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First-order Raman scattering in natural and '3C-enriched diamond was measured at high pressures up to 15

GPa in a diamond anvil cell. The ratio Zp/13

v, where v is the frequency of the first-order Raman line,

decreases with pressure. The deviation of the frequency ratio from the limiting classical value of
(B3m/?m)*5=1.0408, where m is the isotopic mass, becomes stronger at high density. This kind of behavior
means that the quantum contribution to the physical properties of diamond increases with density. This is
typical of systems with Coulomb interaction, e.g., metals and high-density plasma.

The pressure dependence of first-order Raman scattering
in natural diamond has been studied in a number of experi-
mental and theoretical works.!~® Recently '3C-enriched dia-
mond has become available and its physical properties have
been studied extensively (see, e.g., Refs. 7-10). The data
obtained show a subtle but quite distinct quantum contribu-
tion to the physical properties of diamond. The question
arises whether the quantum effects in diamond become more
or less pronounced on compression. Any answer to this ques-
tion may contribute greatly to our understanding of covalent
solids. In the present paper we show on the basis of a
Raman-scattering study of '*C-enriched and natural diamond
at high pressure that the quantum effects in diamond do in-
crease on compression.

EXPERIMENTAL

A diamond anvil cell was used. Compressed helium gas
was utilized as a pressure medium. Pressure was measured
by the shift of the ruby fluorescence line. The appropriate
samples with dimensions ~50X 50X 15 um? were selected
among the fragments of crushed single crystals of natural
and 'C-enriched diamond. A polycrystalline CVD 91%
13C diamond was used also as one of the samples.

Raman spectra were excited with the 514.5- and 488-nm
lines of an argon-ion laser and analyzed in backscattering
geometry. The spectra were measured with a triple polychro-
mator and a multichannel detector. The precision of the de-
termination of a spectral position of the Raman lines was

~0.5cm 1.
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The results are shown in Figs. 1-5. The zero-pressure
values of the corresponding frequencies are natural diamond
(1.1% 'C), 1332.1 cm™!; high-pressure grown diamond
(40% 13C), 1316.5 cm ~!; high pressure grown diamond
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FIG. 1. The first-order Raman spectra of the diamond samples at
normal pressure.
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FIG. 2. The Raman spectra of the diamond samples as they (99% 111C), 1281.2 cm hll; CVD polycrystalline diamond film
appear in the diamond anvil cell at high pressure. The wide band is (91% ~C), 12873 cm ™.
the scattering by the stressed diamond anvils.
DISCUSSION

To analyze the data we try to estimate the quantum con-
tribution to the LTO(I") Raman frequency and the '%v/3v
ratio, using the quasiharmonic approach. First, we find the
volume contribution on the basis of the simple Debye model
of solids. The volume expansion due to quantum effects can
be written in the form!!

1400 AV 9 0p M
_1 N — e — )
v (cm ) ] VO 8 YkOV()
1380 0.011 ¢
] 1.000
1360 /o
1 (uu/m'/)o 1
1340 - 1
] 0.40 “c 0.99 c 0.999 7 091 C
13205/ 0.91 c ;
1300
] 0.998 0.99 "
1280 ¥ ]
0 20 40 60 80 100 120 140 ]
P (10! GPa) ]
0.997 T T
0 20 40 60 80 100 120 140
FIG. 3. The pressure dependence of the frequencies of the first- P (107! GPa)
order Raman lines for diamond of different isotopic compositions.
The solid lines are linear fits of the experimental data. (O) Present FIG. 5. The reduced frequency ratio of the first-order Raman

data. () Data from Ref. 5. lines of natural and '*C-enriched diamond as a function of pressure.
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where AV=V -V, is the molar volume, V, the molar vol-
ume in the classical limit, ®, the Debye temperature,
ko= —V,(dP/3dV)r the bulk modulus, and 7y the Gruneisen
constant.

Using the numerical values: ?0,=2200 K,
3@ ,=2114 K, y=~1, k=4.42 Mbar, V=3.42 cm>/mole, we
obtain for ambient pressure and temperature 7<0p,

2y1v,=1.01362, BV/V,=1.01309,

or

12y/By=1.0005. )

From (2) follows, that (?a —'3a)/%a=1.75X10"*, where a
is the lattice constant. This value agrees with experimental
data in Refs. 9 and 10.

Then taking into account the result in Ref. 5, that in case
of diamond the ideal Gruneisen law (v/vg)=(V,/V)%%
holds, we easily get

(121)/1311)5(%%)0'5)((13V/12V), (3)

or (2v/3v)~1.040 25 at P=0 (note that the classical value
for the frequency ratio is 1.040 83).

Thus the quasiharmonical quantum contribution to the
frequency ratio is too small to be reliably measured due to
various kinds of uncertainties (chemical and isotopic compo-
sition, experimental errors, etc.). On the other hand, it fol-
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lows from Egs. (1) and (3) that if quantum effects do influ-
ence the frequency ratio, it may be detected from its pressure
dependence. In the given case the '?v/%v ratio drops with
pressure (cf. Figs. 4 and 5), which indicates the growth of the
quantum contribution. On the basis of Eq. (3) one may ex-
pect the value of (*2a—'%a)/Ba=1x 1073 at a pressure of
15 GPa, which makes it possible to measure this quantity at
high pressure using conventional x-ray techniques.

In conclusion, we emphasize [cf. Eq. (1)] that the role of
quantum effects, in the general case, changes with pressure
as a result of tradeoff between Debye temperature and the
total energy (the product kV is proportional to the total en-
ergy). It is easy to show!? that for a system of particles in-
teracting with the pair potential ®(r)~1/r" the quantum ef-
fects increase on compression if n<2. That is what we
expect for the systems with Coulomb interaction. It is not
clear enough how useful that kind of approach might be in
the case of diamond, but at least the growth of quantum
effects in diamond with pressure probably tells us that a sys-
tem with highly delocalized electrons behaves in some ways
like a free electron system.
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