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Phonon dispersion curves in an argon single crystal at high pressure by inelastic x-ray scatterin
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The phonon dispersion of fcc argon under high pressure to 20 GPa has been measured along the~100!
direction by inelastic x-ray scattering. First, this shows a novel possibility to investigate the single crystal
dynamical properties under very high pressure in a diamond anvil cell. Second, the comparison between
experiment and phonon calculations, using pair potentials~either the pure two-body potential or an effective
pair potential! and a Slater-Kirkwood form for the three-body interaction, clearly demonstrates that phonon
energies can be strongly influenced under high pressure by the nonadditive part of the interaction.
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I. INTRODUCTION

The determination of the phonon spectra in a mate
under pressure is essential for understanding the effect
density on the mechanical stability, the phase transit
mechanisms, the material strength, the transport proper
and the interatomic interactions. In fact, coupled with t
structural determination, it gives a complete atomic-scale
derstanding of the thermodynamics of the system.

Up to now, phonon measurements have been perfor
by inelastic neutron scattering, on mm3 size single-crystals in
order to have reasonable signals. Remarkably, developm
in neutron high-pressure techniques have recently allo
the determination of the phonon dispersion curve up to
GPa in germanium1 and iron.2 Inelastic x-ray scattering
~IXS! with very high-energy resolution and the high flux of
third generation synchrotron source is another spectrosc
technique potentially suited to extend the phonon spectra
termination on single crystals compressed up to the 100
range in a diamond anvil cell. Indeed, the direction-avera
longitudinal acoustic-phonon dispersion in CdTe has alre
been measured at 7.5 GPa by IXS~Ref. 3! on a polycrystal-
line sample of around 1023 mm3.

The first aim of the present work is to show, as a proof
principle, that the phonon branches can be accurately m
sured by IXS on a single crystal compressed in a diam
anvil cell. The other aim is to probe the effect of the nona
ditivity of the interaction on the phonon dispersion curves
high pressure. The influence of the triple-dipole interact
was established some 30 years ago by Barkeret al.4 The
increasing importance of nonadditive exchange interacti
with pressure will also certainly influence the phonon disp
sion curves, probably more drastically than the triple-dip
forces at ambient pressure. This is certainly an import
question because non-additive embedded-atom potential
currently used to calculate the properties of heterogene
systems at high density5 or to calculate large scale structur
and phenomena at high pressure,that would require ot
wise too much computational time byab initio methods.6

In this context, measurements are reported on a sin
crystal of argon. Argon being a low-Z system, it implies that
0163-1829/2001/63~22!/224306~8!/$20.00 63 2243
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what has been measured here can certainly be observe
higher Z crystals on much smaller samples~hence much
higher pressures!. Also, the interaction in solid argon ha
been studied extensively and is well represented by the
of pair interactions between argon atoms7 with the addition
of nonadditive contributions.8 Thereof, the effect of the non
additivity of the forces can be addressed.

The IXS technique for single crystal and experimen
details are presented in Sec. II. The data are presented in
III. Section IV discusses the theoretical models and the c
frontation with experiment. The influence of non additiv
interactions to the phonon branch is discussed in Sec. IV
Our conclusions are summarized in Sec. V.

II. EXPERIMENTAL DETAILS

The single crystal of Ar was obtained by the slow grow
of a single germ at the solidification pressure of argon~1.35
GPa at 298 K!. A volume chamber of about 300mm diam-
eter and 100mm thickness was obtained by using large d
mond anvils with 800mm flat culets. The membrane dia
mond anvils cell with a large x-ray aperture was loaded i
high pressure vessel under 100 MPa.9 Pressure was measure
with the ruby luminescence gauge.10 The orientation matrix
of the single crystal of argon was determined before ha
with the single crystal energy dispersive technique.11

The experiment was carried out at the inelastic x-ray sc
tering beamline I~ID 16! at the European Synchrotron radi
tion facility in Grenoble ~France!. The high resolution
monochromator-analyzer setup was operated utilizing
Si~999! reflection order, which provides an overall ener
resolution of 3 meV~at 17794 eV! with an incident photon
flux of 33109 photons/s.12–14 The scattered photons are e
ergy analyzed by a Rowland circle five-crystal spectrome
The energy-analyzed photons are detected by a Pel
cooled silicon diode detector which has an intrinsic ene
resolution of 400 eV. The dark counts due to electronic a
environmental noise amounts to about 0.2 counts/min.
momentum transfer is selected by rotating the spectrom
around a vertical axis passing through the scattering sam
in the horizontal plane. Since there are five independ
©2001 The American Physical Society06-1
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analyzer-detector systems, spectra at five different mom
tum transfers can be recorded simultaneously. Their sep
tion is energy dependent and for the Si~999! reflection, uti-
lized in the present experiment, this separation amount
2.5 nm21. The energy scans are performed by varying
monochromator temperature while the analyzer tempera
is kept fixed. Conversion from the temperature scale to
energy scale is accomplished by the following relatio
DE/E5aDT, wherea52.5631026 K21 is the linear ther-
mal expansion coefficient of silicon at room temperatu
The validity of this conversion has been checked by comp
ing the experimentally determined diamond dispersion cu
for longitudinal acoustic photons with well established
elastic neutron scattering results. In order to avoid paras
scattering from the stainless steel high pressure gasket
focused beam of 270(horizontal)3130(vertical) mm2 full
width at half maximum~FWHM! was further reduced to
1003140mm2. The crystal was aligned along the~100! di-
rection in the horizontal scattering plane of the spectrome
The correct size of the momentum transfer and its direc
can be derived from straightforward trigonometric consid
ations as seen in Fig. 1. The horizontal scattering plan
defined by the two cartesian axesx andy where the recipro-
cal lattice vectorG ~here 100! is directed alongx. With this
conventionG, the incident photon wave vectorK0, and the
scattered wave vectorK1 are given by

G5~G,0,0!,

K05~2K0 sinw,K0 cosw,0!, ~1!

K15@K1 sin~u2w!,K1 cos~u2w!,0#,

wherew is the angle betweenK0 and they axis ~glancing
angle of incidence onto the lattice planes corresponding
the reciprocal vectorG) andu is the scattering angle, define
as the angle betweenK0 and K1. AssumingK05K1, the
momentum transfer is given by

Q5K12K0 ,

Q5K0@sin~u2w!1sinw,cos~u2w!2cosw,0# ~2!

FIG. 1. Schematic view of the experimental setup.
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with its modulus :

Q5K0A2~12cosu!. ~3!

Only if w5u/2, the momentum transfer is alongG. This
condition was set for the third analyzer detector. In the g
eral case, the angular deviationd of Q with respect toG is
determined using the above relations

d5cos21S Qx

Q D . ~4!

The above described procedure was used to calculate
correct momentum transfer values. The angular deviation
the momentum transfer with respect to the@100# direction
amounts to 3° in the worst case. TheQ resolutionDQ is
defined by fixed slits in front of the analyzer crystal, w
60.15 nm21.

The selection rule15, Q•ej KÞ0, whereej is the polariza-
tion vector of the phonon, prevents the observation of
transverse phonon for a momentum transfer limited to
first Brillouin zone, because thenQ5K and soK•ej K50.
However, for momentum transferQ outside the first Bril-
louin zone,Q can be written asQ5K1G, whereG is the
first nearest reciprocal lattice vector andK is in the first
Brillouin zone. In that case, ifQ is nonparallel toG, Q•ej K is
nonzero for transverse phonon, and even ifQ differs by a
few degrees only from theG direction, transverse mod
along theG direction are measured with a good approxim
tion.

III. EXPERIMENTAL DATA

Figure 2 shows typical IXS scans at 3.1 GPa. At a giv
momentum transfer, the count rates with error bars, is plo
versus the energy of the analyzer. They result from a sum
11 ~16! individual scans~the integration time of a scan was
h with 60 sec integration time per point!. WhenQ is in the
first Brillouin zone ~BZ!, as in Fig. 2~a!, the Rayleigh line
and an inelastic peak corresponding to a longitudinal pho
are measured. WhenQ is in the second BZ, longitudinal an
transverse phonon peaks can be observed, as seen in
2~b!.

Keeping the quality of the single crystal is certainly
central issue to be able to collect good data. The pressur
the sample was increased too rapidly from 3.1 to 20 GPa
the mosaic spread of the crystal, increased from 0.1° at
GPa, to around 5° at 20 GPa. Consequently, the IXS sca
much deteriorated as seen in Fig. 2~c!. The energy position
of the excitation were determined fitting the spectra with
model function composed of Lorentzians for the inelas
signal ~1 or 2 depending on whether a transverse mode
observed! and a Lorentzian for the central peak. This mod
function was convoluted with the experimentally determin
energy resolution function. The fit to the experimental d
was performed by standardx2 minimization under the con-
dition that the detailed balance between Stokes and a
Stokes excitations is fulfilled.

The ~100! dispersion curve constructed from measu
ments at variousQ transfer is shown in Fig. 3 and the da
6-2
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FIG. 2. Raw spectra obtaine
on ID 16 at the ESRF : the uppe
spectrum corresponds to a fixe
momentum transfer belonging t
the first Brillouin zone; one can
distinguish on it the Stokes an
anti-Stokes peaks coming from
longitudinal phonons. The middle
spectrum corresponds to a fixe
momentum transfer in the secon
Brillouin zone; four peaks can be
seen and correspond to longitud
nal and transverse phonons. Th
lower spectrum corresponds to th
crystal at 20 GPa with a 5% mo
saicity.
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reported in Table I. TheV(Q) data are fitted like standar
acoustic branch with a sine function by fixing the maximu
of the dispersion curve at the BZ edge (QBZ512.97 nm21,
as measured from the single crystal diffraction data under
same thermodynamical conditions!. That gives a longitudina
acoustic speed of sound,cLA53250650 m/s and a trans
verse acoustic speed of sound,cTA52000650 m/s. This de-
termination is in very good agreement with the Brilloin sc
tering data of Grimsditchet al.16 as seen in Table II. An
alternative fit, leavingQBZ(100) as a free parameter, yields
slightly lower speed of sound of 3200 m/s, the differen
being within the error bar. The elastic constantsC115rcLA

2

and C445rcTA
2 are straightforwardly calculated. Using th

bulk modulus ~derived from the experimental EOS!, the
22430
e

-

e

value ofC12 can also be calculated, as reported in Table
Thereof the Cauchy relation that quantifies the deviation
the interactions of the system from additivity is estimated.
value, 0.4, indicates that non additive interactions certai
are significant at 3 GPa, confirming the conclusion of t
Brillouin scattering study of Grimsditchet al.16

IV. PHONON CALCULATIONS

A. The pair potential approach

The phonon dispersion curve of an fcc cubic crystal c
be straightforwardly calculated if a pair potential is assum
to model the interactions between the atoms. In the qu
6-3
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harmonic approximation, the three acoustic frequenc
n i(q) corresponding to the wave vectorq are determined by
the eigenvalue equation

4p2mn i~q!2ua
i ~q!5 (

b51

3

Dab~q!ub
i ~q!. ~5!

To take into account anharmonic contributions, that are
negligible in solid argon under the thermodynamic con
tions of the confrontation experiment theory presen
below,8 the force constant used to calculate the dynam
matrix can be self-consistently averaged over the position
the atoms undergoing the thermal motion. This is the s
consistent harmonic theory that can also be corrected
cubic anharmonic terms.18 The alternative approach, used
the present study, is to average the force constants ove
motion of the atoms during a molecular dynamic simulatio
The simulation was performed on a system of 2048 ato
initially placed on the sites of an fcc lattice with period
boundary conditions in the (N,V,E) microcanonical en-
semble. The constancy of the energyE was checked every 10
time steps. The time step was set to 5310214s, and was
estimated as 131022 of the Einstein cage period of an atom
The pressure was calculated with the virial theorem.19 The
dynamical matrix element

FIG. 3. Phonon dispersion curve of Ar along the~100! direction
at 3.1 GPa. The symbols ares: IXS longitudinal data obtained in
the first Brillouin zone,d: IXS longitudinal and transverse dat
obtained in the second Brillouin zone and reduced in the first B
louin zone, - - -: sinus fit to IXS data.
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Dab~k!52(
r j

F xa
j xb

j S 1

r 2

]2U~r !

]r 2
2

1

r 3

]U~r !

]r D U
r 5r j

1dabS 1

r

]U~r !

]r D U
r 5r j

Gsin2S 1

2
k•r j D ~6!

was calculated at each time step. With Eq.~5! the TA and
LA phonon frequencies along the~100! direction were ob-
tained for 25 values ofuqu equally spaced in the first Bril-
louin zone. The simulated phonon frequencies corresp
then to the time average of the longitudinal and transve
frequencies. This method should adequately take into
count the anharmonic contributions.

Two pair potentials were used in these simulations. Fi
the state of the art pair potential of argon, dubbed HFDID
which is constrained by a large set of pair potent
properties.7 Second, a pair potential, dubbed exp-6, invert
from Hugoniot measurements which should reproduce be
the properties of dense argon17 because it includes the many
body contributions averaged in its two-body form. In Fig.
the P(V) curves calculated with the two pair potentials a
compared to the x-ray data.17 The calculation with the
HFDID1 potential is in very good agreement with expe
ment below 10 GPa but exponentially diverges above as
pected due to the increasing importance of many-bo

TABLE I. Results of our measurements. The momentum tra
fers ~Q! are in nm21 and the energies are in meV. The limit of th
first Brillouin zone is 12.968 nm21; Q(1) is the reduced value of the
momentum transfer in the first BZ.DEL andDET are the error bars.

First BZ
Q EL DEL

2.91 5.5 0.75
5.33 10.7 0.5
7.78 14.3 0.5
10.27 16.5 0.5
12.72 17.6 0.5

Second BZ
Q Q(1) EL DEL ET DET

15.14 10.80 16.8 0.75 10.5 0.5
17.58 8.36 14.7 0.5 9.3 0.5
20.06 5.88 12.3 0.5 7.0 0.5l-
TABLE II. Comparison between our measurements and the Brillouin scattering data~Ref. 16!. Sound
speeds are in m/s and elastic constants in GPa.C115rAcL, C445rAcT, andC125(3B2C11)/2 is calculated
via the bulk modulusB516.0 GPa derived from the EOS published by Rosset al. ~Ref. 17!. The density
r52.398 g/cm3 comes from direct measurement of the cell parameter of our sample.A52C44/(C112C12)
andd5(C442C1212P)/C12 are the anisotropy factor and the Cauchy relation, respectively.

cL cT C11 C12 C44 A d

This work 3250650 2000650 25.360.8 11.460.4 9.660.5 1.460.2 0.460.1
Grimditch et al. ~Ref. 16! 3160650 1990650 24 12.3 9.5 1.62 0.27
6-4
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FIG. 4. Equation of state of ar
gon, comparison between x-ra
data ~Ref. 17! and simulations
with two pair potentials, the exp-6
~Ref. 17! one and the HFDID1
one~Ref. 7!. Main figure: the dots
represent the x-ray data with erro
bars and the line is the Vine
fit ~Ref. 22!: P53K0x22(1
2x)exp@3/2(K0821)(12x)# with
x5(V/V0)1/3 and with parameters
B051.157 GPa, B0857.950, and
V0526.858 cm3/mol. l is the
x-ray determination of our sample
at 3.1 GPa. Inset: difference be
tween the measured and calc
lated P(V). The symbols arem
PVinet2PHFDID1 ; j PVinet
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forces.8 On the other hand, the exp-6 potential gives a go
overall agreement up to 80 GPa, that is for the pressure ra
over which this effective pair potential has been adjus
with dynamical measurements. Therefore, one can say
within experimental error bars, both pair potentials satisf
torily reproduce the equation of state of argon below 10 G
with no clear evidence of the many-body contribution. Ho
ever, in the previous paragraph, we have shown through
Cauchy relation that non central forces are not negligible
3.1 GPa. It is interesting to see below what is the effect
such forces on the phonon branch.

The phonon calculation was first performed at ambi
pressure and 4.2 K, where very accurate volume and pho
dispersion data have been measured some 30 years ago
measured lattice constant isa55.311 Å and the INS phonon
dispersion data of Batcheleret al.20 are reported in Fig. 5
With the HFDID1 potential, the transverse branch is p
fectly reproduced and the longitudinal is reproduced wit
error bars. The exp-6 gives a less satisfactory agreem
especially for the transverse branch. Therefore at amb
pressure one may say that nonadditive interactions ha
minor contribution on the equilibrium volume and dynami
of solid argon. It is interesting to note that at ambient pr
sure, although nonadditive interactions have minor effects
the volume and the phonon frequencies, it was rece
shown that they are responsible for the stability of the
structure.21

In Fig. 6, the IXS~100! phonon data at 3.1 GPa are com
pared to the simulated phonon branch at the same vol
~experimental cell parameter a54.845 Å). The
HFDID1 pair potential gives a very good agreement for
longitudinal branch but gives too high transverse frequen
by 10%. On the other hand, the exp-6 potential gives a g
agreement with the transverse branch but underestimate
longitudinal branch by 7%. Because of the effect of man
body interactions, the pure pair potential cannot perfec
reproduce the properties of solid argon at 3.1 GPa, givin
small deviation on the EOS~2.8 GPa simulated instead o
22430
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3.1 GPa ata54.845 Å) and a more significant deviation o
the transverse phonon energy. If an effective exp-6 pair
tential is used, a reasonable agreement is achieved on
EOS~2.8 GPa simulated! but here again, it is not possible t
reproduce correctly the phonons dispersion curves. This i
a more detailed form what the Cauchy relation is telling
In the next section, we will try to estimate the many-bo
corrections to the phonon frequencies.

B. The many-body contribution

The effect of the triple-dipole forces on the phono
branch of argon has been established by Barkeret al.4 In
particular, it was shown that this three-body dispersion fo
has practically no effect on the transverse phonon bra

FIG. 5. Phonon dispersion of Ar atT54.2 K and ambient pres-
sure. Comparison between calculated phonon branches along~100!
and INS measurements~Ref. 20!. The symbols ared: INS data, —:
calculations using the HFDID1 potential~Ref. 7! - - - : calculations
using exp-6 potential~Ref. 17!.
6-5



e
ra
he
rv
ra
u
n

ad
th
ck

P
ed

x
pl

ody
bi-
e

tic

-

in
i-

lo
,
o-

F. OCCELLI et al. PHYSICAL REVIEW B 63 224306
whereas it increases the longitudinal branch. This cannot
plain the discrepancy discussed in the previous parag
between the calculation with the HFDID1 potential and t
IXS data at 3.1 GPa because there, the difference is obse
for the transverse branch. But, nonadditive exchange inte
tions are becoming increasingly important under press
and so they could have a larger contribution on the tra
verse branch than on the longitudinal branch.

We have tried to estimate the contribution of the non
ditive exchange interaction. For this, we have used
method of homogeneous deformations proposed by Zu
and Chell23 and used the notations of Bell and Zucker.18 We
assumed a reasonable many-body interaction at 3.1 G
namely, the Slater-Kirkwood form with parameters deriv
from high-pressure experiments by Loubeyre8 @see Eq.~7!
and Fig. 7#. The first exponential term represents the e
change three-body interaction and the other term the tri
dipole term.

W5$2Aexp@2a~r 11r 21r 3!#1C~r 1r 2r 3!23%

3~113 cosu1 cosu2 cosu3! ~7!

FIG. 6. Comparison between calculated phonon branches a
~100! and the IXS data. The symbols ared: IXS measurements
•••: sinus fits to IXS data, —: calculations using the HFDID1 p
tential ~Ref. 7!, - - -: calculations using the exp-6 potential~Ref.
17!.

FIG. 7. Geometry of the system of three particlesI, J, andK.
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with parameters A52 929 433.33e, a51.650 Å21, C
537703e, e5143.224 K.

In writing d5a/2 wherea is the cell parameterr 1
25Id2,

r 2
25Jd2, and r 3

25Kd2, Eq. ~7! can be written in the more
convenient reduced form

W5S 2
Ad3

C
exp@2ad~AI 1AJ1AK !#1~ IJK !23/2D

3S 11
3

8IJK
~ I 1J2K !~ I 2J1K !~2I 1J1K ! D .

~8!

Following Zucker, the three-body components inC11 and
C44 can be calculated as

vC11
(3)5sZ(3)@T212T3#d2(p13),

vC44
(3)5sZ(3)@T412T6#d2(p13) ~9!

with

T15
dp15

2 (
JÞK

Jx
2DJW,

T25
dp17

2 (
JÞK

Jx
4DJ

2W,

T35
dp17

2 (
JÞK

Jx
2Kx

2DJDKW,

T45
dp17

2 (
JÞK

Jx
2Jy

2DJ
2W,

T55
dp17

2 (
JÞK

Jx
2Ky

2DJDKW,

T65
dp17

2 (
JÞK

JxJyKxKyDJDKW,

where v52d3, DJ5(1/J)(]/]J), DK5(1/K)(]/]K), p
56, s51, andZ(3)57.7531023 S.I.

The calculation was checked by comparing the three-b
correction to the bulk modulus either calculated as a com
nation of Ti sums or directly as the derivative of the thre
body energy, i.e., in comparing211T1 with T212T3
12T414T5, we make sure that the corrections to the elas
constants we calculate verify the relationB(3)5(C11

(3)

12C12
(3)1P(3))/3 whereB(3) is the three-body forces correc

tion of the bulk modulus andP(3)52]Etot
(3)/]V. The correc-

tions to C11 and C44 at different pressures are reported
Table III. They indicate a larger correction on the longitud

ng
6-6
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PHONON DISPERSION CURVES IN AN ARGON SINGLE . . . PHYSICAL REVIEW B 63 224306
nal component than on the transverse one. These cont
tions are decreasing with pressure and will even change
under high pressure. But these contributions are known to
strongly dependent on the angular form of the th
body-interaction.23 The Axilrod-Teller potential that is use
here to model the many-body interactions is based on
same angular dependence for the exchange three body
tribution as the triple-dipole term. Therefore the assum
angular form can strongly influence the relative correctio
to the longitudinal and transverse branches. The calcula
can be analyzed in two ways.

~i! The HFDID1 represents adequately the repulsive p
of the pair potential for the interatomic distance at 3.1 G
The observed disagreement in Fig. 8 with IXS data me
that the Axilrod-Teller potential does not adequately rep
sent the exchange three-body interactions, particul
through its angular dependence.

~ii ! The HFDID1 is not a good pair potential for the in
teratomic distance corresponding to 3 GPa. But the ex
potential could represent better this repulsive part. As see
Fig. 8, the many-body corrections then go in the good dir
tion : the longitudinal phonon energies are increased, but
correction is only of the order of 1% whereas 7% would ha
been needed; the correction is very small for the transv
branch already in good agreement with IXS data.

In conclusion, we cannot fully resolve the discrepan
between calculation and IXS data. We show that the ma
body interaction can give measurable corrections on the p
non frequencies already at 3 GPa. A better agreement is
tained if the exp-6 is used as the pair potential. But certai
the magnitude and even the sign of this correction co
depend on the geometric form used for the exchange m
body potential. The determination of a many-body poten
that could bring agreement between calculations, EOS
IXS data is beyond the scope of this work. In summary,
analysis indeed shows that IXS is a powerful tool to test
many-body interactions of a system at high pressure.

V. CONCLUSION

Third generation synchrotron sources are continuously
fering new possibilities to study matter at high density. It
shown here that single-crystal IXS measurements can now
performed in a diamond anvil cell. Measurements were d
at 3.1 and 20 GPa and could be extended to Mbar pres

TABLE III. Calculation of the three-body forces corrections
the elastic constants in the simple case of Axilrod-Teller interact
P is the estimated pressure with the EOS of argon.r is in g/cm3

and the pressurelike quantities are in GPa. TheTi are the lattice
sums used in the Zucker formalism~Ref. 23!.

r P C11
(3) C44

(3) 211T1 T212T312T414T5

1.771 0 0.295 0.028 222,850 223,019
2.35 3.1 0.263 0.022 222,731 222,182
2.5 4.2 0.252 0.016 222,679 223,328
3.5 19 0.207 0.010 221,998 221,936
4.5 55 0.143 20.013 220,554 219,609
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~even with less accumulation time on a heavier eleme!.
But, for meaningful data, the quality of the single crys
should be preserved under pressure, for example, by u
helium as a pressure transmitting medium. The fine data
tained at 3.1 GPa were analyzed to address the influenc
many-body interaction on the dynamical properties. Man
body forces exist in solid argon even at ambient pressure
their influence is a subject of continuous interest. The inc
sion of the very small nonadditive exchange contributi
was recently found to be necessary to understand the
ferred fcc crystal structure at ambient pressure.21 Many-body
contributions on the EOS were shown to become incre
ingly important under pressure8 and it is found here that the
state-of-the-art argon pair potential is not capable to rep
duce the EOS above 10 GPa. It is also shown here
many-body contributions can have a larger influence on
dynamical properties than on the EOS: the IXS transve
data differ by around 10% with the pure pair potential c
culations. IXS measurements are important and complem

.

FIG. 8. Effect of nonadditive corrections calculated with t
Axilrod-Teller interaction. The symbols ared: IXS data. Upper,
- - -: HFDID1 calculation, —: HFDID1 calculation corrected wit
Axilrod-Teller interaction. Lower, - - -: exp-6 calculation, —: exp-6
calculation corrected with Axilrod-Teller interaction.
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tary to x-ray diffraction to investigate the properties of m
ter under high pressure. Various applications have b
highlighted in the introduction, in particular the possibility
finely test the model of interaction of the system such
embbeded atom potentials, increasingly used now at h
pressure. We will just point out here an important possibi
for high pressure physics, that is the calibration of an ab
lute pressure scale. On a single crystal of Ta or Au, wh
remains cubic at least to above 150 GPa,24 x-ray scattering
will give the volume versus the ruby pressure scale and
IXS will give the bulk modulus versus the ruby pressu
scale. The coupling of the two sets of data will give
.G

tt

Re

a

C
G

tte

22430
-
n

s
h

o-
h

e

integration the calibration of the ruby scale versus the ab
lute pressure.
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