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Abstract 

Isotope dependence of diamond structure of the mixed 
crystals of 13Cxt2C(~_x), which were grown under high 
pressure, has been examined by diffraction study using 
synchrotron radiation. The lattice constant is expressed 
by 

a (,'~) = 3.56712(5) - [9.01 (5) x 10-4X] 

+ [3.65 (4) x 10-4X2] ,  

where X = [13C]/([12C] + [13C]). Anharmonic thermal 
vibration of natural (X = 0.020) and 13C diamond 
(X = 0.985) was clarified by applying the Gram- 
Charlier series expansion to the temperature factors. 
The anharmonicity of natural diamond was larger than 
that of ~3C diamond. The isotope effect on the localized 
electron density has also been elucidated by application 
of the x refinement. ~3C diamond has a larger 
x parameter, 0.993 (1), than natural diamond, 0.931 (7), 
which proves that the valence electron of natural 
diamond is more widely distributed than that of ~3C 
diamond. 

1. Introduction 

Thermal conductivity of diamond (Fd3m, Z = 8) has 
been proved to be sensitive to the 13C isotope 
concentration by Anthony et al. (1990), Wei, Kuo, 
Thomas, Anthony & Banholzer (1991) and Onn, Witek, 
Qiu, AnthOny & Banholzer (1992). An enormous 
extension of the conductivity of purification of ~2C has 
received much attention. In association with the above 
thermal property, isotope dependence of the lattice 
dynamical property of diamond has also attracted interest 
by studies of the Raman spectra of ~3C-doped diamond 
(Chrenko, 1988; Hass, Tamor, Anthony & Banholzer, 
1991), optical absorption and luminescence measure- 
ments (Collins, Lawson, Davies & Kanda, 1990), and 
Brillouin scattering measurement of elastic constant 
(Ramdas, Rodrigues, Grimsditch, Anthony & Banholzer, 
1993). 

The isotope influence on the cell volume is directly 
related to the zero-point motion and anharmonicity of the 
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interatomic force. The lattice constant of mixed-crystal 
13Cx12C1_ x has been examined by Holloway, Hass & 
Tamor (1991). The difference in the unit-cell volume of 
monoatomic crystals having various isotope ratios was 
discussed from a thermodynamical aspect (London, 
1958). 

We previously re-examined the isotope effect on the 
lattice constant of the diamond mixed-crystal 13 Cx 12C(l_x) 
by single-crystal X-ray diffractometry using synchrotron 
radiation (Yamanaka, Morimoto & Kanda, 1994). The 
diamond cell volume does not linearly decrease with 
increasing isotope content of 13C. This would be related 
to the difference in the valence electron density of the 
mixed crystals. 

Charge density and Debye-Waller factors of natural 
diamond based on X-ray powder diffraction data have 
been investigated by applying the Hartree-Fock calcula- 
tion (McConnel & Sanger, 1970), generalized X-ray 
scattering factor (Stewart, 1973) and deformation-density 
model of multipole terms of the exponential form (Price 
& Maslen, 1978). Several other methods for improving 
the representation of the charge density have been 
proposed by Dawson (1967), Hirshfeld (1971) and 
Denteneer & van Haeringen (1985) by the pseudopoten- 
tial-density-functional method. 

Many papers have also been reported discussing 
Reninger's effect or the 'forbidden' reflections of 
diamond which result from the nonsphericity of electron 
density (Tischler & Batterman, 1984; Kotani & Yama- 
naka, 1991). However, neither theoretical nor experi- 
mental investigation has ever been made on the isotope 
influence on charge density. In this experiment, the 
influence of the isotope ratio on the localized charge 
density has also been clarified by introducing the x- 
refinement (Coppens, Guru Row, Stevens, Becker & 
Yang, 1979; van der Wal & Stewart, 1984). 

Besides the difference in the locahzed charge density 
with isotope ratio, we elucidated the anharmonic 
potential of atomic thermal vibration of natural and 13C 
diamond using the Gram-Charlier expansion (Johnson & 
Levy, 1974) for the purpose of understanding the 
difference in their thermal conductivity. 
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2. Experimental 

2.1. Sample preparation 

Single crystals of diamond with various isotope ratios 
between 13C and 12C have been synthesized using high- 
pressure apparatus (Kanda, Ohsawa, Fukunaga & 
Sunagawa, 1989). The isotope ratios of the grown 
diamond specimens as well as natural diamond were 
determined by a secondary ion mass spectrometer 
(Hitachi-IMA2A SIMS). The isotope content was 
measured using the O 2+ primary ion beam on the crystal 
surface of 100 I.tm across for a sputtering time of 1 h. The 
isotope ratio represents the mean value of more than five 
observed data. The observed ratios [13C]/([12C] + [13C]) 
in the natural and four synthesized diamonds were 
proved to be 2.0 4- 0.8, 18.3+ 1.1. 48.1 4- 1.0, 
67.3 4- 1.1 and 98.5 4- 0.4 wt%. Crystals of ca. 20 l.tm 
in radius were selected for the single-crystal diffraction 
studies. 

2.2. Diffraction study using synchrotron radiation 

In comparison with the conventional laboratory X-ray 
source, the positron synchrotron radiation at the Photon 
Factory provides an extremely collimated X-ray beam of 
1 (vertical) and 4.5 mrad (horizontal), which was emitted 
from a normal bending magnet with maximum energies 
2.5GeV and 300mA. The wavelength finely mono- 
chromated by the Si 111 crystal plate was 
2 = 0.697148 4- 2.8 x 10 -5 ,~, which was confirmed by 
the diffraction of a silicon crystal with the lattice constant 
a = 5.430940 4- 3.0 x 10--5"',~,. The monochromator 
provides us with a high energy-resolution of 
,42/2 = 4 x 10 -5 and produces a small broadening of 
radiation. The present study was made by a vertical four- 
circle diffractometer installed in BL-10A at the Photon 
Factory. The specification about the diffractometer was 
detailed in the Photon Factory Activity Report (Tagai et 
al., 1983). 

The lattice constants of five samples were measured by 
profile fitting of 25 reflections for each specimen. The 
Bragg angle was measured by the mode of Bond method 
(Bond, 1960), 0 = 4 - 9 0 ° + ( 0 1  +02)/2. The profile 
fitting was applied to the step-counted intensities by 
the pseudo-Voigt function and provided an accurate 
intensity, together with peak position, full width at half 
maximum, FWHM (F), and Gaussian fraction (77 
parameter) 

P(20i) -- c[riGi(20i ) + (1 - rl)Li(20i)]. (1) 

where Li(20i) and Gi(20i) are Lorentzian and Gaussian 
functions, respectively. The peak position of each 
reflection fell into precision within 9 s. FWHM's of most 
of the reflections were ca. 0.05 ° in 20 (equivalent to 
180 s). Temperature in the hutch of the PF experimental 
station was finely controlled at 299 4- 0.5 K, for fear that 
the thermal expansion should affect the lattice constant, 

because of an extremely small change in the lattice 
constant with the isotope ratio. We performed the lattice 
constant measurement with precision of the order 10 -5 ,~,. 
A more detailed presentation on the diffractometry and 
calculation is described in our previous paper 
(Yamanaka, Morimoto & Kanda, 1994). 

The diffraction intensities were measured for two end- 
components of the isotope solid solution, natural 
(2.0 wt%) and 13C (98.5 wt%) diamond. After the 
positioning of 20, w, tp and X axes, based on the 
orientation matrix determined in advance, each reflection 
was measured using the 09--20 step scanning mode which 
accurately scans the peak top. In consideration of the step 
width to the FWHM larger than 0.05 ° in 20, the mode 
was conducted with an increment of 0.01 ° in 20 and a 
scanning speed of 1 s per step. Most of the diffraction 
peak profiles are represented by more than 50 steps. 
Diffraction intensities of reflections in a minimum 
asymmetric reciprocal space were observed up to 
sin0/2 = 1.189A -1 (hkl = 822 and 660). Normali- 
zation of the incident beam intensity was made by 
measuring the intensities of two reference reflections 
every 5 observed data in order to conquer the current 
decay of the synchrotron radiation with time. The 
observed integrated intensities were corrected for Lorentz 
and polarization factors. A full-matrix least-squares 
ref'mement was executed using the diffraction intensities 
of 23 crystallographically independent reflections. An 
absorption correction for the spherical specimen was 
applied for the integrated intensity. However, it was 
extremely small (#r = 2.75 × 10-3), because of a very 
small sample (r = 20 l.tm) and short wavelength. 

2.3. x-parameter and anharmonic thermal vibration 

Firstly, the conventional least-squares refinement 
included only an anisotropic temperature factor/3;j and 
isotropic extinction parameter Gex. The isotropic extinc- 
tion parameter was refined on the basis of a type I model 
(Becker & Coppens, 1974). The present investigation 
requires the precise refinement of the static electron 
density of C atoms and their thermal motion in diamond 
structure. In the least-squares calculation, parameters 
estimating anisotropic valence electron distribution have 
strong correlations with parameters describing the 
thermal atomic motion. Therefore, in the first stage the 
electron distribution adopted was a monopole model in 
disregard of the anharmonicity of the thermal motion. 
The charge density of the valence electrons was 
elucidated by x refinement (Coppens, Guru Row, 
Stevens, Becker & Yang, 1979; van der Wal & Stewart, 
1984) on the basis of the structure factor F(hkl). The 
following atomic scattering factor ( f ) ,  which was 
modified from a Hartree-Fock approximation for the 
isolated atom model, was accounted for the refinement. 

In the present study, the deformation of the valence 
electron distribution is only considered. Then the atomic 
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scattering factor is 

f (S/2) = f C4+(S/2) + [ f  C°(S/2t¢) 

- fC4+(S /2 tc ) ]+f  ' + if", 
(2) 

where S = 2s in0/2 ,  x is a parameter of the radial 
distribution of electrons in the wavefunction, f C 4+ c a n  
be assigned to the atomic scattering factor of 1 s electrons 
of the core and f C  ° represents the atomic scattering 
factor of the total Is, 2s and 2p electrons of non-ionic 
atoms.f '  andf"  are anomalous dispersion terms. A n f C  ° 
table of sin 0/2 at an interval of 0.01 ,~-~ is taken by the 
interpolation of data obtained from International Tables 
for X-ray Crystallography (1974, Vol. IV) and f C a+ are 
from Fukamachi (1971). 

In the second stage deviations from the harmonic 
thermal motion of C atoms was considered for 
temperature factors T(h). We applied the anharmonic 
thermal motion which is based on the following three- 
dimensional Gram-Charlier expansion (Johnson & Levy, 
1974) of the trivariate Gaussian probability density 
function 

T(h) -- exp(-~pqhphq)[1 d- {(27ri) 3/3!}cpqrhphqh r 

+ {(2Jri)4/4! }dpqrshphqhrh s (3) 

-I- {(2rri) 5/5!}epqrsthphqhrhsh t q- . . . . . . . . . .  ], 

where [~pq denotes the anisotropic temperature factor and 
h indicates the reflection indices. The anharmonic 
thermal parameters up to fourth-rank coefficients were 
reliable in the least-squares refinement, because the 
parameters over the correlation of the 5th rank is too high 
to offer any meaningful values. The temperature 
parameters higher than 5th rank in (3) were truncated 
in the present refinement. The only four thermal 
parameters of /311(= ~22 = ~33), C123' dllll 
(~-- d2222 • d3333 ) a n d  d1122(=  d1133 = d2233 ) are indepen- 
dent variables for the 4/3m site symmetry of C atoms in 
the diamond structure. 

The full-matrix least-squares refinement, including the 
an_harmonic thermal parameters and x parameter, has 
been carried out using the program RADY (Sasaki & 
Tsukimura, 1987). 

3. Result 

3.1. Lattice constant 

The precise measurement of the diffraction angle and 
profile analysis revealed the difference in the lattice 
constant with nuclear mass. The lattice constants of five 
samples of diamond mixed crystals between ~2C and ~3C 
vary with the isotope ratio, as shown in Table 1. Their 
cell volumes and interatomic C - - C  distances are also 
presented in Table 1. The variation of the lattice constant 
can be expressed by the following quadratic equation 

(Yamanaka, Morimoto & Kanda, 1994) 

a (,4,)= 3 .56712(5)- [9 .01 (5) x 10-4X] 
(4) 

+ [3.65 (4) x 10-4X2], 

where X is a fraction of X =13C/(12C+13C).  
Holloway, Hass & Tamor (1991), however, reported a 
linear relation of the lattice constant to the isotope ratio. 
The difference of the lattice constant between natural 
diamond and ~3C diamond is found to be extremely 
small, Aa = ao.02 --  a0.99 = - 5 . 4  x 10 -4 ~,, with the 
fractional difference Aa/aoo2 = -- 1.51 x 10 -4. 

3.2. Difference in the x refinement 

The difference in the deformation of electron cloud 
between UC and ~3C diamond has been investigated by 
x refinement. The refinement starts from the 
least-squares calculation procedure based on the 
harmonic oscillation model. Since the x parameter has 
a large correlation with thermal parameters, the subse- 
quent refinement of anisotropic anharmonic thermal 
parameters refrains from the multipole refinement of 
the electron density. Following the refinements, includ- 
ing anisotropic thermal and extinction parameters, the 
reliability factor of the least-squares calculation 
e [=  ~,[IFol-IFcll/~,lFol] was calculated as 0.0082 
and 0.0098 for natural and 13C diamond, respectively. 

At this stage ~ refinement was carried out by 
introducing the atomic scattering factor, as expressed 
by equation (2). The x parameter refined in full-matrix 
least-squares calculations for both samples indicates that 
13C diamond has a larger x value [=0.993(1)] than 
natural diamond [x = 0.931 (7)]. These parameters infer 
that the valence electron of natural diamond is more 
widely distributed than that of ~3C diamond. This is 
probably related to the difference in zero-point motion of 
the atoms in both diamonds. 

3.3. Isotope effect on the anharmonic thermal vibration 

Fourier synthesis in the (110) plane based on the 
harmonic thermal vibration for natural and ~3C diamond 
exhibits a considerably large bonding electron density 
between two atoms, which agrees well with the 
theoretical total-valence electronic charge-density by 
self-consistent pseudopotential calculation (Denteneer 
& van Haeringen, 1985; Chelikowsky & Cohen, 1974). 
The bonding electron-density feature reveals few differ- 
ences between natural and 13C diamond. The difference- 
Fourier map shown in Fig. 1 exhibits nonspherical 
residual electron density around the atoms, which is 
related to the anharmonic thermal vibration of atoms. 
The refinement, including anharmonic thermal para- 
meters based on (3), was succeeded to the tc refinement. 
The converged parameters are presented in Table 2. The 
final reliability parameters become R = 0.0078 and 
wR = 0.0081 for natural diamond and R = 0.0088 and 
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Table 1. Lattice constant o f  13Cx12C(1_x) d i a m o n d  

X a (A) V (~3) V/Vo d (A) 

0.02 (1) 3.56712 (5) 45.3892 (1) 1.00000 i.54460 (2) 
0.18 (1) 3.56693 (8) 45.3820 (2) 0.99981 1.54452 (3) 
0.48 (1) 3.56679 (9) 45.3767 (3) 0.99966 1.54446 (4) 
0.67 (1) 3.56667 (9) 45.3721 (3) 0.99958 1.54440 (4) 
0.985 (4) 3.56658 (7) 45.3686 (2) 0.99954 1.54436 (3) 

X indicates the isotope ratio 13C/(12C + 13C). V / V  o is the volume ratio, 
based on the cell volume of  natural sample, d(~,) denotes the 
C - - C  bond distance. 

wR = 0.0140 for 13C diamond. 
The temperature T(h) is expressed by the Fourier 

transform of the probability density function P(u). The 
one-particle potential (OPP) V(u) derived from thermal 
parameters has been proposed from statistical thermo- 
dynamics by Willis (1969) and Mair & Wilkins (1976). 
Kontio & Stevens (1982) proposed the OPP equation on 
the basis of the Gram-Charlier expansion of thermal 
parameters. In the present study anharmonicity of 
diamond structure at room temperature shows a small 
deviation from the harmonic potential. Then the follow- 
ing approximation proposed by Kontio & Stevens (1982) 
was applied to e x p [ - V ( u ) / k s T  ] using e x -- 1 + x, when x 
is small. The anharmonic potential is represented by the 
following form 

exp[ -V(u ) / kBT]  = 

exp(i2ot/2ksT.u2)[1 + i3/3/ksT.Ul u2u3 + i4g /ksT .u  4 

+ i48/ksT(u  4 + u 4 + u 4 _ 3/5.u4)], 

(5) 

where u 4 = (u~ + u 2 + u2) 2. 
Temperature parameters represented by the Gram-  

Charlier expansion are equivalent to the equation 
introduced from (5). 

0 z 

• ; ; '  % 

g 

Fig. 1. Difference-Fourier map of 13C diamond in the (110) plane after 
the refinement of  the harmonic thermal parameter and x refinement. 
The unit contour is 0.02 e .~-3. The map reveals the bonding electron 
and residual electron density around the C atoms, which is related to 
the anharmonic thermal vibration of  atoms. 

r (h )  = 

e x p [ - k s T  /ot(2rc/a)2.h2]{1 - k s r (15g /o f l  -/32/2o~3) 

+ (ksT)2(2zr/a)2(1Ov/ot 3 -/32/20t4)h2 
+ i(kBT)2(2rc/a)3/3/ot3hl h2h 3 

- (kBT)3(2yr/a)4(V/ot4). h 4 

- 2/5(koT)3(27r/a)4(6/~n)[h 4 + h 4 q- h a 

2 2 -- 3(h2h~ + hlh3 + h2h~)] 

h2h2~l + (ksT)3(2yr/a)4(/32/20t5)(h2h 2 d- h2h 2 + 2 3,,, 

(6) 

where a is the lattice constant, and or,/3, V and 8 are the 
potential parameters in (5). 

Thermal parameters obtained from the least-squares 
refinement in consideration of the site symmetry of 43m 
are expressed using the potential parameters (Kontio & 
Stevens, 1982) 

2:rfl/311 = (2:r/a) 2 { k eT /2~  - (ksT) 2 

X [10y/Ot 3 --/32/Ot41} 

(47r3/3)C123 -- - i (kB/T)2(  2yr/a)3 /3/ot 3 
(7) (2Jr4/3)dlll, = - ( k J T ) 3 ( 2 y r / a ) 4 ( y / 4  + ~ ~/c~4) 

(2rr4/3)d,122 = ( k J T ) 3  ( 2yr/a) 4 

X (2V/Or 4 --  6(~/0t4 - -  3 2 / 2 0 f 5 ) .  

The difference-Fourier map in the (110) plane of 13C 
diamond after anharmonic refinement is presented in Fig. 
2. The refinement resulted in a slightly larger anisotropic 
anharmonic thermal vibration, C123, of natural diamond 
than that of 13C. 

The potential parameters of OPP, or, /3, g and 8 
calculated from the thermal parameters of/311, c~23, d!ll~ 
and d 1122, are presented in Table 2. The potential curves 
V(u) of 13C in the direction parallel to [111], [110] and 
[100] are shown in Fig. 3. The anharmonic potential 
curves along the [111] direction concerning natural and 
13C diamond are shown in Fig. 4. The anharmonicity is 
more noticeable in the [111] direction, compared with 
[ 110] and [ 100] in both samples. 

4. Discussion 

Lattice dynamic studies (Chrenko, 1988; Hass, Tamor, 
Anthony & Banholzer, 1992) reveal that lattice vibra- 
tions differ between ~2C and ~3C diamond and suggest 
that phonon coupling with electronic state may induce 
the difference. The Raman peak-shift previously 
observed as a function of isotope concentration in 
diamonds confirms that the frequency ratio 
w(X)2/w(O) 2 in the whole solid solution range was not 
simply varied in a linear relation with the isotope content 
(X). The nonlinear change in frequency is coincident 
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Table 2. Analysis of anharmonic thermal parameters 

Natural diamond 13C diamond 

13C concentration.(%) 2.0 (8) 98.5 (4) 
Lattice constant (A) 3.56712 (5) 3.56658 (7) 
Volume ( i  3) 4.3892 (1) 45.3686 (2) 
R(F) 0.0078 0.0088 
wR(F) 0.0081 0.0140 
No. of data 23 23 
Bis o (A 2) 0.090 (2) 0.146 (4) 
~2 (A2) 0.036 0.043 
K parameter 0.931 (7) 0.993 (1) 
Gis o x 10 -4 0.273 (19) 0.210 (11) 
/31~ x 104 18 (4) 29 (7) 
Cl23 X 106 --6 (4) --4 (4) 
di l l l  X 108 --0.7 (7) --0.8 (7) 
du22 x 108 13 (10) 21 (13) 
ct x 1020 (J A -3) 18.62 11.36 
/~ x 1020 (J A -3) 10.21 1.668 
y x 1020 (J A -3) -1.301 -0.3953 
8 x 102 0 (J A -3) -3.467 1.0222 

with the variation of the lattice constant previously 
reported (Yamanaka, Morimoto & Kanda, 1994). 

The diamond interatomic distance d is calculated from 
the observed lattice constant 1.54460 4- 2.0 x 10 -5 ,& for 
natural diamond and 1.54436 4- 3.0 x 10 -5 ,~, for 13C 
diamond. The difference 2.4 x 10 -4 ,& between the two 
samples is induced from both atomic thermal vibration 
and valence-electron distribution related to the nuclear 
weight. It has been clarified that the localization of the 
valence charge density would be more intensified in 13C 
diamond compared with natural diamond. The experi- 
mental results concerning the interatomic distance of 
i2C-12C and 13C-13C have been explained by the 
electron-phonon coupling effects and structural disorder. 
As shown in Fig. 5, the unit-cell volume difference 
between natural and 13C diamond is on the line with 
those of the monatomic crystals with various isotope 
ratios. The isotopic effects on unit-cell volumes is 
attributed to the anharmonic atomic vibration due to 

Y 
Fig. 2. Difference-Fourier map of 13C diamond in the (110) plane after 

the refinement of the anharmonic thermal vibration. The contour 
interval is as in Fig. 1. 

the different isotope mass. It has been discussed from a 
thermodynamical aspect that the fractional mass ratios 
AM/M in crystals containing different isotopes produce 
an effect on their fractional volume ratio AV/V 
(London, 1958; Buschert, Merlini, Pace, Rodriguez & 
Grimsditch, 1988). 

In order to comprehend the difference in the lattice 
constant due to the isotope ratio, the anisotropic 
anharmonic thermal potential of atoms has been 
discussed on 12C and 13C isotopes in this study. The 
observed anharmonic parameters of dliii and d1~22 are 
indeed small, but the term of c~23 indicating the 
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Fig. 3. Anharmonic potential of 13C diamond in the direction parallel to 
[100], [110] and [111]. Anisotropic anharmonicity in the atomic 
vibration is observed only in the direction of [111]. 
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natural and ~3C diamond. 
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anisotropic anharmonic thermal vibration is still large 
enough to be considered. Both the difference-Fourier 
map of the residual electron density shown in Fig. 2 and 
the anharmonic potential curve in Fig. 4 indicate that the 
anisotropic anharmonicity is dominant in the (111) 
direction. 

One of the authors previously investigated the 
anharmonic thermal motion of atoms in MgA120 4 at 
various temperatures or in ZnX (X = S, Se Te) with 
different bonding character. The refinements of 
MgA120 4 spinel at elevated temperatures up to 1933 K 
(Yamanaka, Takeuchi & Tokonami, 1984) and ZnX 
(X = S, Se or Te) zinc blende structures (Yamanaka, 
Takeuchi & Tokonami, 1985) both reveal an extreme 
anharmonicity of cations in the 43m site, Mg ions in the 
former and Zn ions in the latter. These materials are 
composed of more ionic bonding character compared 
with diamond. The covalency in diamond was expressed 
by the noticeable bonding electron density between 
atoms, as shown in Fig. 2. This may prove from the 
present study that the valence electron in 13C diamond is 
more localized than in natural diamond. 

The thermal atomic motion in diamond is restricted at 
room temperature, because of the extremely high Debye 
temperature (2340 K) and large stiffness tensors of elastic 
constants, cll = 1079 4- 5, cl2 = 124 4- 5 and 
c44 = 578 4- 2 GPa (McSkimin & Andreatch, 1972). 
Consequently, diamond has a remarkably small thermal 
expansion coefficient of 0.81 x 106 K -~ around ambient 
temperature (Slack & Bartram, 1975). Thus, the 
anharmonicity of atomic thermal motion of diamond is 
very small at room temperature. The anharmonic 
potential of diamond will be more intensively shown 
by an in situ X-ray diffraction study at high temperature. 

The authors are indebted to Dr C. Uyeda of 
Department of Earth and Space Science, Osaka Uni- 

5.0- 

4.0 

3.0 

I 

:~ 2.0 

I 1.0 

0.0 
1.0 

1 3 C 1 1 2 C "  • 

22 Ne /20 Ne ~ J J c  

i 

1.1 172 1'.3 1.4 
Isotope mass ratio MBIN A 

Fig. 5. Cell-volume difference of monoatomic crystals with different 
isotopes. The volume differences are plotted as a function of the mass 
ratio of monoatomic crystals. 3He and 4He (Wilkis, 1967), 2°Ne and 
22Ne (Bolz & Maner, 1962), 726Ge and 74Ge (Buschert, Merlini, 
Pace, Rodriguez & Grimsditch, 1988), 6Li and 7Li (Covington & 
Montgomery, 1957), and 58Ni and 64Ni (Kogan & Bulatov, 1962). 

versity, for the measurement of isotope ratio by SIMS. 
They also express their great thanks to Dr H. Kanda of 
National Research Institute in Inorganic Material for 
kindly providing the sample of diamond. 
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