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Acoustic-phonon dispersion in CdTe at 7.5 GPa
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Universitádi l’Aquila and Istituto Nazionale di Fisica della materia, I-67100, L’Aquila, Italy

R. Verbeni
European Synchrotron Radiation Facility, B.P. 220, F-38043 Grenoble Cedex, France

~Received 19 March 1997!

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 regionQ53–10 nm21: This
corresponds to an increase of the sound velocity from 3100 m/s to 51006300 m/s, in good agreement with
extrapolations based on the equation of state.@S0163-1829~97!07638-8#
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The study of matter on an atomic scale under eleva
hydrostatic pressures aims to relate interparticle propertie
macroscopic thermodynamical parameters such as the e
tion of state, the critical pressure values of phase transiti
and the evolution of the interaction potential as a function
distance. Important studies deal with time-averaged st
tural properties such as lattice parameters, lattice symm
and local atomic coordinations using x-ray- and neutr
diffraction techniques and specific applications of x-r
spectroscopies. Similarly, the study of the microscopic at
dynamics in condensed matter at high densities, i.e.,
study of the relative motion among particles under press
can give information on issues such as interatomic force c
stants, departures from two-body potential approximatio
anharmonicity of crystal potentials, and the mechanis
driving phase transitions. Experimentally, investigations
collective dynamical properties of matter under high press
have been undertaken using inelastic light~ILS! and neutron
~INS! scattering methods. ILS using diamond anvil cells c
be performed up to pressures of several gigapascals.
small magnitude of the incident photon wave vector, ho
ever, restricts this technique to momentum transfer val
(Q) in the 1023–1022 nm21 range, and therefore ILS can
not be used to study the pressure dependence of the ty
dispersion effects observed on the phonon energies atQ val-
ues of the order of the inverse of interatomic distances. T
Q-transfer limitation is overcome by INS, where the incide
neutron can provide the energy (E) and momentum transfe
necessary to map out dispersion curves. The size of the
tron beam and the weak interaction between neutrons
matter, however, require samples with a scattering volum
at least several cubic millimeters: Consequently hig
pressure INS studies were typically performed within a pr
sure limit of '1 GPa due to the lack of devices capable
bring large volumes to higher pressures. Development
neutron high-pressure techniques1,2 have recently allowed to
sensibly increase this pressure-range, and pressure depe
phonon dispersion curves with pressures up to 10 GPa h
been measured in graphite, germanium, and zinc.3–5
560163-1829/97/56~14!/8691~4!/$10.00
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Inelastic x-ray scattering~IXS! with very-high-energy
resolution is another spectroscopic technique potenti
suited to study the pressure dependence of phonon dispe
curves. IXS, largely profiting from the increased brilliance
third generation synchrotron radiation sources and advan
in x-ray optics, can now be routinely performed with ener
resolutions in the 1.5–7 meV range, corresponding incid
photon fluxes of 33108–131010 photons/s, and latera
beam sizes on the sample of a few hundred micromete6

The small beam size and the typical photoelectric absorp
length of high-atomic-number (Z) materials match well the
geometrical constraints imposed by diamond anvil ce
~DAC’s!, and therefore high-pressure IXS studies using th
devices are coming within reach.

In this work we exploit the possibility to use inelast
x-ray scattering to study phonon excitations in a sample
der high pressure in a DAC. We report IXS spectra of po
crystalline CdTe in its sodium-chloride~rocksalt! phase7 at
7.5 GPa and room temperature, recorded in theQ range of
3–10 nm21, and therefore extending over the first Brillou
zone. The longitudinal acoustic phonon branch is clearly
served in the wholeQ region explored, and we find a larg
increase of the excitation energies with respect to the co
sponding dispersion curve of CdTe in its zinc-blende ph
at ambient pressure.8 The derived sound velocity, represen
ing an average over all crystalline directions, increases
high pressures by a factor of 1.6 to 51006300 m/s. Our
results demonstrate the capability of IXS to study the dyna
ics of systems under high pressure in a diamond anvil c
and show the potential of this technique for high-press
research in solids, liquids, and dense gases.

The IXS experiment was carried out at the new very-hig
energy resolution inelastic x-ray-scattering beam line~BL21-
ID16! at the European Synchrotron Radiation Facil
~ESRF!. The undulator x-ray beam was monochromatized
a cryogenically cooled Si~111! double crystal and by a very
high-energy resolution Si~777! backscattering mono
chromator.6 This beam, with an energy of 13 840 eV and
energy resolution of 5 meV, is focused on the sample b
8691 © 1997 The American Physical Society
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toroidal mirror, yielding a spot size of 2703150 mm2 full
width at half maximum~FWHM! in the horizontal and ver-
tical planes, respectively. These incident beam dimens
were further reduced by slits to 1003100 mm2 to avoid
scattering from the anvil cell gasket. The photon flux in
dent on the sample was'33109 photons/s. The scattere
photons were collected by a spherical silicon crystal a
lyzer, also operating at the Si~777! reflection in backscatter
ing and in Rowland geometry. The total instrumental reso
tion function, determined measuring the elastic scatter
from a plastic sample at theQ value of the maximum of its
static structure factor (Q510 nm21), was well approxi-
mated by a Lorentzian of 7 meV FWHM. The momentu
transferQ52k0sin(us/2), wherek0 andus are, respectively,
the wave vector of the incident photon and the scatter
angle, was selected between 3 and 10 nm21 by rotating the
7-m-long analyzer arm in the horizontal scattering plane. T
Q resolution was set to 0.4 nm21 by an aperture in front of
the analyzer. Energy scans were done by varying the rela
temperature between the monochromator and the ana
crystals. Each scan took about 120 min, and eachQ point
was obtained by typically averaging five scans. The d
were normalized to the intensity of the incident beam. F
ther details about the beam line are given elsewhere.6,9–11

The correctness of the energy scale was checked by me
ing the energy position of the longitudinal acoustic phono
in Si and LiF. The comparison with inelastic neutro
scattering data resulted in an agreement within 5%. T
sample was a finely ground powder of high-purity CdTe. T
diamond anvil cell was used with 600-mm diamond-anvil
culets of 1.5 mm thickness. The sample was loaded in
300-mm hole in a stainless steel gasket with nitrogen
pressure-transmitting medium. The sample thickness
'20 mm. The pressure was measured before x-ray expo
using the ruby-fluorescence technique.12 The measurement
were made at 7.560.5 GPa, corresponding to'4 GPa above
the zinc-blende→ sodium-chloride transition, and'2.5
GPa below the sodium-chloride→ Cmcm transition.7 The
pressure cell was kept in a vacuum chamber to minimize
contribution from air scattering to the measured signal. T
study was performed on a polycrystalline sample since i
very difficult, and probably impossible, to keep the sing
crystal structure while increasing the pressure through
structural phase transition. Consequently, the reported
correspond to an orientational average within the Brillou
zone. We have restricted the present initial experiment toQ
values in the first Brillouin zone, where only longitudin
acoustic phonons can be excited, and therefore the avera
is reduced by the exclusion of all excitations with transve
symmetry.

Inelastic x-ray-scattering data as a function of transfer
ergy are reported in Fig. 1 at 3, 4, 6, 8, and 10 nm21 Q
transfer values, together with the corresponding fits. The
perimental data, displayed with their error bars, have b
normalized to the central peak intensity. The count rate
the peak atE50 meV were'0.05 count/s. For clarity, we
show only the energy-loss side~Stokes! of the spectrum,
although the data belowQ58 nm21 were collected includ-
ing the energy-gain side~anti-Stokes!. The spectra display a
line centered around zero energy transfer and an inela
feature which disperses towards higher energies with
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creasingQ values. The intensity centered atE50 is due to
scattering from nitrogen and from static defects in the po
crystalline CdTe sample. The longitudinal acoustic phono
of the diamond anvils have been measured previously,
yield a strong inelastic signal at energies much higher t
those considered here, corresponding to a velocity of so
of '13 000 m/s. The inelastic signal observed in Fig. 1 c
therefore be assigned to the longitudinal acoustic phonon
CdTe, orientationally averaged in the first Brillouin zon
The energy positions and the widths of the excitations w
determined fitting the spectra with a model function co
posed of a Lorentzian for the inelastic signal and a Loren
ian for the central peak atE50. For Q,8 nm21, a third
Lorentzian was introduced to represent the energy-gain
of the spectrum: Its intensity was dictated by the detai
balance, while its energy position and width values we
imposed to be those derived from the Lorentzian describ
the Stokes excitation. This model function was convolu
with the experimentally determined energy resolution fun
tion, and the fit to the experimental data was performed

FIG. 1. Inelastic x-ray-scattering spectra of CdTe at 7.5 G
The experimental data~open circles!, shown with the error bars, ar
superimposed to the fit~solid line! as explained in the text. The
dashed and dotted lines represent the elastic and inelastic con
tions, respectively. The data are normalized to the intensity of
central peak. The integration time for each point was typically 3
s, and the count rate at zero energy'0.05 count/s.
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standardx2 minimization. The results of the fit are shown
Fig. 1, with the individual elastic and inelastic componen
Already from the raw data of Fig. 1, it is apparent that t
phonon width increases significantly with momentum tra
fer. Possible reasons for this broadening could be that~i! the
frequency increase of the phonon mode is different for d
ferent crystallographic directions, and therefore the orien
tional averaging in the polycrystal leads to the observ
broadening;~ii ! the pressure is not homogeneous in the sc
tering volume, and therefore pressure differences among
crocrystals are responsible for a distribution of dispers
curves; or~iii ! structural defects and/or stochiometric flu
tuations lead to a broadening of dynamical origin, essenti
due to a decrease in the lifetime of the collective excitatio
at largeQ.

The dispersion curve resulting from the energy position
the Lorentzians describing the inelastic signal of Fig. 1
reported in Fig. 2. The IXS results are shown with their er
bars as obtained from the fit. We note that forQ53 and 4
nm21 the error is larger due to the reduced contrast betw
central line and inelastic feature. For direct comparison,
also report in Fig. 2 as a function of absoluteQ values the
phonon dispersion curves measured by INS in CdTe in
zinc-blende phase at ambient pressure along the@100# ~open
circles!, @110# ~open squares!, and @111# ~open triangles!
crystallographic directions.8 The high isotropy of these lon
gitudinal acoustic-phonon branches is a consequence o
cubic structure. We notice that the high-pressure data ar
energies well above those at ambient pressure, and this
plies a substantial increase of the sound velocity in the h
pressure sodium-chloride phase of CdTe. This is consis
with the increase in the first-neighbor coordination, whi
goes from four to six atoms at high pressure and is resp
sible for a relevant stiffening of the average force const
acting on the constituent atoms.

The velocity of sound was estimated by fitting the disp
sion relation with a sinus-law, and determining its slope
the Q50 limit. For the ambient pressure data we fin

FIG. 2. Longitudinal acoustic-phonon dispersion curves
CdTe at 7.5 GPa~solid symbols! and at ambient pressure from
Rowe et al. ~Ref. 8! ~open symbols; triangles correspond to t
@111# direction, circles to the@100#, and squares to the@110#!. The
solid lines through the data points represent the result of a sinu
and the dotted lines visualize its slope, yielding the indicated so
velocities.
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v53200 m/s, in good agreement with known values, wh
for the high-pressure data we derivev551006300 m/s, cor-
responding to a factor of 1.6 increase inv. An independent
estimate for the velocity of sound increase in the hig
pressure sodium-chloride phase can be obtained assu
that the elastic constantsc11, c12, and c44 have the same
proportional increase at the structural phase transition: In
case, the sound velocities scale as the quantityAB/r, where
B(P) andr(P) are, respectively, the bulk modulus and t
density at the considered pressureP. The bulk modulus can
be estimated from x-ray-diffraction data as a function
pressure. The pressure-volume experimental relation, in f
can be fitted to an equation of state, yielding the bulk mo
lus B and its pressure derivativeB8 @B(P)5B01B8P, with
B0 being the bulk modulus at a given pressureP0#. An
analysis of existing results in CdTe gives for the rocks
phase the valuesB0568.765 GPa at the phase transitio
pressure (P053.8 GPa! and B855.160.6,13 in good agree-
ment with a recent calculation.14 With this approach we find
that the ambient-pressure sound velocity should increas
a factor of 1.4 in the rocksalt structure, leading to the va
v54300 m/s at 7.5 GPa. Our experimental value is larg
and this is probably a consequence of the quite crude
proximation used here. Moreover, our high-pressure resu
together with the previous ambient-pressure INS results
the equation of state of CdTe, allow us to obtain an appro
mative value for the mode Gru¨neisen parameter, which i
defined asg(Q)52d„lnv(Q)…/d(lnV), wherev(Q) is the
phonon frequency at a specificQ value, andV is the volume.
We obtain values between 1.5 and 1.9, which are of the o
of the g(Q)’s, determined in other materials such as R
~Ref. 15! and Zn~Ref. 5!.

In summary, we have shown that using IXS it is no
possible to detect inelastic scattering from phonon exc
tions in samples at very high pressure in a diamond a
cell. In spite of the very small scattering volume, only'20
mm in the incident beam direction and'100 mm in the
transverse directions, reasonable spectra can be obtain
high-Z materials. This has allowed us to map the orientatio
ally averaged dispersion curve of the longitudinal acous
phonon branch in the rocksalt phase of CdTe, and to de
mine a 60% increase in the velocity of sound with respec
the ambient-pressure zinc-blende phase. This study ca
obviously generalized to many other systems. Substantia
creases in signal rates, and, therefore the possibility to
form measurements with higher-energy resolutions~down to
1.5 meV!, are well within reach. Intensity gains, in fact, wi
come from improvements in the beam line instrumentati
and most importantly from an optimization of the DAC vo
ume. Finally, the possibility to keep the single-crystal pha
at high pressure will allow us to overcome the orientatio
average, and to benefit from the large cross-section incre
at higherQ transfer. This will be extremely beneficial, fo
example, in the study of transverse phonon softening at
bitrary points in the Brillouin zone, expected to be the dr
ing mechanism of many structural phase transitions.

We are grateful to A. Polian and J.P Itie´ for the supply of
the CdTe sample and fruitful discussions. We thank M. H
fland and D. Ha¨usermann for help in the high-pressure lab
ratory, and we acknowledge B. Gorges and J.F. Ribois
their technical assistance.
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