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The pressure dependence of lattice constants of the '3C enriched diamond
and the diamond of natural isotopic composition have been studied by using x-ray
synchrotron radiation and imaging plate technique. The compression curves reveal
features which indicate the inversion of the isotope effect at high pressure.
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1. Introduction. Recently much attention has been paid to studying physical
properties of isotopically pure diamonds. One of the most interesting finding of the
studies was a discovery of slight but distinct quantum effect on various properties
of diamond, including lattice and elastic constants [1-3], Raman scattering [4],
indirect gap (5], optical absorption [6], etc. Raman scattering in !2C and !3C
diamonds at high pressure was reported in Ref.[7]. It was found that the ratio
12,/%3y, where v is the frequency of the first order Raman line, decreases with
pressure. This kind of behavior means that the quantum contribution to the
physical properties of diamond increases with density. A simple analysis, which
was carried out in Ref.[7) on the basis of Debye—Gruneisen model of solids, has
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shown that the volume ratio 12V/13V for !2C and !3C diamonds might drastically
increase with pressure. Thus a little chance has appeared that the difference in the
corresponding lattice constants could be measured by conventional x-ray techniques
at high pressure.

In the present study, the lattice constants of !2C and '2C diamonds were
measured up to pressure about 37 GPa. Contrary to the expectations, the
difference in lattice constants of isotopes decreases at high pressure and changes
sign at about 10 GPa .

2. Experimental. The crystals of 13C diamond was produced by high pressure
synthesis in the belt type apparatus from the amorphous carbon source containing
99% of 13C carbon. The details of this method are described in Ref.[6]. The
powder samples were prepared by crushing the diamond crystals with tungsten
carbide (WC) rollers and subsequent separation of the diamond powder by the
sinking method. The final product had approximately 1 um grain size. The sample
of natural diamond (99% !2C) was prepared in the same way from the synthetic
crystals of 30 um size produced by General Electric. Pressures were generated in
the gasketted diamond anvil cell and measured by the ruby fluorescence method
[8]. The gasket geometry and the ruby sensor position (15 pm spot of fine ruby
powder in the center of 150 um gasket hole) were the same in all experiments.
A 4:1 mixture of methanol and ethanol was used as a pressure transmitting
medium. As is known this mixture freezes at pressure around 10 GPa, which
causes nonhydrostatic stresses to appear. The latter may create certain problems
at comparison of data, obtained in different runs.

Angle-dispersive powder x-ray diffraction patterns were obtained by using syn-
chrotron radiation from the bending magnet on the beamline BL-6B at the Photon
Factory, National Laboratory for High Energy Physics (KEK). The incident beam
was monochromatized to a wavelength of 0.6888 A (18.00 keV) by Si(111) sagit-
tally focused double monochromator. The imaging plate technique was used to
record diffraction pattern. Two-dimensional image was converted to an ordinary
one-dimensional diffraction pattern with the method reported in Ref.[9]. Two
experimental runs were done for !3C samples (one in the pressure range 0-14
GPa and other in the range 10-40 GPa). Two similar runs were also done for
12C samples.

3. Results and Discussion. Diffraction peaks (111) and (220) of diamond
were clearly observed in the all runs. Much wider peaks of hexagonal WC, the
source of which is the the crushing rollers, were also seen. Since the strongest
(111) diamond peak was located far from WC peaks, the lattice constant of
diamond was calculated by using the (111) single peak.

The pressure dependence of the lattice constants of !*C (closed squares) and
12C (open squares) diamonds are shown in Fig.l. The size of the square
mark corresponds to the experimental errors of the determination of the lattice
constants and pressure, which are 0.001A for the lattice constants and 0.5
GPa for the pressure values. Unfortunately we can not account properly for the
errors introduced by nonhydrostatic environment at pressures above 10 GPa. The
extrapolation of our data for 3C and !?2C diamonds gives the zero pressure values
of the lattice constants fairly close to those observed in Ref.[1, 2] (closed and open
circles). Fitting the experimental data by the Birch-Murnaghan equation [10] of
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state gives the values of the bulk modulii®) . The value of By for '*C diamond
was found to be By =440+ 4 GPa in good agreement with commonly accepted
value 442 GPa [11-13]. For !*C diamond, the fit gave By =457 +4 GPa.

The bulk modulus of !3C diamond is very close to but slightly (4%) larger
than that of 2C one. This result is in qualitative agreement with the experimental
data on the elastic properties of 13C diamond at normal pressure [3,14-16]%.

The present data should be compared with the results of Ref.[11], where the
single crystal x-ray diffraction study of natural diamond at high pressure were
carried out with making use of helium pressure medium (dashed curve in Fig.1).
Both sets of the data agree well up to pressure about 15 GPa. The difference
becomes noticeable at higher pressure, which is undoubtedly result of different
mechanical properties of the solidified alcohol mixture and solid helium [17]. That
kind of effect was observed for the first tiine at the study of the equation of state
of Csl], when using different pressure media [18].

Now we will discuss the experimental data in more specific way. As is seen
in Fig.]l the experimental compression curves which are almost indistinguishable
at low pressures, obviously can be separated at high pressures. The puzzle is
that the lattice parameter of the light '>C diamond appeared to be lower than
that of the heavier 3C diamond at pressures above 20 GPa. But because it
is known that at normal pressure the light isotope has the higher volume [I,2],
the behavior of the compression curves observed actually means their crossing at
some pressure as a result of inversion of the quantum isotope effect. It is well
illustrated by Fig.2, where the difference of the corresponding lattice constants
versus pressure is plotted. From Fig.2 also follows that the present experimental
data completely contradict to the prediction which was made on the basis of the
Raman scattering experiment in the framework of quasiharmonic Gruneisen model
[7]. It was expected that the difference in lattice constants of !2C and 3C
diamonds will strongly increase on compression (curve / in Fig.2).

However it is too early to discuss the reason of this contradiction. Keeping
in mind, that the pressure medium (alcohol mixture) is solid above 10 GPa, one
might expect that the present experimental data are strongly influenced by the
somewhat random stress conditions in the cell. This may make doubtful conclusion
derived by comparison of the data, obtained in different runs. Fortunately, there
is a rather strong argument against of that kind of extreme assumption. Fig.3

3)The fitting procedure includes the determination of three parameters: zero pressure volume Vj,
zero pressure bulk modulus Bo, and its pressure derivative Bj. Fitting with free parameters gives
too large range of values for these parameters due to scattering of experimental data. Namely, the
pressure should be well above 40 GPa to determine B; with high precision for low compressible
diamond. Thus we fixed Vo and Bj paramecters to obtain Bg. The values of Vp for B¢ (45.369 AS)
and '2C diamond (45.389A%) were taken from Ref.[2], and are very close to extrapolation of our
high pressure data. The value of By was chosen to be B{~4. The arguments in favor of this
choice based on analogy with other group IV elements possessing diamond like structure (Si and
Ge) are presented in Ref.[l1]. The choice of By value did not influence appreciably the fitted
value of Bpo.

4)Note some quantitative disagriment between the results Brillouin scattering (Ref.[3]) and
ultragsonic (Ref.[15]) experiments. The effective clastic constant c.gy=(ci1+2c124+4c44)/3 exhibits
5% rise when going from '2C to 'C diamond according to Hurley et al. (Ref.[15]) but only
0.5% rise according to Ramdas et al. (Ref.[3]). Recent Brillouin scattering experiments (Ref.[16])
revealed the difference in c.yy between 12C and '>C diamonds to be less than 0.2%. The only
available value of bulk modulus for '3C diamond (Ref.[15]) looks surprisingly high (17% increase
compared to I2C). In this situation further experiments are required to obtain more consistent
information on the elastic properties of isotopes of diamond.
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Fig.l. Pressure dependence of diamond
lattice constant. Cirles - lattice con-
stants at normal pressure from Ref.[2];
squares — our data. Open symbols -
120, filled symbols ~ '*C. Dashed line -
data for '2C from Ref.[l]]. Solid and
dotted lines ~ Birch-Mumaghan fit for
12G znd Y¥C diamonds respectively
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Fig.2. Difference of lattice constants of iso-
topes of diamond: J - prediction made on
the basis of the Raman scattering experi-
ment and quasiharmonic model (Ref.[‘l;]);

— difference of fitted curves for '“C
and '*C diamonds based on present ex-
periment; filled and open simbols - differ-
ence between experimental points and cor-

responding fitted curve related to curve 2

shows the halfwidth of the (111) diffraction peak plotted as a function of pressure.
As is seen the width of the peaks started to increase on freezing the pressure
medium, which certainly shows emerging nonhydrostatic stresses. At the same time
it should be emphasized that there is no systematic difference in the halfwidth of
peaks in four different runs, which indicates that the sample environment was in
fact quite reproducible. So we believe that the experimental data under discussion
are qualitatively correct though the values of pressure in the region above freezing
the alcohol mixture are certainly in error.
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Another way of the interpretation of the data is to claim that there is no
significant influence of pressure on the difference of the corresponding lattice
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constants. This interpretation would also mean that the behavior of the quantum
contribution to the lattice properties of diamond at high pressure is not trivial
and can not be described by the simple quasiharmonical approach.

Probably the explanation required could be found at the anharmonic treatment
of the problem (see e.g. Ref.[3]). It should be added that the experimental
data and theoretical calculations on *He and *He properties at high pressures also
indicate the inversion of the isotope effect [19,20].

Summarizing, the experimental data on the influence of pressure on the lattice
constant of 2C and '3C diamonds are reported. The pressure dependence of
lattice constant of !3C diamond was measured for the first time. A comparison
of the data on !3C and !2C diamonds leads to conclusion of inversion of the
quantum isotope effect in diamond at high pressure.
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