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Brillouin scattering and three-body forces in argon at high pressures

M. Grimsditch, ' P. Loubeyre, and A. Polian
Laboratoire de Physique des Milieux Tres Condenses, Universite Pierre et Marie Curie (Paris VI),

Tour 13, Quatrierne Etage, 4 place Jussieu, F-75230 Paris Cedex 05, France
(Received 21 January 1986)

Brillouin scattering was measured at room temperature in liquid and solid argon in a diamond-
anvil cell at pressures up to 33 GPa. In the fluid, our results agree well with those obtained by ul-

trasonic methods. In the solid, the elastic anisotropy and the use of the experimental equation of
state allowed us to determine limiting values for all the elastic constants as a function of pressure.
%e also performed self-consistent phonon calculations using various pair potentials proposed for ar-
gon. From the comparison between calculation and experiment it can be stated that in dense solid
argon there is no way to reproduce the experimental results with any pair potential and that many-
body exchange potentials have to be incorporated for an accurate description.

I. INTRODUCTION

The description of the properties of condensed matter
in terms of the electronic properties of its constituent
atoms has been one of the main objectives of modern
solid-state physics. In most cases, however, complete ab
initio calculations are not possible due to their complexity.
A notable exception to this general rule is the rare-gas
solids. These systems, because of their simple electronic
configurations, which allow the atoms to be treated as
spherically symmetric and also which almost always crys-
tallize in a cubic structure, are ideal testing grounds for
calculations. From a theoretical standpoint, the concept
of pair interactions has brought major advances in this
field where pair potentials for He, Ne, and Ar have been
accurately determined. ' Until recently, essentially all the
experimentally determined properties of condensed rare
gases could be calculated using these potentials and subse-
quently extrapolated to domains where no experimental
results existed. In this respect one could say that "theory
was ahead of experiments. "

The amount of experimental results accumulated on the
rare-gas solids is considerable. The properties of these
systems are consequently well known as a function of
temperature and pressure up to 2 GPa. Above this pres-
sure, however, almost no experimental results existed.
One of the main reasons for the lack of experimental re-
sults at high pressures, which can now routinely be
achieved with the use of diamond-anvil cells (DAC), is
that these solids almost always crystallize in structures
that are neither Raman nor ir active, thereby excluding
two of the most powerful techniques used in DAC stud-
ies. Brillouin scattering, which only recently has become
applicable in conjunction with a DAC, is then one of
the few optical techniques available to study rare-gas
solids at very high pressures.

In Sec. II we briefly review the technique of Brillouin
scattering, describe the experiInental apparatus used, and
also describe the rather simple method used to load the
cell. Experimental results are presented in Sec. III. In
Sec. IV the methods used to calculate the properties of

solid argon will be briefly described and the results ob-
tained with various known potentials presented. Section
V contains the comparison between experiment and
theory. Our conclusions are summarized in Sec. VI.

II. BACKGROUND AND EXPERIMENTAL SETUP

The Brillouin scattering experiments were carried out
using a five-pass Fabry-Perot interferometer and 200 mW
of 514.5-nm radiation from a single-moded Ar laser. The
diamond-anvil cell was of the Block-Piermarini type and
hence all experiments were restricted to the backscattering
geometry. In this scattering gcemetry the shift {in cm ')
of the scattered radiation is given by

bo =2nv I&,
where n is the refractive index of the medium, A, the
wavelength of the incident radiation, c the velocity of
light, and v the velocity of sound in the medium. Furth-
ermore, since in this scattering geometry coupling of the
light occurs almost exclusively to the longitudinal pho-
nons, 9 only one peak (Stokes and anti-Stokes) originating
from the sample is observed. The free spectral range of
the interferometer was chosen so as to hide the very in-
tense Brillouin scattering from the diamond anvils' in the
unshifted laser line.

Loading is done with the setup shown in Fig. 1; the
shaded areas are added to the diamond-anvil cell to form
a cap above the fixed diamond. The volume under the
cap can be purged and then held at a pressure slightly
above 1 attn (0.12 MPa). Gas leakage around the piston is
small enough so as to pose no problem. The whole assem-
bly is then placed in liquid Nz, leaving the lucite cover
above the liquid. The hole in the gasket can then be ob-
served under a microscope until the liquid is seen to con-
dense into the hole; at this point, the cell can be closed
and the system removed from the liquid N2. This method
is obviously applicable to any gas that liquifies above 77
K (i.e., not He, Ne, or H2) and has been used by us to load
Kr and CH4. Furthermore, this method probably can be
used with many of the standard diamond-anvil cells. We
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FIG. 1. Schematic diagram of the system used to load the
cell with argon. The cross-hatched areas are the additions to the
standard cell. The upper portion, made of lucite, is screwed to
the two metal bars below. An 0-ring seals the cell and the lu-

cite.

Solid

10
I

20
PRESSURE (GPa}

30

may also mention that an extension of this method, in
which liquid He at a pressure of 2 bar was used as a
coolant, has allowed a cell to be filled with He.

Once Ar is in the cell is it possible to obtain a single
crystal in the same manner as previously described for
H20. " A single argon crystal in equilibrium with the
liquid is observed to be almast circular and shows no sign
of faceting; hence, no information is available as to its
orientation.

The pressure was measured using the nonlinear ruby
fluorescence scale, ' viz. ,

5

of xenon was calculated accurately using a one-electron
model for the dielectric constant. The use of the
correspanding-states law led to the following equations 4

2

3
2

n —1

Pl +2
+3.125X10 45 4

E2 E2 (3)

FIG. 2. Brillouin frequency shift from argon as a function of
pressure {left-hand scale) and the corresponding values of the
product of the refractive index times the sound velocity (right-
hand scale).

P(GPa) =380.8 (2) where

Es ——19.23+0.381
i
0.9107p—1

i

' (4)

where A, and Q are the positions of the ruby fluorescence
peaks at pressures P and zero, respectively.

III. RESULTS AND DISCUSSION

In Fig. 2 we present the measured frequency shift as a
function of pressure. Using Eq. (1) we obtain values for
nu which are indicated on the right-hand side of Fig. 2.
Furthermore, since these results may be useful to test fu-
ture theoretical calculations, we also present them in tabu-
lar form in Table I.

The results in Fig. 2 clearly show the fluid-solid transi-
tion at 1.35 GPa which is in good agreeinent with previ-
ous determinations of the melting curve. ' Below the
Inelting point our experimental results can be seen to be
very reproducible and our major source of error in this re-
gion is in the pressure determination. Above 1.4 GPa the
spread in the experimental results is greater than the ex-
perimental error and can be traced to the elastic anisotro-

py of argon. This point will be discussed in greater detail
in the next section.

In order to evaluate the velocities and the elastic con-
stants of argon from our experimental results, it is niees-
sary [see Eq. (1)] to know the refractive index as a func-
tion of pressure. Since the refractive index of argon has
not been measured at high pressures we use the results ob-
tained from calculations. In Ref. 14, the refractive index

E is the photon energy at which the refractive index is
calculated; E and Es are in eV and p in glcm . Prelimi-
nary measurements up to 15 GPa (Ref. 15) confirm the
extrapolation.

We naw analyze separately, in the following, the re-
gions of fiuid and solid.

(i) Fluid: In this region the density is well known and
in Table I we list the densities obtained from Ref. 13 at
the pressures of our measurements. The refractive index
measured in the liquid' [with which the calculations
based on Eqs. (3) and (4) agree well] is also listed in Table
I. With these values of n, the sound velocity u and the
adiabatic bulk modulus B„defined by

2
&s =Pu (5)

can be calculated and are listed in Table I. In Fig. 3 we
plot our values af 8, (open circles), which can be seen to
be in good agreetnent with those of Ref. 13 (dots}.

(ii) Solids: In the solid, the density has been determined
by x rays up to 77 GPa' ' and is plotted in Fig. 4 (dots}.
We have fitted these results to a polynomial of the form

P=gA;p' .

for different values of i and find that for i & 3 the sum of
the "square errors" no longer diminishes appreciably.



7194 M. GRIMSDITCH, P. LOUBEYRE, AND A. POLIAN 33

Hence, we have taken i =3 and obtain Ao ——12.65,
A, =—11.43, A2 ——1.5, and A3 —0.6S when P is in GPa
and p in g/cm . The solid curve in Fig. 4 represents this
fit and it can be seen that it describes the experimental re-
sults extremely well. The isothermal bulk modulus BT
(which apart from a small region near melting can be tak-

en to be equal to the adiabatic one} can be calculated from
Eq. (6) using

8=8,=BT——P
dI'

(7)
dp

The values of 8 thus obtained turned out to be very sensi-

TABLE I. Experimental results for Brillouin scattering at various pressures. For each pressure is given the Brillouin shift Acr in
cm, nv deduced through Eq. (1), the density taken from Refs. 17—19, the refractive index n [measured in the liquid (Ref. 16) and
calculated in the solid using Kqs. (4) and (5)], and the effective elastic constant C =p, .

0.11
0.13
0.27
0.28
0.35
0.38
0.38
0.39
0.47
0.48
0.55
0.55
0.65
0.66
0.76
0.82
0.91
0.99
1.01
1.02
1.12
1.24
1.36

1.31
1.47
1.47
1.53
1.81
1.93
1.98
2.26
2.53
2.69
3.00
3.05
3.07
3.16
3.16
3.25
3.30
3.30
3.58
3.87
3.96
4.08
4.08
4.35
4.78
4.79

0.161
0.153
0.199
0.196
0.219
0.223
0.225
0.225
0.240
0.239
0.251
0.254
0.270
0.273
0.287
0.293
0.309
0.319
0.320
0.332
0.337
0.350
0.354

OA27
0.421
OA59
0.403
0.502
0.535
0.489
0.544
0.591
0.587
0.603
0.643
0.614
0.610
0.629
0.646
0.603
0.655
0.645
0.678
0.672
0.678
0.687
0.697
0.725
0.745

1.24
1.18
1.54
1.51
1.69
1.72
1.74
1.74
1.85
1.84
1.94
1.96
2.08
2.11
2.21
2.26
2.38
2.46
2.47
2.56
2.60
2.70
2.73

3.30
3.25
3.54
3.11
3.87
4.13
3.77
4.20
4.56
4.53
4.65
4.96
4.74
4.71
4.85
4.99
4.65
5.05
4.9S
5.23
5.19
5.23
5.30
5.38
5.60
5.75

1.030
1.090
1.325
1.340
1.420
1.445
1.445
1.450
1.515
1.S25
1.570
1.570
1.630
1.63S
1.700
1.725
1.770
1.800
1.810
1.815
1.850
1.890
1.920

2.017
2.066
2.066
2.083
2.151
2.177
2.187
2.240
2.286
2.312
2.358
2.364
2.367
2.380
2.380
2.392
2.399
2.399
2.434
2.470
2.480
2.494
2.494
2.524
2.569
2.570

1.168
1.178
1.218
1.220
1.234
1.238
1.238
1.239
1.250
1.251
1.259
1.259
1.269
1.270
1.281
1.285
1.288
1.294
1.299
1.300
1.306
1.312
1.314

1.333
1.341
1 ~ 341
1.344
1.355
1.359
1.360
1.369
1.376
1.380
1.387
1.388
1.389
1.391
1.391
1.393
1.393
1.393
1.399
1.404
1.406
1.408
1.408
1.413
1.419
1.420

1.16
1.09
2.12
2.05
2.66
2.79
2.85
2.86
3.32
3.30
3.73
3.81
4.38
4.51
5.06
5.34
6.05
6.50
6.54
7.04
7.33
8.00
8.29

12.36
12.14
14.40
11.16
17.56
20.11
16.80
21.09
25.10
24.91
26.49
30.18
27.58
27.30
28.95
30.72
26.71
31.SO

30.84
34.2S
33.79
34A1
35.33
36.61
39.99
42.17

4.87
4.92
5.17
5.35
5.56
5.56
5.74
5.82
6.00
6.03
6.45
6.53
6.63
7.02
7.15
7.16
7.41
7.50
7.91
7.91
8.68
8.89
9,47
9.55
9.96

10.81
11.24
11.34
11.78
12.36
12.47
13.45
14.71
14.79
15.91
16.87
18.59
19.76
20.23
22.19
23.19
25.65
26.40
28.11
28.22
29.16
29.19
31.21
33.58

0.749
0.724
0.749
0.780
0.765
0.803
0.812
0.796
0.820
0.834
0.814
0.854
0.858
O.S37
0.877
0.850
0.886
0.885
0.873
0.893
0.944
0.942
0.939
0.967
1.008
1.009
1.059
1.038
1.053
1.042
1.080
1.107
1.120
1.147
1.215
1.204
1.293
1.282
1.321
1.334
1.365
1.466
1.483
1.473
1.489
1.503
1.506
1.572
1.612

5.78
5.59
5.78
6.02
5.90
6.20
6.27
6.14
6.33
6.44
6.28
6.59
6.62
6A6
6.77
6.56
6.84
6.83
6.74
6.89
7.29
7.27
7.25
7.46
7.78
7.79
8.17
8.01
8.13
8.04
8.33
8.54
8.64
8.85
9.38
9.29
9.98
9.89

10.19
10.30
10.53
11.31
11A5
11.37
11.49
11.60
11.62
12.13
12.44

2.578
2.583
2.608
2.625
2.644
2.644
2.661
2.668
2.684
2.687
2.723
2.730
2.738
2.769
2.779
2.780
2.800
2.806
2.837
2.837
2.892
2.906
2.94S
2.951
2.977
3.030
3.056
3.062
3.087
3.120
3.126
3.180
3.244
3.249
3.304
3.348
3.426
3.476
3.496
3.574
3.613
3.704
3.731
3.790
3.794
3.826
3.826
3.892
3.936

1.421
1.421
1.425
1.428
1.431
1.431
1.433
1.434
1.436
1.437
1.442
1.443
1 AAA

1A49
1.450
1.450
1.453
1.454
1.458
1.458
1.466
1.468
1.473
1.474
1.477
1.485
1.488
1.489
1.492
1.496
1.497
1.504
1.512
1.513
1.519
1.525
1.534
1.539
1.542
1.550
1.554
1.564
1.566
1.572
1.573
1.576
1.576
1.582
1.585

42.67
39.95
42.90
46.67
44.9S
49.67
50.94
48.91
52.13
53.98
51.65
56.94
57.53
55.07
60.58
56.89
62.05
61.93
60.61
63.33
71.52
71.29
71.33
75.59
82.54
83.42
92.12
88.63
91.64
90.07
96.77

102.5
105.9
111.2
125.9
124.3
145.0
143.5
152.7
157.8
165.8
193.8
199.4
198.2
202.6
207.4
208.1

229.0
242.3



33 BRILLOUIN SCAI I'ERING AND THREE-BODY FORCES IN ARGON. . . 7195

CO 6-
D0

D
lXl

V
i-
Cl

Cl

l

LIQUID ARGON //

c'

C&i

4—
E
V

X
co 3
LLI

Ch

ARGON

~r
s~&

o~ 0

l

20 40
PRESSURE (GPS)

l

60

FIG. 4. Density of solid argon versus pressure. Dots: Refs.
17—19. Solid line: our fit to the data.
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FIG. 3. Adiabatic bulk modulus of liquid argon versus pres-
sure. Open circles are our results and the dots are from Ref. 13.

Cii to C'. However, due to the problem of sample
reorientation in the cell (to be discussed in greater detail in
a later paragraph), we can only interpret our results as a
correct value for C' and only as an upper limit for Cii.
If we combine our results with those of the bulk modulus
given by Eqs. (6} and (7), using the fact that for a cubic
crystal

tive to the fit at low densities. Fram the different fits we
estimate the error in B to be 15% around 2 GPa, 2% at 4
GPa, and 1% at higher pressures ( & 60 GPa).

As for the liquid, the densities from Eq. (6) allaw the
refractive index, the velocity, and an effective elastic con-
stant, defined by

C=pv

to be calculated These .are given in Table I. The values
far C are plotted in Fig. 5 as a function of pressure. The
spread in experimental points is due to elastic anisotropy
of the crystal, as was ascertained by repetitive cycling of
the sample from liquid to 3 GPa so that a new single crys-
tal was produced each time. In the cases where no pre-
cautions were taken to produced a single crystal, the Bril-
louin peaks were usually considerably broadened.

From the elastic constants determined at lo~ tempera-
tures and from theoretical calculatians, it is known that
a minimum in the longitudinal sound velocity exists along
the (100) directions and is given by

v =C„/p,2

and a maximum along the (111) directions is given by

B= —,
' (Cii+2Cii),

b
b
Ol

D

b

/
/
r

/ /
/ a/

/ err
j

/
/

/
/

/ r
/ aI

/

(12)

v2=C'/p,

vvhere

(10) 10 20
PRESSURE (GPa)

30

C' = —,
' (C» +2C,2+4C~ } .

If the orientations of the crystals formed in the cell
were perfectly random we could interpret our results as a
band, given by the dashed curve in Fig. 5, extending from

FIG. 5. Elastic moduli of sohd argon versus pressure. Trian-
gles: effective longitudinal moduli (defined in text) measured by
Brillouin scattering; the two dashed lines represent the envelope
curves we used to determine C~~ and C (see text). Solid line:
bulk modulus determined by x-ray measurements (Refs. 17—19).
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TABLE Il. Elastic constants of solid argon versus pressure. (All the quantities are in GPa. )

2

6
10
15
20
25
30

11+1
21.6+0.5
30.6+0.5
46.9+0.5
65.6+0.6
83.5+0.8
101+1.0
118+1.0

21+1
37+1
54+1
83+1

120+2
155+2
191+2
225%2

16+1
32+1
48+1
74+1

109+2
142+2
178+2
211+2

7.5+1.5
11.6+1.1
17.6+1.1
27. 1+1.1

41+2
54+2
68+2
80%2

8.4+2.0
16.3+1.3
21.9+1.3
33.3%1.3

44+2
54+2
63+3
71%3

'For the upper bound.
For the lower bound.

we can obtain a complete set of elastic constants, or at
least upper and lower bounds for them as a function of
pressure. These are given in Table II.

The phenomenon of crystal reorientation has been re-
ported in Ref. 21. There, it was found that upon increas-
ing pressure the sample could change its orientation so
that certain preferential directions would lie along the cell
axis. This effect, as observed in our Brillouin scattering
measurements, is shown for a particular run in Fig. 6.
Starting with a single crystal at 1.4 GPa, a single peak
was observed up to 5.57 GPa when two peaks were ob-
served simultaneously. At higher pressures the lower
peak slowly disappeared. On decreasing the pressure, the
peaks became broader, consistent with the presence of a
mixture of orientations. The increase observed at 5.57
GPa is consistent with a reorientation along a (111)
direction, as reported in Ref. 21. We have also observed
the converse effect, viz. , that on decreasing pressure, a
sudden drop occurs in the position of the Brillouin peak.
This could indicate a reorientation of the crystal along its
softest direction, i.e., (100), in which case the values of
C» and Ci2 given in Table II would be correct. Howev-
er, until this assumption can be confirmed by x-ray mea-
surements we will treat the values given for C&i and Ciz
as upper and lower bounds, respectively.

In Fig. 7 we show the logarithm of the peak intensity,
normalized to laser power and accumulation time, of the
Brillouin lines of argon as a function of pressure. Using
expressions for the intensity of Brillouin scattering (Ref.
22), we can expect

n "(p")'d
(13)

phcr~

where d is the distance between the diamond anvils and

p,j is an elasto-optic constant. Since in this expression all
term except p;1 can be evaluated, we conclude that p,&

di-
minishes by a factor of 3.5+2 when the pressure is in-

creased from 2 to 8 GPa, where the error comes mainly
from the measured intensities and the estimate of d.

As a final point we mention the use of argon as a pres-
sure transmitting medium; it has sometimes been assumed
that because of its "soft" nature it would be a good sub-

stance for that purpose. In our experiments we found that
in spite of maintaining a relatively narrow hnewidth (12
cm ') up to 35 GPa, the equivalent pressure difference
between two rubies at opposite ends of the hole in the gas-
ket was as large as 1.5 GPa. Consequently, even though it
certainly is better than the conventional methanol-ethanol
mixture, it is still not a perfect hydrostatic pressure medi-
Um.

100 =

0 0.6—

LLl

LU

K
LL 04~

I I
4 6

PRESSURE {GPa)

~ ~

I I I

2 4 6
PRESSURE (GPa)

FIG. 6. Frequency shift versus pressure showing the effect of
crystal reorientation. Dots: pressure increases. Triangles:
pressure dcc~hscs.

FIG. 7. Logarithm of the intensity of the Brillouin peak
versus prcssure.
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IV. THEORETICAL ANALYSIS

The Brillouin scattering measurements reported in the
preceding section and the recent x-ray determination of
the equation of state' ' provide the first comprehensive
data set of the evolution of the properties of a rare-gas
solid at high densities. In the density range investigated
here, electronic excitations are still negligible and the sub-
stance remains a simple closed-shell insulator. In the
density region previously studied, solid argon was well

modeled by pair potentials except at very low density near
P =0, where three-body forces have to be incorporated.
The pair potential is accurately determined in the region
of the "well, "while the repulsive part at small distances is
not as precisely known. It is in this region that the exist-
ing potentials differ most markedly from one another and
also from the experimental results obtained from beam
scattering experiments. z5 The experimental data now
available in the high-density region provide an excellent
opportunity for testing the various potentials presently
used and should provide us with the following informa-
tion: (i) Does the pair potential, as determined by beam
scattering, explain the experimental data. and (ii) If not,
can an effective pair potential (which included effects of
three-body forces) be found which explains the data?

In a recent article on the high-pressure phase diagram
of helium, the self-consistent harmonic (SCH) theory,
corrected for the cubic anharmonic term near melting,
was shown to be a reliable statistical model for analyzing
properties of dense insulators. Since comprehensive re-
views of the SCH method are available and since we have
umph the same program as in Ref. 23, here we will simply
briefly review the basic ideas of the method.

In the SCH theory, the force constants used to calculate
the dynamical matrix are self-consistently averaged over
the position of the atoms undergoing the thermal motion.
The structure is taken to be fcc, as determined by x rays,
which permits the sums to be carried out over —,', of the
total Brillouin zone with a mesh equivalent to 3999 points
in the full zone. The frequencies and free energies con-
verge to within two parts in 10 after eight iterations of
the self-consistent equations. Since in solid He the SCH
free energy was found to be not accurate enough near
melting and the first cubic anharmonic term dd 3, to be
required, we have also included it in these calculations.
Since it involves a lengthy procedure with a double sum
over the Brillouin zone, an estimate was obtained within
the framework of an Einstein approximation, viz. ,

AFAR
——— [12n(co@) +12n(coE)+1]

A f2 2

48M a)E

V(cm /mole)

5.8 1 1.5

--—HFD-C

10

order to compensate for the fact that by replacing all co~i

by the average value coE, LF3 would be underestimated.
In this paper we take A = 1.2614, which was shown to re-
sult in a perfect agreement between SCH + CE and
Monte Carlo free energies in the near melting region for
dense helium. This approximation should also be very
accurate for argon since its potential in reduced units is
similar to that of helium. Furthermore, this approxima-
tion represents a noticeable improvement over the SCH
only for pressures less than 3 GPa above the melting
point; above this pressure the SCH is very accurate, even
without the correction term. It has also been shown in
Ref. 26 that the SCH dispersion curves of dense helium
agree well with those calculated by molecular dynamics in
the small-k region, even near melting, implying that the
isothermal elastic constants were well calculated in this
approximation.

The calculations reported here were performed with
four well-known potentials for argon. (i) The Barker-
Fisher-Watts (BFW) potential; fitted to pair, liquid, and
solid properties and hence supposed to be accurate over a
wide range of interatomic distances. i9 (ii) The Ross po-
tential; fitted to shock-wave data; expected to be good in
the repulsive region. (iii) The HPD-C potential of Aziz
and Chen known as the best potential for argon, especially
in the potential-well region. i (iv) HPD-D; a modification
of HFD-C that is forced into better agreement with beam

where 4~p„ is the average of the third derivative of the in-
teraction potential over the Gaussian distribution of the
displacements and

n(coE) =(e 1)— (15)

This approximation will be denoted by SCH plus CE (the
cubic Einstein term). The constant A was introduced in

2.4 2.8 3.0

R(A)

FIG. 8. Logarithm of the pair potentials of argon versus the
interatomic distance. Each interatomic distance R corresponds
to the nearest-neighbor distance of a fcc lattice of volume
V=R'/2'. The potential labels are discussed in text.
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scattering data' but which is less accurate in the well re-
gion. The repulsive parts of the above potentials, together
with the been scattering potentia1, are plotted in Fig. 8.
The HFD-C potential for R &2.8 A and the bmm
scattering one for R & 2.8 A should be very near the true
pair potential. Although many other potentials of argon
have been proposed, we have not included them here since
they fall within the range covered by the potentials we
have chosen.

Since it was shown that both the equation of state and
the elastic constants change by less than 5% when only
first neighbors are included in the calculation, it can be in-
ferred in the calculation that these properties are essential-
ly detexxxiined by the shape of the potential around the
nearest-neighbor distance (for a fcc crystal R =2'~sV'~3,
where V is the specific volume). With this in mind, in
Fig. 8 we have also given a scale of specific volume that
corresponds to a nearest-neighbor distance R. In Figs.
9(a) and 9(b) we plot the equation of state, calculated us-

ing the potentials previously described, and compare it
with that which was experimentally determined [for clari-
ty, in this figure we have replaced the individual experi-
mental points by the fit described by Eq. (6)]. The calcu-
lated elastic constant C, ' which can be directly compared
with experiment, is presented in Fig. 10 as a function of
pressure for the various potentials. The complete set of
elastic constants calculated with the HFU-C potential is
given for a number of pressures in Table III, together with
the experimental ones.

We point out that Fig. 9 it can be seen that above 0.7
GPa, the properties that are being probed are determined
by the potential in the region where substantial differences
between the various models exist.

V. COMPARISON OF THEORY AND EXPERIMENT

In Fig. 9 it can be seen that below 3 GPa, essentially all
the calculations are in agreement with experiment. This is
expected since in this region the interatomic distances are
still in a region where the pair potential is well known and
where all the potentials used are similar. In the region be-
tween 3 and 10 GPa (8 =3.2 A), the BFW potential fits
the experimental data extremely well, while the largest
discrepancy is obtained with the Ross potential. For pres-
sures between 10 and 30 GPa {R-3.0 A), no potential
gives a good ftt but the fits are slightly better for the po-
tentials which are less repulsive and which have a smaller
first derivative. The good agreement produced for the
Ross potential around 35 GPa is not surprising since the
potential was made to ftt the Hugoniot shock-wave data
at -30 GPa and happens to be the softer potential. At
higher pressure {& 60 GPa) all the potentials seem to devi-
ate from the experimental results but the BFW becomes
softer in this density region, its equation of state (EOS) in-
itiates a better agreement.

The preceding analysis indicates that the best fit seems
to be obtained with the less repulsive potentials which lie
below the results obtained by beam scattering which are
"perfect" two-body interactions. This implies that these
potentials are effective two-body interactions which con-
tain contributions arising from many-body forces. That

200-

(b)
t

60

P(GPa)

80
100-

FIG. 9. (a) Equation of state of solid argon determined by the
various potentials compared with the experimental one up to 30
GPa. The experimental data represented by the fit of Eq. {6)are
plotted as triangles. (b) Same as (a) in the high-pressure region:
between 30 and 110 GPa. The open triangles represent extrapo-
lation of the experimental EOS (Refs. 17—19) using Eq. (6).

10
I

20

P(Gr a)

FIG. 10. Comparison between the elastic constant C calcu-
lated for various potentials in the SHC formalism and our ex-
perimental results versus pressure.
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TABLE III. Experimental and theoretical HFD-C (indicated

by ) elastic constants. &=2C~/(Cii —C») is the anisotropy
parameter and 5=(C~—CI2+2P)/CI2 is the deviation from
the Cauchy relation.

P
(GPa)

1.65'
2.0
3.21'
4.0
5.8'
6.0

15
20
25
30
30
51

(GPa)

15.1
16.0
26.7
32
43.6
48

110
140
180
210
171
268.3

CI2
(GPa}

10.0
8.4

18.4
16
31.0
22
44
54
63
74

130
209.5

{GPa)

7.3
7.5

12.5
12
19.7
18
41
S4
68
80
71

108

2.86
& 1.97

3.01
& 1.5

3.12
& 1.38
& 1.24
& 1.25
& 1.16
& 1.17

3.46
3.67

0.06
0.37
0.028
0.25
0.009
0.36
0.61
0.74
0.87
0.89
0.007
0.002

this contribution is attractive in nature agrees with the re-
sults obtained from the study of rare-gas clusters. z' Our
conclusion, however, differs from that in Ref. 23, in
which the contribution of three-body forces was found to
be negligible, but it must be stressed that the temperature
domains in which the conclusions are drawn are not the
same.

In a discussion of the elastic properties of Ar it is useful
to consider the Cauchy relation which states that at zero
temperature and pressure, in a crystal in which all atoms
are at the center of symmetry and in which only central
forces play a significant role, the relationship

C44=ciz (16)

must hold. z At higher pressures this condition can be
generalized3 to

C~ —C)2+2P =0 . (17)

The effect of temperature on the Cauchy relationship
can be estimated by considering anharmonic terms in the
free energy and are found to be small (viz. , 6%%uo close to
melting and & 1% above 6 GPa). Hence, as expected, the
theoretical calculation (Table III) satisfies Eq. (17) to a
good degree of accuracy, especially at high pressures. The
experimental results in Table III, however, are incon-
sistent with Eq. (17). Even if one considers the upper
bound for Ciz (viz. , Ciz B), Eq. (17) is v——iolated above

15 GPa. Consequently, it can be stated that an accurate
description of high-density argon in terms of pairwise in-
teractions is impossible and that the incorporation of non-
central forces is absolutely necessary.

The above conclusion is confirmed by the calculation,
as shown in Fig. 10, in which the elastic constant C' is
plotted. As explained in Sec. III, the experimental C' is a
lower bound. Even if one takes into account the errors
due to the pressure determination, it can be seen that the
potential which best fits the equation of state gives a C'
out of the allowed range and provides the worst descrip-
tion of the elastic constants; or conversely, the change
necessary to account for the elastic constant, viz. , a
hardening of the repulsive forces, produces a definitive
deterioration of the equation of state.

UI. CONCLUSIONS

The Brillouin scattering results presented in this article,
together with previous x-ray measurements' ' up to 77
GPa, provide limit values for a complete set of elastic
constants for argon up to 35 GPa. It is the first time that
such a complete data set exists for any material at
ultrahigh pressures and it has provided an ideal case for
investigating the validity of the pair potential concept
which is usually employed in calculations. Although
reasonably accurate equations of state can be derived us-
ing potentials currently found in the literature, the elastic
constants through the Cauchy relation indicate that a
complete description of the elastic constants is not feasible
using a pair potential model. The fact that noncentral
forces must be incorporated to produce a complete
description is also confirmed by the calculations and leads
to the fact that many-body exchange potentials must be
incorporated into any calculation which attempts to
describe dense Ar and that there is no point in trying to
refine an effective two-body potential.
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