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The pressure dependence of the refractive index of argon has been measured in a diamond
anvil cell up to 15 GPa. We describe in detail the novel technique used, which offers
considerably higher accuracy than the others previously utilized. Our results on Ar agree with
previous results at lower pressures and are compared with theoretical calculations at high

pressure.

INTRODUCTION

The advent of the diamond anvil cell (DAC) has revo-
lutionized high-pressure studies by adding almost two or-
ders of magnitude to the static pressures which can now be
routinely achieved in the laboratory.' However, due to the
small size of the sample ( ~ 1 ug), many of the conventional
tools used for material characterization are not applicable. It
is then of general interest to develop methods which allow
different properties to be measured: here we shall deal with
the determination of the refractive index ».

The determination of the refractive index is of interest
since it is directly related to more fundamental properties
such as the density and band structure. Furthermore, it is of
indirect interest in Brillouin scattering experiments, where it
is required in the data analysis and also from the technical
side if the distance between the diamond anvils is to be deter-
mined.

The most accurate method to determine » is that used
for GaS (Ref. 2) and GaP (Ref. 3). This method can be used
in cases where the sample can be placed in the cell in the form
of a thin platelet. The faces of the sample act as a Fabry-
Pérot interferometer which produces interferences in the
transmitted light. From the distance between the successive
transmission maxima or minima, the product nd can be de-
termined (d is the sample thickness). If the compressibility
and the thickness at zero pressure are known, 7 can be evalu-
ated.

A second method which can be used for samples in the
platelet geometry and of known orientation is Brillouin scat-
tering;* using two different scattering geometries it involves
the determination of the sound velocity v and the product nv.
Provided the experiments probe the same propagation direc-
tion (and consequently the same sound velocity), 7 can be
determined.

Both above methods fail when dealing with samples that
are loaded into the cell as a fluid and which crystallize ran-
domly when pressure is increased. In the first method, even
though interferences fringes are still observed between the
diamond surfaces, the distance d can now no longer be esti-
mated in a straightforward manner. The second method fails
since different velocities are measured in the two scattering
geometries.
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In principle, if a series of samples of different refractive
indices could be measured by either of the two above-men-
tioned techniques, then the pressure at which index match-
ing occurs between the sample and the surrounding fiuid or
solid could be used to determine » of the later. However,
even though this was proven to be a reliable method,’ it is
difficult (or even impossible as in the case of helium) to find
the adequate set of reference samples.

The method which has been used to date for samples
that crystallize in the cell completely filling the space
between the diamonds relies on the fact that the anvils act as
a Fabry-Perot interferometer so that a maximum in trans-
mitted light occurs when

2nd cos ¢ = KA, (D

where K is an integer (interference order),A the wavelength,
d the distance between the diamonds, and ¢ the angle inside
the cell that the light makes with the cell axis. After account-
ing for refraction, Eq. (1) can be written in terms of 8, the
angle the light makes with the cell normal outside the cell,
viz,

= KA. (2)

a2 172
2nd(l _ smze)

n

Typically, a transmission curve (Fig. 1) as a function of
wavelength is recorded. Then, by rotating the cell to change
0, a similar spectrum is recorded, and from the shift in the
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FIG. 1. Typical interference spectrum of argon in the DAC at 2.9 GPa. The
shape of the envelope curves results from the convolution of the spectral
distribution of the quartz-iodine lamp with the response of the spectrom-
eter.
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transmission maxima the distance 4 and » can both be calcu-
Jated.® This conceptually simple method suffers from a seri-
ous drawback: it requires that either 4 be a constant (perfect-
ly parallel diamonds) or that exactly the same spot be
probed after the cell has been rotated. Since neither of these
conditions is easy to satisfy, the reported results contain er-
rors as large as 30% in n.

DESCRIPTION OF THE METHOD

In order to overcome the above difficulties, we use the
following method: in a first step, we determine the interfer-
enceorder K for 8 = O0from a spectrum as shown in Fig. 1; in
a second step we use a beam of monochromatic light focused
in the cell with a very wide aperture lens. It is then possible to
probe different angles without moving the cell, thus making
sure that the same spot is being probed at all angles. The
setup we have used is shown in Fig. 2. The purpose of the
elements in our setup are as follows: The combination of the
pinhole Pand the lenses L 1 and L 2 allows the full solid angle
of the cell to be utilized, the image of P being focused onto
the hole in the gasket.

If, with the setup of Fig. 2, the light transmitted through
the cell is allowed to fall on a screen, a set of concentric rings
is observed as given by Eq. (2). The intensity distribution as
a function of angle is schematically shown in Fig. 3(a), and
the depth of the troughs is proportional to the square of the
difference between the refractive indices of diamond and the
material in the cell. This translates into the fact that when
n > 1.3 the fringes become unobservable to the naked eye. To
improve the contrast, the fringes can be observed in reflec-
tion by placing a beam splitter S between the cell and the lens
L 2. Unfortunately, the light reflected at the front surface of
the diamond produces a very intense background so that
only an intensity distribution shown in Fig. 3(b) is obtained
and not much is gained compared with the observation in
transmission. The final arrangement shown in Fig. 2 spatial-
ly filters out the radiation from the front surface of the dia-
mond, and fringes of excellent contrast [Fig. 3(c)] can be
observed on a screen placed as shown.

The angle 8 can be calculated from the fringes by mea-
suring their diameter and the distance from the pinhole to
the screen if the magnification produced by the lens L 2 is
known. (The simplest method to calibrate the system is with
an empty cell, i.e., n = 1.) If the angles subtended by the
fringes are &, (numbering starts at the center) and X is the
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y
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FIG. 2. Experimental setup: L, and L, lenses, S beam splitter, P pinhole.
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FIG. 3. (a) Angular distribution of the light transmitted through the DAC
with the setup of Fig. 2. (b) Angular distribution of the reflected light when
the pinhole of the setup of Fig. 2 is removed. (¢) Actual angular distribution
of the light observed with the full setup of Fig. 2.

interference order of the ith fringe, n can be written |see Eq.
(2)]:
n’=K?(sin’ @, —sin’ 6,)/(K} — K?) +sin*6,. (3)

The interference order of the first ring can be deter-
mined exactly from a transmission curve as shown in Fig. 1,
and since the interference order of successive rings decreases
by unity, Eq. (3) can be used to calculate n.

RESULTS FOR ARGON

Since no materia! exists which crystallizes in the cell and
for which the refractive index has been accurately measured
at high pressures, we have chosen to study argon because it is
optically isotropic and because its refractive index can be
calculated from its simple electronic structure and known
equation of state.>’ This provides us with a check for our
experimental resuits.

Our experiments were performed in a conventional
Block~Piermarini cell® with an aperture half angle of 15°.
The cell was loaded with argon as described in Ref. 9. At Jow
pressures and with a gasket thickness of ~70 um, we ob-
served 5-6 fringes which enabled us to obtain n with reason-
able accuracy. At higher pressures, decreasing gasket thick-
ness ( ~20um) reduced the number of observed fringes to 2.
In order to increase the accuracy (the errors will be dis-
cussed in detail in the next section) we managed to increase
the number of observed rings by filling the conical aperture
of the cell with a lHguid of high refractive index. This tech-
nique, which increases the effective aperture by n of the lig-
uid, allowed us to observe 3—4 fringes at 15 GPa.

Our experimental results are shown in Fig. 4 (points).
The error bars are based only on the scatter that arises when
different pairs of fringes are used in Eq. (3) to calculate n.
The full line in Fig. 4 is the calculated refractive index® and
the stars are the experimental results from Ref. 10. At low
pressures ( <1 GPa), our experimental resuits agree with
the very accurate resuits from Ref. 10. Within the experi-
mental scatter, our results are also in agreement with the
calculations® over the whole investigated pressure range. At
higher pressures, however, the scatter in our values is larger
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FIG. 4. Refractive index of argon vs pressure. The stars are results of Ref.
10; the continuous line is a theoretical result obtained from Ref. 9; the points
are our results.

than the error estimated as described above, indicating that
other sources of error must be present. In spite of this, the
scatter in our results at ~ 15 GPa is around 4%, which is to
be compared with the ~20% of previous attempts.®

DISCUSSION OF ERRORS

The only other term in Eq. (3) which can lead to errors
is K. We have found however that from transmission mea-
surements (Fig. 1) K can be determined exactly. Even al-
lowing for possible nonparallelism of the diamonds, the re-
sulting error in X can be evaluated to be less than 1%, which
translates into an error of ~0.5% in n. This statement was
verified experimentally by purposely misaligning the dia-
monds: at low pressure the ring pattern is slightly deteriorat-
ed, but we obtain the same value for n. (We cannot go to high
pressures with nonparallel diamonds). Since our values of n
calculated using Eq. (3) depend only on 8; and K, and the
errors in the parameters do not account for the observed
scatter, we are obliged to conclude that Eq. (3) must be at
fault. Furthermore, since the only assumption leading to
Egs. (1)-(3) is the presence of two flat surfaces, we must
question whether this remains true at high pressures. That
this may no longer be true has been proposed in Ref. 11. We
mention here that the method described in this paper has

3481 J. Appl. Phys., Vol. 60, No. 10, 15 November 1986

also allowed us to measure the curvature of the diamonds. A
complete study of the deformation of the diamonds culets
will be presented elsewhere. '* It is sufficient here to state that
the radii of curvature are of the order of 10 mm at ~ 15 GPa.
The effect of this curvature on Eq. (3) is not straightforward
to estimate, but it is likely to explain the observed scatter in
our results, especially when coupled to the focusing or defo-
cusing effect, that a curved surface will have on the position
of the fringes.

CONCLUSION

We have presented a method for determining the refrac-
tive indices of materials in diamond anvil cells. The accuracy
of the method is considerably better than that of previous
determinations. Results for argon are presented and com-
pared with theory and low-pressure results.

ACKNOWLEDGMENTS

This work was supported by the Institut National d’As-
tronomie et de Géophysique under grant No. 83-070978, by
the Commissariat a I’Energie Atomique under grant 1617-
A4 and by the U.S. Department of Energy, BES-Materials
Sciences, under Contract No. W-31-109-ENG-38. We wish
to also thank J. M. Besson for critical reading of the manu-
script. This work was performed during a visit of M.G. to the
Laboratoire de Physique des Milieux Condensés.

'A. Jayaraman, Rev. Mod. Phys. 55, 65 (1983).

2A. Polian, J. M. Besson, M. Grimsditch, and H. Vogt, Phys. Rev. B 25,
2767 (1982).

*K. Strossner, S. Ves, and M. Cardona, Phys. Rev. B 32, 6614 (1985).

*H. Shimizu, E. M. Brody, H. K. Mao, and P. M. Bell, Phys. Rev. Lett. 47,
128 (1981).

5J. P. Itie and R. Letoullec, J. Phys. (Paris) 45, C8-53 (1984).

©J. van Straaten, R. J. Wijngaarden, and I. F. Silvera, Phys. Rev. Lett. 48,
97 (1982).

"R. M. Hazen, H. K. Mao, L. W. Finger, and P. M. Bell, Carnegie Inst.
Washington Year. 79, 348 (1980); G. Zou, H. K. Mao, and P. M. Bell,
Carnegie Inst. Washington Year. 81, 392 (1982); J. Xu, H. K. Mao, and P.
M. Bell, High Temp. High Pressures 16, 495 (1984).

G.J. Piermarini, 8. Block, J. D. Barnett, and R. A. Forman, J. Appl. Phys.
46,2774 (1975).

°M. Grimsditch, P. Loubeyre, and A. Polian, Phys. Rev. B 33, 7192
(1986).

'°M. Lallemand and D. Vidal, J. Chem. Phys. 66, 4776 (1976).

""H. K. Mao and P. M. Bell, Carnegie Inst. Washington Year. 76, 646
(1977).

M. Grimsditch and A. Polian (unpublished).

Grimsditch ef al. 3481



