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Thermal conductivity of diamond between 170 and 1200 K and the isotope effect
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Measurements on the thermal conductivity of natural and synthetic single-crystal diamond are
presented over a wide temperature range. The large isotope effect reported previously has been
confirmed. The data have been analyzed using both the Debye model of thermal conductivity, which ig-
nores the N processes, and the Callaway model in the limit that the N processes dominate the phonon
scattering. It is found that the observed isotope effect can be accounted for by including the N processes
alone, without having to postulate the existence of additional defects.

INTRODUCTION

The thermal conductivity of single-crystal diamond has
recently received increased attention resulting from an
announcement by General Electric and Wayne State Uni-
versity of a 50% enhancement at room temperature in
thermal conductivity of synthetic diamond of high isoto-
pic purity relative to that of natural type-IIa diamond or
synthetic diamond of natural isotopic composition. ' It
has long been known that diamond has an extremely high
thermal conductivity. High-purity type-IIa diamond at
room temperature has a thermal conductivity five times
larger than that of copper and indeed is the highest value
of any known material. Diamond is thus very useful for
heat dissipation, and a 50% enhancement of the conduc-
tivity at room temperature would therefore be of consid-
erable practical interest. It would also be of theoretical
interest because the standard theories, which appear to
work well in other solids, ' predicted only a few percent
effect. ' Measurements reported recently by Onn et al.
have confirmed the large isotope effect at room tempera-
ture and extended the temperature range up to 500 K.

The purpose of this paper is to report thermal conduc-
tivity measurements on two natural diamonds over a
wide temperature range, between 170 and 1200 K, and on
two synthetic diamonds, one with the naturally occurring
1.1% ' C, the other nearly isotopically pure (0.07% ' C),
between 170 and 320 K. The high-temperature measure-
ments on one of the natural diamond samples (N 1 ) have
previously been reported briefly. The high-temperature
measurements on natural diamond will provide a baseline
for theoretical comparison, while the lower-temperature
measurements on natural diamond will allow a compar-
ison with existing data to help establish the validity of the
measurement technique. The measurements on synthetic
diamond will allow a more quantitative evaluation of
theories of isotope scattering in diamond. To anticipate
the results, it is found that nearly isotopically pure ' C di-

amond has a thermal conductivity at room temperature
-40% larger than natural type-IIa diamond, in reason-
able agreement with previous measurements.

EXPERIMENTAL DETAILS

The natural diamonds measured were determined to be
type IIa (low nitrogen content) based on the UV absorp-
tion spectra. Both stones appeared colorless, but accord-
ing to the supplier (DeBeers Corp. ) they came from
stones that had a slightly brownish hue. Sample N1 was
8.04X8.84X2.35 mm . Sample N2 was a cube 4.6 mm
on each side.

The synthetic diamonds measured were grown at Gen-
eral Electric using a technique described elsewhere, ' and
are known to be high-quality single-crystal type-IIa dia-
monds. The synthetic diamonds were approximately
4X4X3 mm in size.

Between 500 and 1200 K, the thermal conductivity of
the natural diamonds was measured at the Jet Propulsion
Laboratory using the Gash diffusivity method described
elsewhere. ' ' Briefly, a xenon Hash lamp applies a heat
pulse through a sapphire light pipe to the front side of
the sample (blackened, in this case with graphite and tan-
talum), while an InSb infrared detector measures the tem-
perature rise on the rear side of the sample. The detector
output is fed through an amplifier into a digital storage
scope which displays the rear-face temperature as a func-
tion of time. This time dependence is analyzed to find the
thermal diffusivity. The thermal conductivity is then cal-
culated using the measured diffusivity, the measured
mass density (3.51 g/cm ), and the published specific
heat. "

Between 170 and 350 K, the thermal conductivity was
measured at Cornell in an insertion-type cryostat using
the 3' thermal conductivity technique described else-
where. ' Briefiy& a narrow (50-pm wide) Ag film several
mm long, 1500-A thick is deposited on a sample surface.
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I is the rms current through the metal line, R is the
average resistance, and I is the length of the line; f, and

f2 are the two measuring frequencies (f =co/2~), V3

and V3 2 are the two measured V3 rms voltages, and
dR/dT is the slope of the resistance calibration of the
line. In practice one measures V3 at many frequencies,
and in this case, (V3, —V3 2)/[in(f2) —ln(f, )j is re-

placed by the slope of the V3 versus ln( f ) curve. A typi-
cal frequency scan is shown in Fig. 1.

The 3' technique was originally developed to measure
materials with relatively low thermal cond uctivities
above 30 K, where other techniques suffer from problems
with thermal radiation. Because this technique is essen-
tially immune to radiation errors and easy to implement
experimentally, and because of the ease of determining
the sample geometry (which can be a problem for some
other techniques, notably the standard four-probe dc
technique, if the sample is unusually shaped or relatively
small), it is ideal for thermal conductivity measurements
on most materials.
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FIG. 1. A typical scan of V3„vs frequency. The frequency
scan began at 50 Hz, increased to 6000 Hz (denoted by the open
circles), then decreased (solid circles). For this scan,
I, , =O.OSOA, R =35.4 Q.

This line has a resistance of —12 Q at 300 K and serves
as both a heater and thermometer. A sinusoidal current
is passed through the line with angular frequency m,
which generates power varying as 2'. This power creates
thermal oscillations varying as 2', which cause the resis-
tance of the Ag film to vary as 2'. This resistance oscil-
lation mixes with the input current and generates a com-
ponent of the measured voltage which varies as 3'. Its
rms value V3 varies with frequency, and by measuring it
as a function of frequency with a lock-in amplifier, the

thermal conductivity A can be determined from '

I R ln(fz) —»(f i) dRA=
4nl V3 ] V3 2 d T

The primary difhculty in measuring materials with
very large thermal conductivities is that a large heat How
is required to generate an accurately measurable tempera-
ture drop. In the 3' experiment, this manifests itself as a
V3 that varies only slightly as a function of frequency,
since it is inversely proportional to the thermal conduc-
tivity as seen in Eq. (1). (For typical experimental condi-
tions, it was found that V3 varied by only about 15 pV
over two orders of magnitude in measuring frequency at
300 K; see Fig. 1.) Consequently, any small extraneous
voltage drift can lead to incorrect results. Several
modifications were made to improve the accuracy of the
technique. First, the temperature control of the refri-
gerator was improved to prevent temperature drifts
which would lead to drifts in the resistance of the Ag
line, and consequently to drifts in the measured voltage.
In addition, the frequency was first scanned up, then back
down to be certain there was no drift over the course of a
scan (which would typically take 15 min). Also, a small
inductive component in the leads and electronics was
compensated for by adjusting the phase of the lock-in
amplifier. This inductive component would cause a mix-
ing of in-phase and out-of-phase V3„components, which
would lead to erroneous frequency dependencies. Third-
ly, the electrical contact between the Ag film and the
current and voltage leads was improved. Conductive
silver paint was used to make this connection, but it had
to be cured overnight at roughly 70'C so that the resis-
tance of the silver paint itself would not give an addition-
al component to V3 . The best contact was made by
pressing gold pins down onto the pads of the Ag line and
putting a small amount of silver paint on at the point of
contact. This was only possible for sample N1, however,
because of the small lateral dimension of sample N2 and
the synthetic samples.

Another difFiculty in measuring diamond arises from
its high thermal diffusivity. The 3~ technique requires
that the thermal diffusive wavelength A, ,h =&D/2',
where D is the thermal diffusivity, be smaller than the
sample dimensions and the length of the metal line. This
restricted the frequency at room temperature to be
greater than 50 Hz, while at 170 K the frequency had to
be greater than 800 Hz. The lock-in amplifier limited the
maximum frequency f to 16 kHz. The high thermal con-
ductivity and limited frequency range prevented measure-
ments below 170 K.

To test the 3' technique, the thermal conductivity of
high-purity silicon was measured from 300 K down to 50
K. These data agree very well with the accepted data, '

as shown in Fig. 2. In this case, the limitations men-
tioned above prevented measurements below 50 K. At 60
K, the thermal conductivity of silicon is as high as it is in
diamond at 300 K. However, the thermal diffusivity of
silicon at 60 K is approximately five times larger than
that of diamond at 300 K, limiting the useful frequency
range for the silicon measurement. In addition, the resis-
tance of the metal film at 60 K is three times smaller than
at 300 K, which causes the film to be three times less sen-
sitive. Finally, the frequency synthesizer used is current
limited for such a small resistance load, and consequently
less power was generated in the metal film at low temper-
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RESULTS

The thermal conductivity of the two natural diamond
samples is shown in Fig. 3. Included for comparison are
previously published data from Herman, Hudson, and
Martinez' and Burgemeister. ' Burgerneister measured
30 different type-IIa samples at 320 and 450 K, and all
his data lie in the range shown. The measurements re-
ported here at and below room temperature agree very
well with these previously reported values. There is a—10% dift'erence between the two samples. This
difference is believed to be due to differences in the num-
ber density of impurities or defects in the two samples.
This has been qualitatively confirmed by measuring the
UV absorption spectra. The height of the UV tail up to
the absorption edge at 0.23 pm is an indication of the im-
purity content of type-IIa diamonds. ' Those of high
purity have a very Bat tail. Sample N2 has a higher UV
absorption tail than sample N1, indicating it is less pure.
As stated before, the natural diamonds measured had a
slightly brownish hue due to impurities or defects.

FIG. 2. Thermal conductivity of single crystal silicon mea-
sured with the 3m technique. Shown for comparison (solid line)
are published data from Ref. 15.

ature. The conclusion, then, is that the measurements at
room temperature on diamond are at least ten times as
accurate at those on silicon at 60 K. The measurements
on diamond at 200 K have about the same accuracy as
those on silicon at 60 K.

FIG. 3. Thermal conductivity of two type-IIa diamonds.
Also shown are data measured by Berrnan, Hudson, and Mar-
tinez on two different type-IIa diamonds (Ref. 16), as well as
data measured by Burgerneister on type-IIa diamond (Ref. 17).
Burgemeister measured 30 different samples, all of which lie
within the range shown. The lines shown through the data of
Berman, Hudson, and Martinez are guides for the eye.

DeBeers Corp. , which supplied the natural diamond sam-
ples for this work, indicated' that it is likely that the
samples supplied previously to Herman and Burgemeister
were also from somewhat brownish samples (clearer sam-
ples being too valuable). It would be very desirable to
measure less impure ("pure white" ) samples, to find the
true intrinsic baseline for natural diamond.

The data at high temperatures agree with
Burgerneister's values at 450 K, and extend up to 1200 K,
higher than any previous measurements. This high-
temperature extension will allow for better theoretical
comparisons, a point which will be addressed shortly.

The thermal conductivity of synthetic diamond with
1.1% and 0.07% ' C isotopic content is shown in Fig. 4,
along with measurements by Onn et al. Shown for com-
parison is the highest-conductivity curve of Herman,
Hudson, and Martinez and one set of high-temperature
data (sample Xl ) on natural type-IIa diamond, both from
Fig. 3. The measurements reported here agree very well
with those of Onn et al. , where they overlap, and seem to
show the same temperature dependence. The values for
the nearly isotopically pure samples lie -40% above
those of natural type-IIa diamond, and -60% above
those of synthetic type-IIa diamond, in agreement with
the originally reported isotope effect. It is interesting to
note that synthetic type-IIa diamond thermal conductivi-
ty data are —15% lower than the highest values for natu-
ral type-IIa diamond. There is convicting evidence re-
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modes, v; is the sound velocity for that mode (for dia-
mond, ' vI=1.75X10 cm/s, and v, =1.28X10 cm/s).
OD is the effective Debye temperature for mode i, given

by
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FIG. 4. Thermal conductivity of synthetic diamond with
0.07% and 1 ~ 1% "C isotope concentration. Shown for compar-
ison are data on natural diamond measured by Berman, Hud-
son, and Martinez (Ref. 16) and high-temperature data on sam-
ple N1. The dashed line is a guide for the eye.

DISCUSSION

One is confronted with a situation where small concen-
trations of isotopic impurities lead to an unexpectedly
large reduction in the thermal conductivity. In an at-
tempt to quantify the phonon scattering resulting from
isotopic impurities in diamond, the data have been ana-
lyzed using the Debye model of thermal conductivity,

3
- -3 OD/ 4 x

A(T)=Nkvd g v; j l(x) dx, (2)8 L O (e' —1)'

where N is the number density of atoms (for diamond,
N=1.762X10 cm 3) and the sum over i denotes a sum
over the one longitudinal and the two transverse phonon

garding the quality of these synthetic diamonds relative
to natural diamond. X-ray linewidths for synthetic dia-
rnond are independent of isotopic composition and are
fifteen times narrower than those of natural type-IIa dia-
monds. On the other hand, x-ray topography indicates
that isotopically pure synthetic diamonds contain
significantly fewer defects than natural diamond or syn-
thetic diamond of natural isotopic abundance.

where A, is the phonon wavelength.
The assumption is made that the resistive scattering

rates add, so that

l(x)=(lbd,' +l,,„', +L„'k, ) '+ —.
2

(5)

ldb,'„= (Ref. 24),'b'&

L~, '& = „(Ref. 25),Rayl ~4

l ' =C e (Ref. 26) .

A good fit is found for the following parameters: A =0. 1

cm, B =4.0X10 cm, C =2.0X10 ' cm/K, D =550
K. These parameters are listed in Table I, and are close
to those previously published, with minor differences
arising because a slightly different form of the Debye
model has been used here. This fit is shown as the dashed
curve in Fig. 5. The data for the nearly isotopically pure
samples were then fitted by changing only the point
scattering term. A reasonable fit was found for
B =0.6X10 crn, see Table I. Thus it was necessary
to reduce B by 3.4X 10 cm; this is the Rayleigh term
caused by the isotope scattering. Turk and Klemens
have calculated the Rayleigh term, taking into account
not only the mass difference of the impurity but also the
difference in volume occupied. They found that

2 40 AMl R,', = 6 +2ya4~ (7)

The terms lbdrz» IRay&, and l„mu are the phonon mean-free
paths associated with the sample boundaries, points de-
fects, and umklapp processes, respectively. The term
A, /2, half the phonon wavelength, is included to avoid the
nonphysical case where the mean-free path becomes
short compared to the phonon wavelength.

The Debye model is sometimes referred to as the
Klemens-Callaway model, but the authors feel that "De-
bye model" is more appropriate. Klemens made the as-
sumption that the scattering rates add and ignored the X
processes, while Callaway took 2V processes into ac-
count. As an aside we note that when Callaway applied
his theory to germanium, he ignored X processes and
simply used the Debye model.

The data on natural diamond of Berman, Hudson, and
Martinez (using highest values from Fig. 3) and one set of
high-temperature data (sample Nl) have been fitted by
trial and error, using phonon mean-free paths of the form
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TABLE I. Parameters for Debye model fits for diamond.

Sample

Natural type-IIa
Synthetic enriched ' C
Natural type Ia (C7)
Natural type Ia (C5)

A (crn)

0.1

0.1

0.1

0.1

8 (cm)

4.0X10-"
0.6X10-"
1.89 X 10-"
1.6X 10

C (cmyK)

2.0X 10
2.0X 10-"
2.0X10-"
2.0X 10

D (K)

550
550
550
550

where Qo is the volume per atom equal to
1/X =5.68X10 cm, 6 is the atomic fraction of the
impurity (assumed to be «1), b,M/M is the fractional
mass difference for the impurity, y is the Gruneisen pa-
rameter equal to 1.1 for diamond, ' and a is the fraction-
al volume difference of the impurity. For 1.1% ' C in
'2C, where bM/M =

—,', and a=0.0005 (Ref. 20), lR,'„&

calculated from Eq. (7) is 5.38X10 cm . This is 6.3
times smaller than the scattering rate determined here.
Onn et al. found the calculated scattering rate to be 5.4
times smaller than the measured scattering rate.

It has been shown' that atomic impurities can also
lead to an unexpectedly large reduction in the thermal
conductivity of diamond. There is a variation of —10%
between different type-IIa samples below 450 K, although
the atomic impurity concentrations differ by only a few
parts per million (ppm). Measurements have been re-
ported on type-Ia diamond samples with known nitrogen
impurity concentrations. ' (Type-Ia diamonds contain
higher concentrations of nitrogen than type-IIa, and are

divided on the basis of UV and IR absorption features. '
)

Two of these, the ones labeled C7 and C5 in Ref. 12,
have been analyzed with the Debye model, and the data
and fits are shown in Fig. 6. The additional Rayleigh
scattering necessary to fit these two sets of data was
found to be 1.49X10 cm and 1.56X10
cm, respectively, see Table I. For N in ' C, where
AM/M= —,', and +=0.15, these values correspond to
15 and 88 times the values predicted using Eq. (7).

The source of the enhancement of the point defect
scattering is uncertain. There are other systems where
impurities lead to unexpectedly large reductions in the
thermal conductivity. In f3 8 for —example, which, like
diamond, has a very rigid lattice (OD = 1520 K), the addi-
tion of 3% carbon impurities reduces the thermal con-
ductivity by almost a factor of 10 at 220 K (Ref. 29)
(which corresponds to the same reduced temperature
T/OD as room temperature in diamond).

The nitrogen present in type-Ia diamond is known to
be clustered, ' ' and X impurities in clusters of n will
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FIG. 5. Thermal conductivity of natural type-IIa diamond
and synthetic diamond with 0.07%%uo "C isotope concentration.
The dashed line is the fit calculated from the Debye model as
described in the text. The solid line is the fit for the nearly iso-
topically pure diamond, where the point defect scattering (Ray-
leigh term) was the only parameter changed.
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FIG. 6. Thermal conductivity of natural type-IIa and type-Ia
diamond. The lines are the fits calculated from the Debye mod-
el as described in the text. The point defect scattering was the
only parameter difterent in the calculations.
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8D /T
[j ' x e"/(e —1) dx]
OD jT

I ' l '(x)x e /(e —1) dx
(8)

where l '(x) is given by the inverse of Eq. (5). The data
on natural type-IIa diamond have been fitted using pho-
non mean-free paths as given in Eq. (6). A good fit has
been found for the following parameters: 3 =0.055 cm,
B =1.5&10 cm, C=1.4X10 ' cm/K, D =730 K.
These values are listed in Table II. Not surprisingly,
these parameters are somewhat different than those found
using the Debye model. The Rayleigh scattering term
was then adjusted to achieve a best fit to the data on the
nearly isotopically pure diamond. It was found that
l R&y] 0 in this case. See Table II. Thus 1.5 X 10 1,

scatter n times more effectively than N individual impuri-
ties. However, the clusters are generally thought to be
small, not the 15 or 88 needed to explain the discrepan-
cy between the fit and the calculated scattering rate.

Onn et al. have proposed that low concentrations of
lattice vacancies are adequate to explain the observed
"isotope" effect. However, the relatively small variation
( —10%) of the thermal conductivity of different natural
type-IIa diamonds (see Fig. 3) would indicate that they all
have roughly the same vacancy concentration, which
seems unlikely. Furthermore, there is little reason to ex-
pect synthetic, isotopically enriched ' C diamond to have
fewer vacancies than synthetic diamond with 1.1% ' C.

A likely explanation has been considered by Berman
and Hass et al. , who have examined the role of N pro-
cesses. In the Debye model, the nonresistive three-
phonon N processes are ignored. These scattering pro-
cesses do not themselves lead to a degradation of the heat
flow, but instead restore the phonon distribution to a dis-
placed Planck distribution compatible with the heat flow-
ing. Suppose there were a defect that strongly scattered
phonons at a particular frequency f0. In the Debye mod-
el, phonons with frequency fo would not contribute to
the thermal conductivity, but phonons of other frequen-
cies would be unaffected. N processes would act to chan-
nel other phonon modes into that frequency, effectively
reducing the thermal conductivity contribution from the
other modes as well. The N-process scattering rates in di-
amond are largely unknown, so a quantitative computa-
tion is not possible. However, if one assumes that the N-
process scattering rate is much larger than the resistive
scattering rate, then both the Callaway model and the
Ziman variational method lead to the same result:

100
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~ ~
~ M
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X X
X

X

Synthetic 0.07% C
Callaway integ

* ~ Type —IIa———Callaway integral fit

Type —Ia, Ref. 16
+ 102o N cm-o (C 7)

Callavray integral fit
x 1.8x 10 N cm (C5)

Callaway integral fit

30 100 300 1000
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FIG. 7. Thermal conductivity of synthetic nearly isotopically
pure diamond, and natural type-IIa and type-Ia diamond. The
lines are the fits calculated from the Callaway model as de-
scribed in the text. The point defect scattering was the only pa-
rameter different in the calculations.

cm had to be removed. This corresponds to 3.6 times
less scattering than predicted by Eq. (7). In this case,
making the assumption that the N processes dominate
enhances the isotope scattering by a factor of 23 over the
case when the N processes are ignored.

Hass et al. have performed a similar fit. Rather than
assuming that the N-process scattering dominates at all
temperatures, they used a particular form for the N-
process scattering rate, ~&

' =0.011xT, where
'=ul ', and x is given by Eq. (4). Because of this as-

sumption, the parameters they found were somewhat
different than those reported in this work. They also
used a smaller temperature range ( T ~ 300 K) and a
different form of the umklapp scattering rate now known
to fail at higher temperatures. The conclusion reached
by Hass et al. is the same as the one reached here: The
observed isotope effect can be explained by existing
theory by taking into account the effect of N processes.

The two type-Ia samples analyzed previously have also
been fitted using Eq. (8), and these fits are also shown in
Fig. 7. In this case, a best fit was achieved by adding

TABLE II. Parameters for Callaway model fits for diamond (in the limit that X processes dominate

the phonon scattering).

Sample

Natural type IIa
Synthetic enriched ' C
Natural type Ia (C7)
Natural type Ia (C5)

A (cm)

0.055
0.055
0.055
0.055

B (cm)

1.5 X10-"
0

4.5X 10
2.5 X10-"

C (cm/K)

1.4X10 "
1.4X10 "
1.4X 10
1.4X 10

D (K)

730
730
730
730
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3.0X 10 A, cm and 2. 35 X 10 A, cm, respective-
ly, see Table II. These values correspond to 3.0 times less
and 1.3 times more scattering, respectively, than calculat-
ed using Eq. (7). In this case, making the assumption
that the N processes dominate enhances the Rayleigh
scattering by factors of 45 and 66 over the case when the
N processes are ignored. It is clear that the temperature
dependence is wrong in this limit, but it does demonstrate
that the N processes can enhance the effect of the isotope
scattering enough to account for the observed isotope
effect in diamond. One could conceivably use the full
Callaway model to determine a form of the N process
scattering rate as Nepsha has done, but the authors feel
this requires measurements on a wider range of isotope
abundances and over a broader temperature range [as
was performed on LiF (Ref. 3)] to provide meaningful
conclusions.

CONCLUSIONS

The thermal conductivity of synthetic isotopically pure
diamond and natural type-IIa and type-Ia diamond has
been analyzed using the Debye and Callaway models of
thermal conductivity. It has been found that the impuri-
ties (either the ' C or X) scatter phonons much more
strongly than predicted by the Debye model, which ig-
nores the N processes, whereas they scatter less strongly
than predicted by the limiting case of the Callaway model
where N processes dominate the scattering. However,

the assumption that the N processes dominate leads to an
incorrect temperature dependence.

If the Debye model accurately describes the tempera-
ture dependence of the thermal conductivity even as the
temperature becomes a significant fraction of the Debye
temperature, then an enhancement in the thermal con-
ductivity of nearly isotopically pure diamond should be
measurable out to 1200 K. If the N processes dominate,
then isotopic ally pure type-IIa and type-Ia diamond
should all have roughly the same thermal conductivity at
high temperatures. Experiments are planned to measure
nearly isotopically pure ' C synthetic diamond and type-
Ia diamond using the laser Aash diffusivity method.
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