray scattering in the
sodium-chloride phase of CdTe at 7.5 GPa. A substantial increase of the phonon frequencies with respect to the
dispersion curve at ambient pressure is observed in the momentum transfer @g®a10 nm 1 This
corresponds to an increase of the sound velocity from 3100 m/s to53@0 m/s, in good agreement with
extrapolations based on the equation of stg$©163-18207)07638-9

The study of matter on an atomic scale under elevated Inelastic x-ray scatteringIXS) with very-high-energy
hydrostatic pressures aims to relate interparticle properties tesolution is another spectroscopic technique potentially
macroscopic thermodynamical parameters such as the equsuited to study the pressure dependence of phonon dispersion
tion of state, the critical pressure values of phase transitiongurves. IXS, largely profiting from the increased brilliance of
and the evolution of the interaction potential as a function ofthird generation synchrotron radiation sources and advances
distance. Important studies deal with time-averaged strudn x-ray optics, can now be routinely performed with energy
tural properties such as lattice parameters, lattice symmetryesolutions in the 1.5-7 meV range, corresponding incident
and local atomic coordinations using x-ray- and neutronphoton fluxes of X 10P-1x10'° photons/s, and lateral
diffraction techniques and specific applications of x-raybeam sizes on the sample of a few hundred microméters.
spectroscopies. Similarly, the study of the microscopic atonThe small beam size and the typical photoelectric absorption
dynamics in condensed matter at high densities, i.e., thiength of high-atomic-numberZ) materials match well the
study of the relative motion among particles under pressureggeometrical constraints imposed by diamond anvil cells
can give information on issues such as interatomic force condAC'’s), and therefore high-pressure IXS studies using these
stants, departures from two-body potential approximationsgevices are coming within reach.
anharmonicity of crystal potentials, and the mechanisms In this work we exploit the possibility to use inelastic
driving phase transitions. Experimentally, investigations orx-ray scattering to study phonon excitations in a sample un-
collective dynamical properties of matter under high pressuréler high pressure in a DAC. We report IXS spectra of poly-
have been undertaken using inelastic lighS) and neutron crystalline CdTe in its sodium-chlorid@ocksall phasé at
(INS) scattering methods. ILS using diamond anvil cells can7.5 GPa and room temperature, recorded inGheange of
be performed up to pressures of several gigapascals. TI8-10 nmi 1, and therefore extending over the first Brillouin
small magnitude of the incident photon wave vector, how-zone. The longitudinal acoustic phonon branch is clearly ob-
ever, restricts this techniqgue to momentum transfer valueserved in the whol& region explored, and we find a large
(Q) in the 10 2~10"2 nm~? range, and therefore ILS can- increase of the excitation energies with respect to the corre-
not be used to study the pressure dependence of the typicgpponding dispersion curve of CdTe in its zinc-blende phase
dispersion effects observed on the phonon energi€s\atl-  at ambient pressufeThe derived sound velocity, represent-
ues of the order of the inverse of interatomic distances. Thing an average over all crystalline directions, increases at
Q-transfer limitation is overcome by INS, where the incidenthigh pressures by a factor of 1.6 to 5800 m/s. Our
neutron can provide the energl) and momentum transfer results demonstrate the capability of IXS to study the dynam-
necessary to map out dispersion curves. The size of the neics of systems under high pressure in a diamond anvil cell,
tron beam and the weak interaction between neutrons arnahd show the potential of this technique for high-pressure
matter, however, require samples with a scattering volume afesearch in solids, liquids, and dense gases.
at least several cubic millimeters: Consequently high- The IXS experiment was carried out at the new very-high-
pressure INS studies were typically performed within a presenergy resolution inelastic x-ray-scattering beam (Bk21-
sure limit of ~1 GPa due to the lack of devices capable tolD16) at the European Synchrotron Radiation Facility
bring large volumes to higher pressures. Developments ifESRHB. The undulator x-ray beam was monochromatized by
neutron high-pressure techniqiiésave recently allowed to a cryogenically cooled §i11) double crystal and by a very-
sensibly increase this pressure-range, and pressure dependeigh-energy resolution &i77) backscattering mono-
phonon dispersion curves with pressures up to 10 GPa hawromator® This beam, with an energy of 13 840 eV and an
been measured in graphite, germanium, and %inc. energy resolution of 5 meV, is focused on the sample by a
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toroidal mirror, yielding a spot size of 2150 um? full
width at half maximum(FWHM) in the horizontal and ver-
tical planes, respectively. These incident beam dimensions
were further reduced by slits to 18000 xm? to avoid
scattering from the anvil cell gasket. The photon flux inci-
dent on the sample was 3x10° photons/s. The scattered
photons were collected by a spherical silicon crystal ana-
lyzer, also operating at the (3i77) reflection in backscatter-
ing and in Rowland geometry. The total instrumental resolu-
tion function, determined measuring the elastic scattering
from a plastic sample at th®@ value of the maximum of its
static structure factor @=10 nm 1), was well approxi-
mated by a Lorentzian of 7 meV FWHM. The momentum
transferQ=2kysin(64/2), wherek, and 5 are, respectively,
the wave vector of the incident photon and the scattering
angle, was selected between 3 and 10 Arby rotating the
7-m-long analyzer arm in the horizontal scattering plane. The
Q resolution was set to 0.4 nit by an aperture in front of
the analyzer. Energy scans were done by varying the relative
temperature between the monochromator and the analyzer
crystals. Each scan took about 120 min, and eQcpoint
was obtained by typically averaging five scans. The data
were normalized to the intensity of the incident beam. Fur-
ther details about the beam line are given elsewheéré!
The correctness of the energy scale was checked by measur-
ing the energy position of the longitudinal acoustic phonons
in Si and LiF. The comparison with inelastic neutron-
scattering data resulted in an agreement within 5%. The
sample was a finely ground powder of high-purity CdTe. The
diamond anvil cell was used with 6Q@m diamond-anvil
culets of 1.5 mm thickness. The sample was loaded into a ' ' ' ' ' '
300-.um hole in a stainless steel gasket with nitrogen as 0 1020 30 40 50
pressure-transmitting medium. The sample thickness was Energy  (meV)
~20 um. The pressure was measured before x-ray exposure ) ,
using the ruby-fluorescence technidﬁél.’he measurements FIG. 1._ Inelastic x-ray-sc_atterlng spectrg of CdTe at 7.5 GPa.
were made at 7:50.5 GPa, corresponding te4 GPa above | € €xperimental dat@pen circles; shown with the error bars, are
- . . - superimposed to the fisolid line) as explained in the text. The
the zinc-blende— sodium-chloride transition, and=2.5 . . : : .
GPa below the sodium-chlorides Cmemtransition” The Qashed and d'otted lines represent the ellastlc and |n.elast|c. contribu-
. N tions, respectively. The data are normalized to the intensity of the
pressure cell was k_ept In a vacuum chamber to minimize th’(nfentral peak. The integration time for each point was typically 300
contribution from air scattering to the measured 5|gr_1al. Th!%’ and the count rate at zero energp.05 count’s.
study was performed on a polycrystalline sample since it is
very difficult, and probably impossible, to keep the singlecreasingQ values. The intensity centered Bt=0 is due to
crystal structure while increasing the pressure through thecattering from nitrogen and from static defects in the poly-
structural phase transition. Consequently, the reported dataystalline CdTe sample. The longitudinal acoustic phonons
correspond to an orientational average within the Brillouinof the diamond anvils have been measured previously, and
zone. We have restricted the present initial experimer@ to yield a strong inelastic signal at energies much higher than
values in the first Brillouin zone, where only longitudinal those considered here, corresponding to a velocity of sound
acoustic phonons can be excited, and therefore the averaging ~ 13 000 m/s. The inelastic signal observed in Fig. 1 can
is reduced by the exclusion of all excitations with transverseherefore be assigned to the longitudinal acoustic phonons of
symmetry. CdTe, orientationally averaged in the first Brillouin zone.
Inelastic x-ray-scattering data as a function of transfer enThe energy positions and the widths of the excitations were
ergy are reported in Fig. 1 at 3, 4, 6, 8, and 10 HhQ determined fitting the spectra with a model function com-
transfer values, together with the corresponding fits. The exposed of a Lorentzian for the inelastic signal and a Lorentz-
perimental data, displayed with their error bars, have beeian for the central peak @&=0. For Q<8 nm™1, a third
normalized to the central peak intensity. The count rates dtorentzian was introduced to represent the energy-gain part
the peak aE=0 meV were~0.05 count/s. For clarity, we of the spectrum: Its intensity was dictated by the detailed
show only the energy-loss sid&tokeg of the spectrum, balance, while its energy position and width values were
although the data belo®=8 nm~* were collected includ- imposed to be those derived from the Lorentzian describing
ing the energy-gain sid@nti-Stokes The spectra display a the Stokes excitation. This model function was convoluted
line centered around zero energy transfer and an inelastinith the experimentally determined energy resolution func-
feature which disperses towards higher energies with intion, and the fit to the experimental data was performed by

Normalized intensity




56 ACOUSTIC-PHONON DISPERSION IN CdTe AT 7.5 GPa 8693

v=3200 m/s, in good agreement with known values, while
o for the high-pressure data we derive-5100+= 300 m/s, cor-

25
responding to a factor of 1.6 increaseuvinAn independent
20 estimate for the velocity of sound increase in the high-
3 pressure sodium-chloride phase can be obtained assuming
E 15 o that the_ elas_tic constants;, C4», andc,, have th_e_ sa}me _
proportional increase at the structural phase transition: In this
= case, the sound velocities scale as the quar@yp, where
g 10 B(P) andp(P) are, respectively, the bulk modulus and the
w

density at the considered pressieThe bulk modulus can
be estimated from x-ray-diffraction data as a function of
pressure. The pressure-volume experimental relation, in fact,

v,=3200 m/s

0 L I ! L ! can be fitted to an equation of state, yielding the bulk modu-
0 2 4 6 § 10 12 lus B and its pressure derivati®’ [B(P)=B,+B’P, with
Q () By being the bulk modulus at a given pressi?®g]. An

analysis of existing results in CdTe gives for the rocksalt
FIG. 2. Longitudinal acoustic-phonon dispersion curves ofPhase the value8,=68.7-5 GPa at the phase transition
CdTe at 7.5 GP4solid symbols and at ambient pressure from Pressure R,=3.8 GPa andB’=5.1+ 0.6,% in good agree-
Rowe et al. (Ref. 8 (open symbols; triangles correspond to the ment with a recent calculatiofi.with this approach we find
[111] direction, circles to th¢100], and squares to tHa10]). The  that the ambient-pressure sound velocity should increase by
solid lines through the data points represent the result of a sinus fig factor of 1.4 in the rocksalt structure, leading to the value
and the dotted lines visualize its slope, yielding the indicated sound =4300 m/s at 7.5 GPa. Our experimental value is larger,
velocities. and this is probably a consequence of the quite crude ap-
proximation used here. Moreover, our high-pressure results,
X . L ; : . together with the previous ambient-pressure INS results and
Z?e aldwal:gnzh?h;n?;\\/,:/dgglaegsg?gaqd i'tn;asla:;'gaﬁgmaﬁg??@the equation of state of CdTe, allow us to obtain an approxi-
o mative value for the mode Gmeisen parameter, which is

phonon width increases significantly with momentum trans—defined a _ .
: ) ! sy(Q)=—d(Inw(Q))/d(InV), wherew(Q) is the
fer. Possible reasons for this broadening could be(ihdbe phonon frequency at a specifzvalue, andV is the volume.

frequency increase Qf th_e phonon mode is different fo_r OIIf'We obtain values between 1.5 and 1.9, which are of the order
ferent crystallographic directions, and therefore the orlenta-f h s d ined i h il h RbI
tional averaging in the polycrystal leads to the observe the ¥(Q)’s, determined in other materials such as

Ref. 15 and Zn(Ref. 5.

o, o s erenees oty I SUMTa. e have shoun 1at using IXS i is now
9 ’ P 9 Mbossible to detect inelastic scattering from phonon excita-

crocrys.tals__are responsible for a dlstrlbutlon_ of dls_persmrﬁons in samples at very high pressure in a diamond anvil
curves; or(iii) structural defects and/or stochiometric fluc- . .
cell. In spite of the very small scattering volume, or20

tuations lead to a broadening of dynamical origin, essentially m in the incident beam direction ang100 um in the

due to a decrease in the lifetime of the collective excitation%“ A X .
at largeQ. ransverse directions, reasonable spectra can be obtained in

; . . . thigh-Z materials. This has allowed us to map the orientation-
The dispersion curve resulting from the energy position o . . s .
ally averaged dispersion curve of the longitudinal acoustic-

the Lorentzians describing the inelastic signal of Fig. 1 is ;

reported in Fig. 2. The IXS results are shown with their errorphonon broan_ch in the_rocksalt ph_ase of CdTe, _and to deter-

bars as obtained from the fit. We note that @3 and 4 mine a 6_0A) increase m_the velocity of sound ywth respect to
ey ; ) the ambient-pressure zinc-blende phase. This study can be

nm™ - the error is larger due to the reduced contrast between

central line and inelastic feature. For direct comparison, WeObVIOUSIy generalized to many other systems. Substantial in-

also report in Fig. 2 as a function of absol@evalues the Creases in signal rateg, an.d, therefore the pos_sibility to per-
phonon dispersion curves measured by INS in CdTe in itform measurements with higher-energy resoluticfevn to

15 me\, are well within reach. Intensity gains, in fact, will
zinc-blende phase at ambient pressure alond B8] (open ) - R I $
circles, [110] (open squares and [111] (open trianglel come from improvements in the beam line instrumentation,

SR e and most importantly from an optimization of the DAC vol-
crystallographic direction$The high isotropy of these lon- ume. Finally, the possibility to keep the single-crystal phase

gitudinal acoustic-phonon branches is a consequence of the - . . .
high pressure will allow us to overcome the orientational

cubic structure. We notice that the high-pressure data are g ' S
; : .. average, and to benefit from the large cross-section increase
energies well above those at ambient pressure, and this im; | . C -
. o L . at higherQ transfer. This will be extremely beneficial, for
plies a substantial increase of the sound velocity in the high-

. ; o : xample, in the study of transverse phonon softening at ar-
pressure sodium-chloride phase of CdTe. This is consisten L o .
: : . ! . o . bitrary points in the Brillouin zone, expected to be the driv-
with the increase in the first-neighbor coordination, which. . -
. . . ing mechanism of many structural phase transitions.
goes from four to six atoms at high pressure and is respon-
sible for a relevant stiffening of the average force constant We are grateful to A. Polian and J.P’Ifier the supply of
acting on the constituent atoms. the CdTe sample and fruitful discussions. We thank M. Han-
The velocity of sound was estimated by fitting the disper-fland and D. Hasermann for help in the high-pressure labo-
sion relation with a sinus-law, and determining its slope inratory, and we acknowledge B. Gorges and J.F. Ribois for

the Q=0 limit. For the ambient pressure data we find their technical assistance.

standardy? minimization. The results of the fit are shown in
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