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%e report measurements of lattice constants of single-crystal synthetic diamonds that cover the
range of isotopic compositions from almost-pure ' C to almost-pure "C. These provide a demonstra-
tion of an eA'ect of isotopic composition on the lattice constant of this material. The results are con-
sistent with a linear dependence a (C,25'C, x) 3.56715 —0.00053x A, where x is the atom fraction
of "C. This corresponds to a fractional change between the end compositions of
dao/ao —1.5&10, which is less than the smallest value in a range of theoretical estimates that
have been published previously. The synthetic diamonds yielded (400) Bragg peaks with widths in the
range 12-17 arc sec that are not perceptibly dependent on the isotopic composition.

Several recent studies of synthetic diamond have fo-
cused on the changes that occur with change in isotopic
composition. The effects seen have included a striking,
and potentially useful, increase in the thermal conductivi-
ty in isotopically nearly pure ' C diamond. ' Recent re-
views and discussions of these effects have been given by
Banholzer and co-workers. ' Among the expected effects
is a decrease in lattice constant as the '3C content is in-
creased from the 1.1% found in natural diamond. To date
there has been no experimental verification of this predic-
tion, although isotopic effects have been observed with
the lattice constants of other materials. Collins et
al. have provided three different indirect estimates of
the atomic volume change between ' C and ' C diamond.
These correspond to fractional changes in lattice constant
that range from ban/a11 —2.1X10 " in an earlier pa-
per to the most recent value Aa11/an —(4.8+ 0.5)
x 10 4. Thus, there is an evident need for a direct experi-
mental determination of the true magnitude of this effect.

In the present Rapid Communication we report lattice-
constant measurements of natural abundance and isotopi-
cally enriched diamond that are precise enough to show
the isotope effect and define its magnitude. Since the
weight to be attached to our findings depends upon the va-
lidity of our procedures, we will describe them in some de-
tail, together with checks that were made using subsidiary
measurements in which the lattice constants of Si and Ge
were compared.

Lattice-constant measurements were made with a
double-crystal diff'ractometer (Blake Industries) using a
technique in which the specimen is rotated to Bragg
reflect the x-ray beam, first to one side and then to the
other (i.e., in the "plus" and "minus" settings). The

change in incident angle between these settings gives twice
the Bragg angle. The incident x-ray beam was provided
by a channel-cut monochromator [Si(220)l usin an ar-
rangement similar to that described by Bartels, ' except
that the angle between the pair of channel-cut crystals
was fixed to give a single wavelength (approximately Cu
Ka1), rather than being adjustable for a choice of spectral
lines. This arrangement passes a wavelength range that is
significantly reduced from the inherent width of the x-ray
line, so that measurements may be made without
significant dispersive broadening of the Bragg peaks.
Measurements of the incident angles for maximum
diffracted intensity and thereby of Bragg angle were made
using a shaft encoder calibrated to 10 4 deg (—3 arc
sec) and the measured Bragg angles were reproducible to
a few times this precision. (Attainment of this precision
does depend on the inherently narrow Bragg peaks of the
highly perfect crystals that are available with many ma-
terials that have the diamond or zinc-blende structures.
Peak broadening from significant decreases in perfection
would decrease the precision. ) Analyses of the major er-
rors (from the limited precision of Bragg angle measure-
ment, from specimen misalignment, especially tilt, and
from temperature gradients in the diffractometer) suggest
probable uncertainties that approach 10 in our values
of the lattice constant of crystals with dimensions near 1

cm and may be somewhat larger for smaller specimens
whose tilts cannot be adjusted so precisely. "

Our values for lattice constant are based upon the stan-
d 12 —14

ao(Si, 22.5 'C) 5.431 0196(11)A,
which corresponds to the currently accepted value for the
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peak wavelength' '
k(Cu Kai) =1.5405945(11)4,

where the parentheses enclose the uncertainty (one a) in
the last digits. %'here we cite earlier measurements of lat-
tice constants we have corrected, as necessary, to this
current value for X(Cu ECa~). Measurements were made
at ambient temperatures in the range 22-26 C. The
corrections needed to convert to 25'C were small and
were made using values of the thermal-expansion
coefficient near 300 K: '

a(diamond) = l.ox 10 K

a(Si) =2.56 x 10 K

a(Ge) =5.9x 10 K

Combined with the standard value for Si, this gives

ap(Si, 25 C) =5.431054(1) A,

in good agreement with an earlier value for 25 C of
5.431056(1) by Hom, Kiszenick, and Post. '

Since our channel-cut monochromator is only approxi-
mately centered on the Cu Ea~ line, its output was cali-
brated using the (333) reAection from a dislocation-free
(111)-oriented silicon crystal plate (Eagle-Picher). (Here
and elsewhere, all measurements have been corrected for
refraction. ' ) This gave the result that our nominal Cu
Ka~ radiation was actually centered at X = 1.540578 5(50)
A (with a conservative error estimate) when the mono-
chromator was at 25 C. This corresponds to a misalign-
ment of the channel-cut crystals of approximately 2 arc
sec. Thus, the peak of the monochromator output was dis-
placed by (1.0~0.3)x 10 of the wavelength of the
spectral line, corresponding to about 4'0 of the inherent
linewidth at half maximum. When using this result with
diferent temperatures, we have allowed for the change in

output wavelength with change in temperature due to
thermal expansion of the monochromator.

To test the precision of our technique, the measure-
ments of diamond were preceded by supplemental mea-
surements on Si and Ge specimens. For the Si measure-
ments we used (400) refiections from (100)-oriented
device-quality wafers supplied by Exsil and by Monsanto.
The relative results for the lattice constants are

ap(Sl, 25 C)
1P

5.431 054 A: Eagle-Picher (taken as standard),
5.43108 A: Exsil,
5.43107 A: Monsanto.

Here the standard value has been assigned ro the (111)-
oriented Eagle-Picher specimen, since the increase in

Bragg angle of the (333) reAection over that of the (400)
reAection makes it more suitable for precise measure-
ments. The other values are relative to this. Note that the
maximum range is about 5x10 of ao, in agreement
with the error estimate given earlier.

For the Ge measurements we used specimens of low-
dislocation-density (( 1500 cm ) Ge from Eagle-Picher

to measure the (400) reAections from a (100)-oriented
crystal and the (333) and (444) refiections from a (111)-
oriented crystal. These gave lattice constants that were
quite consistent with each other, i.e.,

5.65782 A: from (400),
ap(Ge, 25 C) = ' 5.657 84 A: from (333),

5.657 87 A: from (444) .

1.041 754:
1.041 757:

= ' 1.041 762:
1.041 767:
1.041 776:

from Ge(400),
from Ge(333),
from Ge(444),
Baker and Hart,
Hom, Kiszenick, and Post.

These preliminary results with large () 1 cm) Si and
Ge plates confirm our expectation of lattice-constant mea-
surements with a precision somewhat better than
1 x10 . For the lattice-constant measurements of dia-
monds with dimensions of a few millimeters, where the tilt
adjustment is less precise, we will increase this uncertainty
by about 50% to give somewhat conservative error bars of
+- o.oooo5 A.

We examined five synthetic diamonds that had been
made at General Electric Company by a technique that is
described in Ref. 3. These had compositions that spanned
almost the complete range from ' C to ' C and they were
of two types. First, there were two plates with (100)
orientation and facet dimensions 3.0x1.5 mm that had
been removed from their seed crystal. These had atom
fractions of '3C, x, equal to 0.011 (natural abundance)
and 0.001 (i.e., almost-pure ' C). Second, there were as-
grown specimens [with approximately 2-mm (100) facets]
to each of which was still attached a small seed crystal.
These covered the ' C enriched range with x =0.38, 0.68,
and 0.99. The uncertainties in x are at most 0.01 for the
three ' C enriched specimens and much less for the first
group. As will become evident, the effects of these uncer-
tainties in composition are quite negligible by comparison
with those arising from the measurements of lattice con-
stant.

Examination of x-ray rocking curves for (400)
reAections showed that all five specimens were of high
crystal perfection, yielding peak widths at half maximum
of 12-17 arc sec. There was no perceptible dependence of
the peak width on isotopic composition. While the ob-
served widths are larger than the theoretical values
(which would be limited to about 4 arc sec by the diver-
gence of our monochromator), they do approach those of
good semiconductor crystals and they are well suited to
precise lattice-constant measurements. [For comparison

For comparison of these results with previous measure-
ments it is convenient to consider the ratio of the lattice
constant of Ge to that of Si at 25 C. Here we have avail-
able an especially precise direct comparison by Baker and
Hart' plus earlier individual measurements of Si and Ge
by Hom, Kiszenick, and Post. ' Our results and the ear-
lier work give

ap(Ge, 25 'C)/ap(Si, 25'C)
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we examined a (111)-oriented platelet of natural diamond
(Drukker type 2A), which gave (111) peak widths of
240-260 arc sec.] The two specimens that had been
separated from their seeds always yielded narrow rocking
curves, although the one with natural abundance some-
times gave a split peak that we attribute to a low-angle
grain boundary with tilt of about 0.01'. (For measure-
ments of lattice constant we adjusted the specimen posi-
tion to avoid the region of this boundary. ) In contrast, the
group of specimens to which seeds were still attached re-
quired some adjustment to give narrow rocking curves,
rather than broad and multiple peaks. We attribute this
to the difficulty inherent in manipulating a small crystal so
as to avoid x-ray illumination of a much less perfect re-
gion adjacent to the seed. However, the narrow Bragg
peak illustrated in Fig. 1 was obtained from a specimen
with the seed still attached and it is quite representative of
the narrow curves that were attainable with all five speci-
mens. This observed independence of the Bragg-peak
width on isotopic composition eliminates the possibility
that the previously reported isotopic dependence of the
thermal conductivity' is due to a large change in crystal
perfection. Thus, the correct explanation for the variation
in thermal conductivity is more likely to be associated
with the fundamental properties of the isotopically disor-
dered lattice.

The observed dependence of the lattice constant on ' C
content is shown in Fig. 2. There is a significant variation
that is linear within the precision of the measurement. A
least-squares fit to the data gives
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man frequency from 1.1% to 99% '3C and the expected
shift based on the average ionic mass. That this estimate
is in error by more than a factor of 2 is not surprising in
view of the caveats expressed in Ref. 8 concerning the iso-
topic compositions and the neglect of factors other than a
volume change that might contribute to the diff'erence in
Raman frequencies (e.g. , isotope scattering). The other
two estimates are based on the London theory of the
variation in crystal volume with isotopic substitution. '
In the zero-temperature limit, which is appropriate here
because of the large Debye temperature of diamond
(80=2200 K), this theory gives a fractional change in
lattice constant of

FIG. 2. Isotopic dependence of the lattice constant of dia-
mond at 25 C. The line is a least-squares fit to the data.
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corresponding to a fractional change between the end
compositions of

d,ap/ap = —1.5 x 10

This value is of the same order of magnitude as the three
estimates of Collins et al. , although these previous in-
direct estimates are too large by factors between 1.4 and
3.2.

One of the previous estimates, hap/ap= —(3.3 ~0.2)
X 10, is based on the small discrepancy (1.34 cm ')
between the observed shift (50 cm ') in the diamond Ra-
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where hM/M is the fractional change in mass, 8 is the
bulk modulus, and E; and y; are the energy and Griineisen
parameter associated with the ith phonon mode, respec-
tively. Using Eq. (1), and assuming a constant Griineisen
parameter of y=l. l and a Debye frequency spectrum,
Collins et al. obtained the closest of their three estimates,
hap/ap = —2. 1 x 10 . This number was later refined to
hap/ap= —(4.9~0.5) X10, apparently using the same
theory, although it is unclear how the later value follows
from the range of y values that are cited (1.15-1.6).

The order-of-magnitude agreement between the
theoretical estimates and the present experimental value
of hap/ap suggests that the London theory does describe
the essential physics of the lattice-constant change in dia-
mond. The residual disagreement most likely arises from
the crude approximations made in implementing this
theory; e.g. , the true frequency spectrum of diamond is far
from Debye-like and Griineisen parameters for individual
modes diA'er by as much as a factor of 5.

The lattice constant that we obtain for the natural
abundance

0 0 i i s i I

60.69 60.70 60.71 60.72 60.73
ap(C, 25 C,x =0.011)=3.56714(5) A

Incident Angle (deg)

FIG. 1. X-ray rocking curve for the (400) reAection from a
synthetic diamond with 381o ' C. The width at half maximum is
0.0040 =14.5 arc sec. This curve is representative of those that
were obtained over the whole range of isotopic compositions.

is slightly larger than the value, ap=3. 56706(l) A, ob-
tained previously by Hom, Kiszenick, and Post' from a
natural diamond. The diA'erence appears to be somewhat
larger than the range of our experimental uncertainty, but
we do not have an explanation for it. [Previous authors
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have reported increases in the lattice constant of natural
diamond with increase in nitrogen content, ' " but our
nitrogen impurity levels are orders of magnitude less ( ( 1

ppm) than would be required to give a significant increase
in the lattice constant. ] It is of interest that the atomic
density of ' C diamond, at 1.7632x10 cm, is about
0.04% larger than that of natural diamond thereby giving
it, by a small margin, the largest atomic density of any
known solid.

In summary, we have made measurements that show
the variation of the lattice constant of diamond with isoto-
pic composition. The extent of this variation is signifi-

cantly smaller than the smallest in a range of published
theoretical estimates. The synthetic diamonds that we
studied were of high crystal perfection for this material, as
judged by the narrowness of the measured Bragg peaks.
The lack of any significant variation in peak width with
isotopic composition suggests that the observed composi-
tion dependence of the thermal conductivity is unlikely to
arise from a variation in crystal quality.

%e thank Jim Fleischer, Dick Chrenko, Eoin
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