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Type-IIA diamond single crystals containing approximately 0.1%, 0.5%, and 1% "C were syn-
thesized and their thermal diffusivities were measured at room temperature by the thermal-wave-
mirage technique. The measured value (18.5 cm /s) of the 0.1% "C crystal was 50% higher than
the 1% ' C (natural isotope abundance). This is the highest room-temperature thermal diffusivity of
any solid naturally occurring or previously synthesized. The laser damage threshold at 193 nm for
the isotopically enriched crystal is more than an order of magnitude higher than that of natural dia-
mond.

I. INTRODUCTION

The thermal conductivity of a dielectric solid can be
shown by formal transport theory' to be

E=—'CVA,

where C is the specific heat of an assemblage of phonons,
V is the speed of the phonons in the solid, and A is the
phonon mean free path. In a dielectric solid like dia-
mond, C can be taken as the specific heat of diamond and
V can be taken as its sound velocity.

The mean free path of phonons in a crystal is a func-
tion of many factors. Scattering of phonons can be in-
duced by other phonons, the walls of the crystal, grain
boundaries, chemical impurities, vacancies, dislocations,
and isotopes. Because very few elements can dissolve in
diamond, very pure diamond can be synthesized. Also,
grain boundaries can be eliminated and dislocations and
wall effects minimized by growing large, high-quality dia-
mond single crystals. The very high binding energy in di-
arnond implies that the vacancy-formation energy is high.
Consequently, the equilibrium vacancy concentration is
very low in a high-quality diamond crystal that is grown
slowly from a liquid melt. Hence, in a large, high-quality
diamond single crystal, the phonon scattering that gives
rise to thermal resistance is predominantly caused by
phonon-phonon and phonon-isotope scattering. With
this simplification, the mean free path A of phonons may
be expressed as

1 /A 1 /Aph ph + 1 /A

where A & „his the mean free path produced by phonon-
phonon scattering in diamond and A; is the mean free
path generated by phonon scattering by the small amount
of the heavy carbon isotope, ' C, in natural diamond
(99% ' C and 1% ' C).

Calculations have indicated that, in diamond at room
temperature, A„h h is 30 nm and A, is 2.6X 10 nm, so
that A is 30 nm. ' In other words, the phonon mean free

path is reduced by a negligible amount at room tempera-
ture as a result of the 1% ' C isotopic "impurity. " Other
semiempirical correlations ' predict that the thermal-
diffusion coefficient enhancement in isotopically pure dia-
mond at room temperature should be less than 5%.
However, it should be recognized that a first-principles
calculation of the phonon mean free path is difficult, at
best, and with that in mind, we have pursued the experi-
mental determination of thermal diffusivity in isotopical-
ly enriched diamond, as described below.

II. EXPERIMENT

A. Synthesis of diamond crystals

Isotopically enriched methane (99.9% ' C) was ob-
tained from Cambridge Isotopes Labs of Woburn, Mass. ,
and used to synthesize diamond by means of chemical va-
por deposition (CVD) without further purification of the
methane. To eliminate sources of ' C contamination
from natural carbon impurities in our reactor or in our
reactor materials, a new CVD reaction chamber was con-
structed from materials (quartz and copper) that do not
dissolve carbon. The isotopically enriched methane was
converted to a sheet of polycrystalline diamond by means
of a standard CVD method discussed in the literature.
X-ray-diffraction, electron-diffraction, and Raman-
scattering measurements were used to confirm the identi-
ty of the diamond sheet. The Raman peak was centered
at 1333 cm ' with a full width at half rnaximurn of 5
cm '. Previous (unpublished) results showed that the
polycrystalline CVD diamond sheet of isotopically en-
riched diamond had the same thermal conductivity as a
similar CVD diamond sheet made from methane with its
natural isotopic abundance of carbon. '

The isotopically enriched diamond sheet was crushed
and powdered and used as a source of carbon for the
high-pressure, high-temperature growth of a large single
crystal of diamond. Diamond powder must be used as a
starting material for growing large highly perfect single
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crystals of diamond because of the fact that there is a
large volume change in transforming from the graphite to
diamond structures. This transformation disturbs the
crystal-growing conditions too much to allow the
highest-quality crystals to be synthesized. In the present
work, a 0.95-carat diamond (sample no. 1) and a 0.92-
carat diamond (sample no. 2} of 99.9% ' C were grown
from a liquid transition-metal melt at high temperatures
and high pressures, using the large-gem temperature-
gradient catalyst process invented at the General Electric
Research and Development Center. "' The growth of
the diamonds was carried out at 52000 atm and 1200'C
in a belt apparatus capable of sustaining a stable high-
pressure and temperature environment for a time
sufficient to grow the two crystals. A small single-crystal
seed with an orientation of ( 100) was used to initiate the
growth in each case. The transition-metal catalyst was
used to ensure formation of a type-II A diamond (minimal
nitrogen or boron impurities, i.e., the purest known dia-
mond type). The resulting crystals were both clear in
color and assessed as "E"grade on the standard diamond
color scale. The seed crystals were subsequently removed
by polishing on a standard diamond scaife. After polish-
ing, the largest ( 100) face on sample 1 was measured to
be 4 X 7 mm and that on sample 2 measured to be 3.5 X4
rnm .

The small seed crystals contained the natural isoto e
abundance (1%) of ' C and were the major sources of ' C
contamination in the synthesis of samples 1 and 2. Al-
though the seeds were placed at a point in the high-
pressure apparatus where they were in contact with a su-
persaturated solution of carbon in a liquid-metal melt,
there remained some danger of carbon exchange between
the seed crystal and the solution. This danger of contam-
ination is not as serious as it first appears because of the
fact that the seed crystals are themselves 99% ' C and
have very small masses (0.005 carats) compared to those
of the final crystals. In the worst case, if the seed crystal
were to have completely dissolved, the final crystals
should contain only 0.005% of the ' C isotope as the re-
sult of this contamination.

As an experimental determination of the final isotopic
purity of the large single crystal, an analysis was made of
sample 1 by Krueger/Geochrom of Cambridge, MA, us-
ing a mass-spectroscopic analysis of the combustion
products from a piece of the CVD polycrystalline dia-
mond sheet, as well as those from a small parasitic dia-
mond crystal that grew in the same high-pressure cell as
did our large diamond. The results of that analysis indi-
cate that the isotopic purity of the polycrystalline CVD
diamond sheet and the single-crystal sample 1 were
99.91% and 99.93% '~C, respectively. The slightly
higher isotopic purity of the single crystal is not surpris-
ing, since growth of a crystal from a liquid can cause
some isotopic enrichment as a result of the different
atomic jumping frequencies of the ' C and ' C isotopes,
both in the solid and liquid phases.

Two other large single crystals of synthetic diamond
(samples 3 and 4) were grown in a high-pressure, high-
temperature cell using synthetic diamond powder which
had been prepared from carbon containing the normal

isotopic abundance of 98.96% ' C and 1.04 ' C, and an
intermediate-purity crystal (sample 5) was grown with a
nominal purity of 99.5%%uo

' C and 0.5% ' C, using the
method described above. Finally, a type-IIA natural gem
stone (sample 6) was borrowed' and prepared for the
thermal measurements in the same fashion as samples
1 —5. The preparation procedure is described below.

B. Preparation of diamond crystals
for the thermal-wave measurement

The measurement of the thermal diffusivity of a solid
by the optical-probe-beam (mirage-effect) detection of
thermal waves is simplified if the time-varying energy
source of the thermal waves is localized to the surface of
the solid. Since diamond is transparent to the modulated
argon-ion laser beam used in our experiments, we first
prepared the diamond by depositing a thin film on its sur-
face. In carrying out the numerical fits of our theory to
the experimental thermal-wave data, we assume that the
thermal waves are generated in the film. For our first
measurement, carried out on sample 3 (synthetic, type-
IIA natural isotopic abundance), an Ar-F excimer laser,
operated at a wavelength of 193 nm and a fluence of 300
mJ/cm, was used in this surface preparation. The result
of the absorption of the 193-nm (6.4 eV, well above the
band edge) radiation was to graphitize a layer (approxi-
mately 60 nm thick) on the surface of the diamond crys-
tal. For the isotopically enriched ' C diamond (sample
1},the excimer laser failed to graphitize the diamond sur-
face, even at 10 times the previous fluence. This observa-
tion may be due to the much higher thermal diffusivity,
which we later confirmed experimentally, or may be the
result of changes in the extinction coefficient at 193 nm,
or perhaps both factors. Separate spectroscopic measure-
ments are currently underway, the results of which will
be reported elsewhere. In order to provide for a reliable
surface-absorption layer, therefore, a 100-nm layer of Ti
was sputtered from a Ti target over a period of 5 min
onto the surface of sample 1, which was held at 350'C in
an Ar atmosphere. This Ti film had a sufficient optical
absorption and an adequate adhesion to the diamond
crystal for carrying out the optical-probe (mirage-effect)
detection of thermal waves, described below. Because of
the success of this Ti-film procedure, it was subsequently
utilized on all other samples. As a further check on the
thermal-wave-diffusivity measurement, a control sample
of pure, single-crystal copper was prepared with a nearly
identical Ti film on one of its faces.

C. Measurement of thermal difT'usivity by the optical-probe
(mirage-effect) detection of thermal waves

Our thermal-wave technique for determining the
thermal diffusivities of solids has been detailed else-
~here. ' ' A schematic diagram of our experimental set-
up is shown in Fig. 1. An argon-ion laser beam is
chopped by an acousto-optic modulator at several ki-
lohertz and focused on the surface of the sample to pro-
vide a periodic localized surface heat source that gen-
erates hemispherical (approximately) thermal waves in
the diamond crystal. Thermal waves are also produced in
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The thermal-diffusion equation in a layered medium
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with

G„(x)=
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FIG. 1. Block diagram of the optical-probe-beam (mirage-
effect) thermal-diffusivity apparatus.

and

Xexp[q, h —k r, /4 —(ice/a, )rz~/4],

G, (x)=
K2q2cothO+ K,q &

X exp [q i h —k r i /4 —(i co /a, )r z /4],

(4)

the air that is in contact with the surface of the sample.
The presence of the thermal waves in the air is detected
by means of a 60-pm-diam He-Ne laser probe beam that
bounces at near-grazing angle (-2') from the diamond
surface in the vicinity of the focal area of the heating
beam. As this beam passes through the heated region of
the air, it is refracted by the time-varying gradient in in-
dex of refraction of the air (the mirage effect) which ac-
companies the thermal waves. The magnitude and phase
of the vector deflection of this probe beam is then mea-
sured by means of a position-sensitive, quad-cell detector,
the outputs of which are amplified and fed to two
separate vector lock-in amplifiers (one to monitor the vec-
tor component of the deflection which is normal to the
surface, the other to monitor the transverse defiection).
A microcomputer-controlled stepping motor stage is used
to move the position of the heating beam across the sur-
face of the sample at right angles to the direction of the
probe beam. The two components of the time-varying
vector defiection are measured synchronously (magnitude
and phase) for each position of the stepping-motor scan,
and are recorded in separate memory locations of the mi-
crocomputer for later numerical comparison to theory.
The scans are repeated for several different frequencies
(typically eight), with the computer controlling the entire
set of scans, including programmed changes in parame-
ters of the two lock-in amplifiers, and data storage. The
resulting data set (typically 12 800 points) is fitted to the

Kpq 2e=tanh '
K3q3

q2t2

and

q, =(k ice/a—, )'~

and where n is the index of refraction of the air, T is the
ambient (dc) temperature, cu is the (angular) frequency of
modulation, r, and rz are the radii of the heating and
probe beams, respectively, h is the height of the probe
beam above the sample surface, x is the offset distance be-
tween the heating and probe beams, and a; and K; are the
diffusivity and thermal conductance of the ith medium,
respectively. The assignments of the suffix are 1, air; 2,
film; and 3, substrate.

The above formulas are derived with the assumption
that the probe beam skims above the sample surface and
penetrates through the ac-temperature field of the heated
air and that the entire probe beam is received by the posi-
tion sensor. This (skimming) method has the drawback
that, in order to increase the signal-to-noise ratio, it is
necessary to keep the probe beam as close to the heated
region as possible. However, that same requirement in-
variably allows the sample to block part of the skimming
probe beam. There is an alternate approach, which we
adopt in the present work, in which the probe beam is
bounced from the sample surface at or near the heated re-
gion. ' The angle of incidence (measured from the plane
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of the surface) is made as small as possible, so that the
probe beam is almost parallel to the sample surface. This
is referred to as the bouncing method to distinguish it
from the skimming method. The bouncing method is not
without its drawbacks too. For instance, it is applicable
only when the sample surface is nearly specular optically.
Furthermore, corrections must be made to account for
the curvature of the sample caused by the heating (the
thermal bump). Fortunately, neither of these considera-
tions is significant for the present experiment. The dia-
mond crystal has a highly polished surface and the
reflectivity (with the titanium coating) is over 75%. Also,
the thermal-expansion coefficient of diamond at room

temperature is extremely small. Thus, the bouncing
method is our method of choice for the measurement of
diffusivity of diamond crystals. However, the expressions
given in Eqs. (4} and (5} must be modified appropriately
for this beam geometry. It is necessary to consider sepa-
rately the mirage effect on the probe beam before and
after its reflection from the sample surface, since after
reflection the sense of up-down is reversed. When these
considerations are incorporated, the expressions for the
functions G„,(k) [Eqs. (4) and (5)] become

q &
[erfw(zz ) —erfw(z

&
) ]G„(x)= exp[(r, +r2)k /4],

~2q2cot +~,q,

gion. Thus, its effects are most noticeable for small
values of k. We have observed some evidence of this
effect in our data. It is most noticeable for the copper
data at smaller values of h, where the bouncing point lies
closer to the heated region. For the diamond data, its
influence is quite negligible. A second possible source of
systematic error is the temperature dependence of the
diffusivity of air. In addition to the ac-temperature gra-
dient detected by the mirage effect, there is also a dc
thermal gradient. Its effect on the deflection of the probe
beam is not easily incorporated into the analytic solutions
to the diffusion equation. To estimate its influence, we
have repeated some of the runs with different heating
power, and have seen no significant change in the rnea-
sured diffusivity of air. A third factor is the local varia-
tion in sample surface absorbance. To ensure that the
heat source is stable, we operate our heating laser under a
optical-power-control mode. Also, the probe-laser power
is monitored continuously, and the result is used to nor-
malize the mirage signals. However, any local variation
in absorbance can still cause P„(x)and P, (x) to have ad-
ditional dependences on x. In the present work the Ti
coatings have sufficient uniformity to alleviate such con-
cerns. Indeed, the overall quality of the fits in both x
space and k space give us confidence that the influence of
these factors is not significant.

ik [erfw(z2 ) +erfw(z, ) ]
G, (x)= exp[(r~+r2)k j4], (9)

K2q2cothO+ K,q,

where erfw(z} is a function related to the standard com-
plementary error function by

erfw(z)—: exp(z )erfc(z),
v'7r

2

with

q&r2 h
Z&2 +

2 r2

The expression for 8 is unchanged from Eq. (6). Since the
probe beam is no longer parallel to the sample surface,
the quantity h is redefined as the height of the center of
the probe beam where it intersects the heating beam be-

fore it is reflected from the sample. If it intersects the
heating beam after it is reflected, it is regarded as nega-
tive. The new forms of G„,(k) indicate that P, is even
and P„is odd in h.

In the theoretical expressions given above, we have at-
tempted to include most of the effects which contribute to
the mirage signal. However, there are a few factors that
are either too difficult to account for or are too costly in
computation time to be incorporated in the present work.
These factors are discussed here as possible sources of
systematic errors. The first is the deflection of the probe
beam by the thermal bump. It can be reasoned that it
contributes primarily to P„(x),because of the near-
grazing reflection angle. Furthermore, because of the
elastic stiffness of the solid, the bump is expected to
spread over a larger range in x than that of the heated re-

IV. THE MULTIPARAMETER
LEAST-SQUARES-FITTING PROCEDURE

The theoretical expressions above allow one to corn-
pare experimentally measured mirage signals in a least-
squares-fitting procedure and thereby to deduce values of
important physical parameters, such as the thermal
diffusivity of the diamond material. Although there are
many parameters in these expressions, some of them„
such as r, and rz, can be determined by independent ex-
perimental measurements. Values of some of the parame-
ters, such as h and t2, however, are less easily checked.

The nature of a least-squares procedure is that it seeks
a local minimum of the squares of the errors in the mul-
tidimensional space of the various fitting parameters.
Depending on the initital values, which are assumed, the
program can be "trapped" at a physically unreasonable
local minimum and consequently fail to achieve the true
minimum. In fact, there is no foolproof way to determine
which of the local minima is the correct one. Neverthe-
less, we take several measures to guard against such a
false minimum. The first precaution is to acquire data for
P, and P„simultaneously, using two lock-in amplifiers,
and then to fit all these data in a single fitting routine, us-
ing the same set of parameters. The second measure is to
use multiple data sets which are acquired with incremen-
tally different (known) values of experimental parameters
(such as frequency), but with identical values of the other
experimental parameters, and then once again fit all the
data in a single routine with the same set of fitting param-
eters. Thirdly, we fit the data several different ways,
fixing most fitting parameters, while leaving some experi-
mentally known parameters as unknowns in the fitting
routine, to be cheeked against their known values. The



1108 T. R. ANTHONY et al. 42

dependence on h is a case in point. The magnitudes of P,
and P„depend strongly on h, but the absolute value of h

during a given scan is diScult to determine accurately in
an independent measurement. However, several scans
can be made in succession with precisely known
differences of h. When these data are fitted with h simply
taken to be a fitting parameter, the agreement between
the fitted and experimentally preset differences in h is ex-
cellent, and gives a very good indication of the integrity
of the process.

A typical scan consists of acquring data on both in-
phase and quadrature signals of P, and P„with two vec-
tor lock-in amplifiers for 400 stepped values of x. The ex-
pected (or lack of) symmetry properties of P, (x) (odd in

x) and P„(x) (even in x) are also used as indicators of the
quality of sample surface and beam alignments. The
scans are repeated up to eight times with different fre-
quencies and/or heights to comprise a single data set. In
our fitting routine, a total of 12 800 data are compared to
nuinerical evaluations of Eqs. (3), (8), and (9) for each
iteration of the parameter values, until a best fit is ob-
tained. The forms of P, and P„[seeEq. (3)] suggest that
the fitting procedure is most eSciently carried out in the
Fourier-transform space (k space). The final results are
plotted in both x and k spaces (see Sec. V).

V. RESULTS

In order to illustrate the quality of the multiparameter
least-squares fits described above, we dis lay four
different plots of a typical fit to the 0.07% ' C sample
(sample 1) in Figs. 2 —5. Figures 2 and 3 show the plots in
x space, and Figs. 4 and 5 show them in k space. The
curves labeled "x"and "y" in Figs. 5 and 6 represent the
in-phase and quadrature components of the signal, re-
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FIG. 6. Summary (log-log) plot of the thermal diffusivities of
the diamond samples tabulated in Table I.

cellent quality of fits for all of our diamond data. As dis-
cussed in Sec. III, the fits for our Cu data are slightly
poorer, but with a resulting diffusivity which is in excel-
lent agreement with values found in the literature.
Furthermore, our fits for Cu data collected on a surface

TABLE I. Summary of experimentally measured thermal diffusivities for the five synthetic and one natural type-IIA diamond

crystals, together with the measured values for a pure single-crystal Cu control sample. Also tabulated are the experimental run pa-

rameters.

Sample
no.

6
CU

CU

CU

Cu

Nominal i3C

(%)

0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07

0.1

1.04
1.04
1.04
1.04
1.04
1.04
1.04

0.5
0.5
0.5

natural II A

Coating

Ti (1000 A)
Ti (1000 A)
Ti (1000 A)
Ti {1000 A)
Ti (1000 A)
Ti (1000 A)
Ti (1000 A)
Ti (1000 A)
Ti (1000 A)
Ti (1000 A)
Ti (1000 A)
Ti {1000 A)
Ti (1000 A)

Ti (1000 A)

graphite (600 A)
graphite (600 A)
graphite (600 A)

Ti (1000 A)
Ti (1000 A)
Ti (1000 A)
Ti (1000 A)

Ti (1000 A)

Ti {1000A)
Ti {1000 A)
Ti (1000 A)

Ti (1000 A)
no coating
no coating
no coating

Ti {1000 A)

Orientation'

large (100)
large (100)
large (100)
large (100)
large (100)
large (100)

1 (111)
2 (111)
2 (111)
2 (111)
1 (111)
1 (111)
1 (111)

1 (111)

large (100)
large (100)
large (100)
large (100)
large {100)
large (100)
large (100)

large {100)

1 (111)
1 (111)
3 (111)

large (100)

No.
of

frequencies

8

3
3
3
5

No.
of

heights
Diffusivity

(cm'/s)

18.5
18.6
18.6
18.6
18.4
18.3
18.5
17.2
18.3
18.6
21.2
17.2
17.6

18.8

11.2
11.4
12.1

12.9
12.8
13.5
12.9

12.7

14.6
14.7
14.2

12.2
1.3
1.3
1.2
1.25

Variance

0.0026
0.0014
0.0032
0.0016
0.0010
0.0010
0.0011
0.0011
0.0008
0.0009
0.0014
0.0012
0.0014

0.0009

0.0034
0.0049
0.0041
0.0023
0.0011
0.0006
0.0010

0.0030

0.0012
0.0012
0.0010

0.0008
0.0010
0.0021
0.0015
0.0010

' 1, 2, or 3 refers to facet no.
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covered by a Ti film give the same diffusivity as do our
fits on an uncoated Cu surface.

A summary of all the results of our diamond thermal-
diffusivity measurements is given in Table I. The column
labeled "variance" in Table I is a measure of the quality
of the multiparameter fit, and is simply the statistical
variance between the theory and the typically 12800
values of experimental data. Our thermal-diffusivity re-
sult (12.4+1 cm /s) for synthetic samples having the nat-
ural isotopic abundance is in good agreement with values
calculated from handbook values of thermal conductivity
and heat capacity. ' Our result for the natural crystal
(12.2+1 cm /s) is in similarly good agreement. Our mea-
sured values (18.5+1 cm /s) for the 99.9% isotopically
enriched samples are indicative of a 50% enhancement in
thermal diffusivity. Our measured value (14.5+1 cm /s)
for the intermediate-isotopic-purity (99.5%) sample is
consistent with the other results. A summary (log-log)
plot of all the diamond diffusivity values from Table I is
given in Fig. 6. A naive extrapolation of this plot to ' C
concentrations of the order of 0.01% could result in a
100% enhancement in room-temperature diffusivity from
that of high-quality natural diamond. In summary, our
99.9% ' C- enriched crystals have the highest room-
temperature thermal diffusivity (18.5+1 cm /s) of any
solid naturally occurring or previously synthesized.

VI. DISCUSSION

If we assume that the specific-heat capacity and the
density of the enriched samples do not differ significantly
from their values for samples with the natural isotopic
carbon abundance, then we can calculate values of
thermal conductivity corresponding to the diffusivity
values tabulated in Table I by using the definition
a =a./pC, where a is the thermal diffusivity, p is the mass
density, and C is the specific-heat capacity. This results
in a conversion factor at 25'C of tt=(1.795+0.032)a.
The thermal conductivity of the isotopically enriched
99.9% ' C type-IIA diamond is then found to be 33+2
Wcm 'K '. A comparison of the thermal conductivi-
ties of these crystals with other substances ' is given in
Table II.

VII. SUMMARY

High-quality diamond crystals were synthesized, re-
spectively, from diamond feed stock having three
different isotopic distributions of carbon. Heuristic argu-
ments predict that the thermal conductivity of the isotop-
ically pure diamond should increase, at most, by about
5% at room temperature because of a reduction in
phonon-isotope scattering. Experimentally, we have

TABLE II. Comparative thermal-conductivity values from
this work and selected earlier studies on high-conductivity ma-
terials.

Material

0.07% "C diamond
(this work, enriched)

0.5%%uo
' C diamond

(this work, enriched)
1.0% ' C diamond (this

work, natural abundance)
natural diamond (this work,

Ref. 2)
CVD diamond (Refs. 5-9)
cubic boron nitride (Ref. 4)
silicon carbide (Ref. 4)
copper (Ref. 4)
beryllium oxide (Ref. 4)
boron phosphide (Ref. 4)
aluminum nitride (Ref. 4)
silicon (Ref. 4)
aluminum oxide (Ref. 4)

Thermal
diffusivity
(cm s ')

18.5

14.5

12.4

12.2

1.25

0.86

Thermal
conductivity

(Wcm ' K ')

33.2

26.0

22.3

21.9

12.0
7.6
4.9
4.0
3.7
3.6
3.2
1.6
0.2
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found an increase of 50% in the diffusivity, implying a
corresponding decrease in the phonon-isotope scattering
if one assumes that C and V are comparatively unaffected
by the isotopic impurities. We have also observed that
the damage threshold at 193 nm for the isotopically en-
riched crystal is substantially higher than that for the
crystal with the natural isotopic mix. These ' C-enriched
crystals consequently have the highest room-temperature
thermal conductivity of any solid naturally occurring or
previously synthesized. A naive extrapolation of our ex-
perimental results to purer ' C diamond indicates a po-
tential enhancement of room-temperature thermal con-
ductivity of over 100%.
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