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Abstract. The thermal diffusivity of natural abundance and 
isotopically enhanced, synthetic, diamond crystals have been 
directly measured by picosecond infrared transient grating 
experiments operating on a microscopic distance scale. Tran- 
sient gratings do not require contact to the sample, and are 
not limited by sample size, or complicated modeling or fit- 
ting of the data. Single crystal type-IIA diamond samples 
with natural abundance of 12C (98.9%) and enriched 12C 
isotopic abundance (99.9%) gave diffusivity constants of 
7.8 cm2/s and 12.0 cm2/s, respectively, at room temperature. 
These results confirm previous measurements of a 50% in- 
crease in the thermal conductivity of isotopically enhanced 
diamond. Variations in the thermal diffusivity of up to 50% 
were observed from point to point in both samples. 

PACS: 66.10.Cb, 62.65.+k, 42.65.Ft, 42.65.Ky 

In this report, we demonstrate the measurement of ther- 
mal conductivity on natural and isotopically enriched type- 
IIA diamond using picosecond infrared transient grating ex- 
periments. To our knowledge, these are the first nonlinear 
experiments conducted with picosecond infrared pulses. The 
transient grating is an entirely optical technique; it is non- 
invasive, direct, and requires no modeling. Sample size lim- 
itations are dictated only by the laser beam spot size. The 
experiment directly probes the bulk of the sample on a small 
distance scale and is not influenced by surface effects. In 
addition, this technique has internal consistency checks that 
allow verification of the results. A transient grating measure- 
ment gives the thermal diffusivity, c~, which can be related 
to the thermal conductivity, k, by k = c~)Cp, where L) is the 
density of the sample and Cp is the heat capacity. 

Diamond is a material of considerable interest for its thermal 
and mechanical properties. The unusually high thermal con- 
ductivity of diamond, its hardness, and the improvement in 
the growth of CVD films make it a candidate for heat sinks 
and substrates in electronic devices. In addition, the ther- 
mal conductivity of natural abundance versus isotopically 
enriched diamond is of great interest in light of reports of 
large enhancements in thermal conductivity in 12C enriched 
type-IIA diamonds. The unusually high thermal conductivi- 
ties of isotopically enriched diamond are reported to exceed 
the already great thermal conductivity of natural abundance 
diamond (98.9% 12C) by 50% [1,2]. 

The measurement of extremely large thermal conduc- 
tivities, such as those of diamond, is difficult. Traditional 
steady-state measurement techniques require contact with 
the sample, and are limited by the size of the sample [3, 4]. 
Modulated laser heating techniques require complex models 
describing the phase or amplitude of thermal waves [1,5]. 
Measurements of transient infrared signals after pulsed heat- 
ing, have provided the most direct measurements to date, but 
are also limited by the size of the sample and the description 
of the thermal wave in most cases [6, 7]. 

1 Experimental Procedures 

Transient gratings have been used to measure numerous dy- 
namic phenomena, including thermal diffusion [8], excita- 
tion transport in crystals [9], electron transport in semicon- 
ductors [10], acoustic wave propagation [11], and molecu- 
lar orientational relaxation processes [12]. A schematic of 
the experiment is shown in Fig. 1. Two time coincident pi- 
cosecond infrared ()` = 4.1 gm) pulses are crossed in the 
diamond sample at an angle 0. The two beams produce a 
sinusoidal interference pattern in the sample with a fringe 
spacing of d = ),/2 sin(0/2). Absorption of the infrared light 
by the two-phonon modes in diamond deposits heat into the 
sample in a pattern mimicking the original optical interfer- 
ence pattern. The spatially periodic heating of the sample 
(AT ~ 0.1 K) causes a spatial modulation of the real part of 
the index Of refraction. This produces a diffraction grating. 
A third, time-delayed probe pulse (), = 611 nm) is diffracted 
off the grating at the Bragg angle. The probe monitors the 
decay of the grating as heat diffuses from the peaks to the 
nulls. The probe diffraction efficiency, rj, can be obtained 
by solution of a one dimensional diffusion equation, and is 
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Fig. 1. A schematic of the infrared transient grating experiment. Two 
excitation pulses (ex) with a wavelength of 4.1 gm are crossed at an 
angle 0 in the diamond. Absorption and rapid relaxation by the two- 
phonon bands create a thermal grating with fringe spacing, d. The 
diffraction of a variably delayed probe pulse (pr) monitors the decay 
of the grating by thermal diffusion from the peaks to the nulls 

given by [8] 

r/oc exp(-2ct/32t) = e x p ( - t / T ) ,  (1) 
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Fig. 2. a Two transient grating decays and exponential fits for natural 
abundance 12C (top) and isotopically enriched diamond (bottom), at a 
fringe spacing of 11.8 gm. b An enlargement of the acoustic portion 
of the signal for the bottom curve in a with an exponentially damped 
sinusoidal fit 

where/3 = 27r/d is the grating wave-vector and 1/~- is the 
measured grating decay constant. The factor of two arises 
because the signal intensity in this four-wave mixing ex- 
periment is proportional to the square of the induced polar- 
ization. Equation (1) shows that the measured exponential 
grating decay time gives the thermal diffusivity directly from 
c~ = (-2/32T) -1. An accurate test of  the diffusive nature of  
the decay is to vary the grating fringe spacing. This changes 
the grating wave vector, and the experimental decay time, 
but the thermal diffusivity remains the same. 

Picosecond pulses with a wavelength of 4.1 gm are gen- 
erated with a LiIO 3 optical parametric amplifier (OPA). 
The pulse train of  a cw-pumped, Q-switched, mode-locked, 
cavity-dumped Nd :YAG laser with a 10% output coupler 
is doubled and synchronously pumps a sulforhodamine-640 
dye laser. The dye laser is cavity dumped simultaneously 
with the Nd: YAG. The cavity dumped pulse of  the Nd: YAG 
is doubled (532 nm, 80 ps, 800 gJ) and cylindrically down- 
collimated to a 2 mm × 1 mm beam. The dye-laser pulse 
(611 nm, 50ps, 15 gJ) is down-collimated to a 1 mm diam- 
eter beam. The two pulses are made time coincident and 
collinear, and mixed in a 3 0 m m  long LilO 3 crystal (cut 
22.5 ° off optic axis). The beams are combined in the crystal 
so that the 532 nm beam walks off in the long direction of  
the cylindrical spot, maximizing the interaction length with 
the dye beam. The OPA gives 2 p J ,  50ps pulses at 4.1 gm 
with a 1 kHz repetition rate. 

The three colors are dispersed in a CaF Brewster prism. 
The 4.1 gm beam is collimated and split into two excitation 
pulses. The dye beam is spatially filtered and sent through 
a optical delay, giving it up to 16ns of delay behind the 
excitation pulses. The beams are combined in the sample 
with a 114 mm off-axis parabolic reflector. The 4.1 gm and 
dye beams are focused to 150gm and 100gm at the sample, 

respectively. The fringe spacing was varied from 11 gm to 
20 gm. The excitation beams are chopped at 500 Hz, and the 
diffracted grating signal is detected by a PMT with a lock-in 
amplifier. 

The grating fringe spacing is determined by the acous- 
tic grating signal from a 10% deuterated ethanol (EtOD) 
in ethanol. The excitation pulses are absorbed by the EtOD 
hydrogen-bonded O-H  stretching mode, which rapidly 
relaxes (~1 ps) into phonon modes. This rapid heating 
launches counterpropagating acoustic waves, with a wave- 
length equal to the grating fringe spacing. Since the thermal 
decay is slow relative to the acoustic period, the grating sig- 
nal probes the density modulations as the acoustic waves 
travel against each other at the speed of  sound. The fringe 
spacing can be accurately determined by fitting the acoustic 
grating signal to the speed of  sound in ethanol [11]. This 
method improves on the accuracy of the fringe spacing ob- 
tained by direct measurement of the angle between the ex- 
citation beams. 

Thermal diffusivity measurements were made on two 
type-IIA synthetic diamond samples, with dimensions 
4 m m  × 4 m m  × 0.5mm, and 12C isotopic concentrations 
of  99.9% and 98.9% [14]. A typical transient grating sig- 
nal decay at room temperature for both samples at a fringe 
spacing of 11.8 gm is shown in Fig. 2a. The thermal grat- 
ing decays are exponential over several factors of e, and are 
also modulated by counterpropagating acoustic waves. The 
acoustic signal is separated by subtracting the exponential fit 
to the thermal portion from the signal, taking into account 
the quadratic dependence of  the signal. It can then be fit 
to an exponentially damped sinusoidal signal, as shown in 
Fig. 2b. The velocity of sound in diamond, u, determined 
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by the average to several fits, was u -- 1.73 x 106 cm/s, 
corresponding to literature values, within 2% [15]. 

2 Results and Discussion 

Measurements of the thermal diffusivity on any spot on the 
sample were reproducible to within + 1%. However, the ther- 
mal diffusivity measurements on both samples varied signif- 
icantly from point to point over the entire sample. Measure- 
ments were made at many points on each sample giving 
thermal diffusivity values that varied by up to 50% from 
point to point. To make a determination of the average ther- 
mal diffusivity of  the samples, measurements were made for 
several points and averaged. This averaging was then re- 
peated for several fringe spacings. From (1), a plot of the 
decay constant versus the square of the grating wave vec- 
tor should give a straight line through the origin with slope 
of  c~. Any other effects, such as excited-state contribution 
to the decay, would result in a non-zero intercept. Figure 3 
shows such a plot for fringe spacings of l l . 8 g m  to 18.0gm 
for both natural abundance and isotopically enriched dia- 
mond. The slope of the lines give the thermal diffusivity 
of diamond as 7.8(2)cm2/s for 98.9% ~2C (natural abun- 
dance), and 12.0(2)cm2/s for 99.9% 12C, corresponding to 
thermal conductivities of 14.0 W/cm K and 21.5 W/cm K, re- 
spectively. These results confirm previous measurements of  
50% enhancement in the thermal conductivity of  isotopically 
enhanced diamond. 

The local variation of the thermal diffusivity is not sur- 
prising, when comparing results with X-ray topographs of 
the samples. X-ray topographs of the samples used in this 
experiment, published elsewhere [14], show considerable de- 
fect structures on the order of  _< 100 gm in some regions and 
relatively few defects in others. In addition, the isotopically 
enriched sample has substantially less defect structure than 
the natural abundance sample. This should not influence the 
results of  these measurements as long as the defects exist 
on a scale long compared to phonon mean free path. At 
room temperature the phonon mean free path, A, calculated 
from A = 3kit, C;, is A ~ 0.2gm. It should be noted that 
the contribution of  lattice vacancies to phonon scattering is 
orders of magnitude greater than isotopic impurities [2]. 

The values measured for the thermal diffusivity are both 
approximately 50% less than previously reported values for 
single-crystal type-IIA diamonds [1, 2, 16]. The value for 
natural abundance 12C diamond is similar to that reported 
for type-IA CVD diamond thin films, most of which have 
crystallite structure on the order of  1-100 [tm [3, 4, 6]. The 
difference between these results and past measurements may 
be due to the nature of the samples; yet it seems unlikely 
that both samples would give reduced thermal diffusivities. 

The variety of internal checks on the experimental data 
makes it most reliable. The results obtained are independent 
of fringe spacing, which demonstrates the diffusive nature of 
the signal. The onset of acoustic waves at time t = 0 demon- 
strates a rapid relaxation of the initially excited phonons and 
onset of thermal expansion. The acoustic waves also act as 
an internal check of  the fringe spacing, since they match 
the velocity of sound in diamond. In addition, the same re- 
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Fig. 3. The plot of the average grating decay constant vs the square of 
the grating wave vector at six fringe spacings for both diamond sam- 
ples. The top line corresponds to the isotopically enhanced diamond, 
and the bottom line to the natural abundance diamond. The intercept 
at the origin is a check of the diffusive nature of the process 

sults are obtained when the intensity of the excitation pulses 
were cut by half, An experimental inaccuracy, systematic 
or random, does not seem to be an explanation for the dif- 
ferences between these measurements and previous reports. 
One possible explanation for differing results involves the 
initial conditions in these experiments. It is possible that 
the relaxation of the initially excited two-phonon mode does 
not produce a thermal distribution of longitudinal acoustic 
phonons. A bottleneck could trap phonons in the upper part 
of the acoustic dispersion, resulting in the diffusion of non- 
equilibrium phonons. This phenomena can be tested by tun- 
ing the grating excitation wavelength to a variety of well- 
defined two-phonon transitions between 3.7 gm and 5.8 gm 
[13]. In addition to the wavelength studies, a temperature de- 
pendent study will give greater information on the phonon 
mean free path and thus the nature of  any defect structure in 
the samples. Also, these results will be compared to those 
obtained from other synthetic diamonds as well as natural 
type-IIA gems. 
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