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anisotropy in 

Abstract. We investigated the anisotropic thermal con- 
ductivity in pyrolytic graphite by thermoreflectance. 
A laser-heated circular spot on a surface perpendicular to 
the planes developed into an elliptical temperature distri- 
bution which was recorded by a raster scanning technique 
at modulation frequencies ranging from 600Hz to 
100 kHz. The ratio of in-plane and perpendicular thermal 
conductivity was determined by fitting the phase of the 
temperature data with an analytical model, and was found 
to decrease with increasing modulation frequency. High- 
est conductivity values were considerably smaller than 
previously published data based on steady-state measure- 
ments. The frequency dependence and additional features 
in the phase profiles at high frequencies are discussed in 
view of sample surface preparation and the local nature of 
the thermoreflectance measurement. 

PACS: 66.70. + f 

Heat transport in inhomogeneous or anisotropic media is 
of interest, e.g. in thin film technology and in electronic 
device design. Thermal characteristics of thin films strong- 
ly depend on the preparation procedure and may signifi- 
cantly differ from bulk values [1]. Often thin films exhibit 
a thermal anisotropy with different in-plane and perpen- 
dicular thermal conductivities. Shaw-Klein et al. [2] 
measured thermal anisotropies in rare-earth transition 
metal films, while Graebner et al. [3] reported about the 
large thermal anisotropy in chemical-vapor-deposited 
diamond films. Extensive studies have been carried out by 
various authors of the anisotropy in high-Tc supercon- 
ducting materials [4-6] and liquid crystals [7-9]. 
McCurdy et al. [10] measured heat conduction in cubic 
single crystals in the boundary scattering regime and 
found an anisotropy depending on the orientation of the 
crystals with respect to the heat conduction direction. 
Gan and Zhang [11] reported about thermal anisotropy 
in quartz. Some authors also investigated the anisotropic 
thermal behavior of organic and composite materials, e.g., 

Quelin et al. [12] determined the thermal properties of an 
orthorhombic polydiacetylene sample, and Inglehart et al. 
[13] measured the thermal conductivity of a carbon- 
epoxy composite. 

In the present paper, we demonstrate thermal aniso- 
tropy in a bulk graphite sample utilizing the thermoreflec- 
tance technique [14] as a local probe for the surface 
temperature variation induced by a modulated Ar+-laser 
beam. The measurement scheme is similar to the one 
developed by Visser et al. [15], who observed the 
broadening of the modulated temperature profile on 
sample surfaces by an IR-video camera. 

Focussing an intensity-modulated Gaussian laser 
beam on an absorbing surface yields a periodic primary 
heat source with circular symmetry. The time evolution of 
the resulting temperature profile depends on the thermal 
characteristics of the sample. In case of a sample with 
isotropic thermal properties, the profile maintains its 
spherical shape; in the anisotropic case, however, one 
obtains an ellipsoidal distribution with the greater axis in 
the direction of higher thermal conductivity. 

For optically and thermally thick bulk samples, the 
dispersion relation of harmonic heat flow in the one-di- 
mensional case is q2 = io)/D, where q is the thermal wave 
number, co the angular frequency of the harmonic heat 
source and D = K/pc the thermal diffusivity, with K being 
the thermal conductivity and pc the volume specific heat 
at constant pressure. The temperature along one direction 
obeys an exp(iqx - icot) p e r i o d i c i t ~ h  heavy damping. 
After one thermal length Lth = ~/2D/o), the temperature 
drops to 1/e of the starting value. The phase lag between 
the periodic heat source and the temperature at a distance 
Ax from the source is AO = x/~/2DAx. Using this rela- 
tion, the determination of the thermal diffusivity is 
straightforward [16]. 

The problem of three-dimensional isotropic heat ftow 
was solved for bulk and layered systems [17 19]. Hefe we 
need a solution of the anisotropic three-dimensional heat 
diffusion equation. Several authors dealt with this prob- 
lem, for example, Lu [20] solved the stationary heat 
diffusion equation. In our experiment we used "a 
modulated heat source and hence need a solution of the 
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Fig. 1. Amplitude and phase images (0.9 mm x 0.3 mm) of the modulated temperature distribution on a pyrolytic graphite sample, cut 
perpendicular to the planes. The direction of the planes is indicated by the arrow 

time-dependent heat diffusion equation. Only a few pa- 
pers addressed this topic [12, 21, 22]. We take the solution 
given by Grönbeck and Reichling [22], who calculated 
the temperature distribution for an anisotropic bulk 
sample with consideration of the penetration depth of the 
laser light. In this theory, for certain parameter combina- 
tions convergence problems arise when evaluating the 
integrals involved. In those cases we used a simpler ana- 
lytical solution for the case of surface absorption which is 
outlined in the appendix. 

1 Experimental 

Measurements were performed on pyrolytic graphite. This 
particular form of graphite has a layered structure result- 
ing in a strong anisotropy between the thermal conductiv- 
ity in-plane and perpendicular to it. In the literature 
values of 1960 W/mK for the in-plane value of the thermal 
conductivity and 5.7 W/mK for the perpendicular direc- 
tion at room temperature are reported [23], which 
amounts to a ratio of 344. 

To visualize the anisotropy, we cut the pyrolytic 
graphite perpendicular to the layers and polished the 
surface with diamond paste in successive steps with 15 to 
0.3 gm grain size to obtain optical quality. However, 
inspection of the polished surface by an optical micro- 
scope showed, that incomplete polishing results in 
scratches of somc 10 gm in height. Additionally, the 
sample surface was covered with a thin layer of gold to 
enhance the thermoreflectance signal. The gold layer was 

thermally evaporated and had a thickness below 50 nm. 
The experimental setup is described in detail elsewhere 

[24]. In the experiments reported here, the relative posi- 
tion of probe and pump beam was raster-scanned to 
obtain an image of the surface temperature distribution. 
The Ar÷-laser beam was intensity modulated by an 
acousto-optical modulator, and modulation frequencies 
ranged from 600 Hz to 100 kHz. The temperature profile 
induced by the heating Ar+-laser beam generates 
a modulated surface reflectivity change which was meas- 
ured via reßectance of the HeNe probe beam. The inten- 
sity modulation of the reflected HeNe beam is propor- 
tional to the surface temperature AT via AR/R= 
A T/R dR~dT with R being the surface reflectivity. The 
heated spot had a radius of 50 gm while the probe beam 
was focused to 20 gm diameter. Both, amplitude and 
phase of the induced surface temperature were recorded as 
a function of pump beam position while the probe beam 
was kept at a fixed position at the surface. We repeated 
few selected experiments in a photothermal microscope 
with tighter focused laser beams to study the influence of 
pump and probe beam size on the conductivity results. 
Beam diameters were varied by using microscope objec- 
tives of different magnification where a minimum spot size 
of 1.5 gm was obtained. 

2 Results and discussion 

Figure 1 shows amplitude and phase of the temperature 
distribution at frequencies 1, 4 and 10 kHz. At all modula- 
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Fig. 2a, b. Phase of the thermal profiles extracted from the 2D- 
images of Fig. 1 at 1 kHz. a High conductivity direction, b low 
conductivity direction. Solid Iines are fits to the experimental data 
yielding a thermal conductivity of 1300W/mK in plane and 
20 W/mK perpendicular to the planes 
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Fig. 3a, b. Amplitude profiles extracted from the 2D images of Fig. 1 
at 1 kHz. a High conductivity direction, b low conductivity direc- 
tion. The solid lines are calculated with the fit parameters to the 
phase profiles 

tion frequencies, both amplitude and phase images exhibit 
elliptical temperature profiles characterizing the thermal 
anisotropy of the sample. The relation of the main axes of 
the ellipse yields a first qualitative value for the aniso- 
tropic thermal conductivity in the perpendicular direc- 
tions. 

For  a quantitative analysis we take cuts through the 
two-dimensional temperature images and fit analytical 
solutions to the resulting amplitude and phase profiles. 
Figure 2 shows measured phase profiles and fitted curves 
for the in-plane and perpendicular direction at 1 kHz, 
while Fig. 3 illustrates the amplitude results. The fit of the 
phase profiles yields (1300 _+ 200) W/mK for in-plane and 
(20 _+ 7) W/mK for perpendicular thermal conductivity. 
As the amplitude is more sensitive to experimental distur- 
bances, we mostly analyzed the phase variation across the 
thermal profile. So the curves plotted in the amplitude 
pictures are no fits, but demonstrate the consistency of the 
parameter values obtained by the fits to the phase data. In 
both cases we get a good agreement with the experiment. 

Results of measurements at various frequencies are 
shown in Fig. 4. The plot represents the ratio of the 
in-plane conductivity to the perpendicular conductivity. It 
can clearly be seen that the ratio decreases from a value of 
60 down to 10 while the frequency increases from 600 Hz 
to 100 kHz. The large scatter in the data and error bars 
result from sample preparation as will be discussed below. 
Generally, all measured features were reproducible when 
measured at different locations on the sample surface, 
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Fig. 4. Plot of the ratio of in-plane to perpendicular thermal con- 
ductivities as a function of the modulation frequency 

however, due to the structural inhomogeneity of the sur- 
face on a scale comparable to the thermal diffusion length, 
quantitative results varied for different locations. 

The maximum conductivity ratio obtained in Fig. 4 
significantly differs from the literature values, as we 
measure a lower thermal conductivity in the in-plane 
direction and a higher conductivity in the out-of-plane 
orte. According to the published steady-state data [23], 
a conductivity ratio of about 300 was expected. We as- 
cribe this strong discrepancy to two reasons, namely, 
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sample preparation and the local nature of our photother- 
mal detection scheme. 

Polishing the surface with the diamond grain powder 
produces disorder of the layered structure of the pyrolytic 
graphite and, therefore, alters thermal characteristics in 
the topmost layers and results in a more isotropic thermal 
behavior. Additionally, the gol.d coating reduces the an- 
isotropy by enhancing surface thermal conductivity. To 
estimate the influence of the gold layer, the isotropic 
theory for layered samples [19] was applied. It yields that 
a gold layer of 50 nm enhances the thermal conductivity 
perpendicular to the layers by 20% in case of a 1 kHz 
measurement. 

This interpretation is supported by the measurements 
at higher frequencies. There an additional feature in the 
center of the temperature profiles arises, most clearly seen 
in the phase profile obtained at 10 kHz in Fig. 1. The 
smear-out in the phase profiles is most likely due to the 
disordered material structure in the topmost layers, gener- 
ated by surface polishing. Since only thermal properties 
within one thermal length Lth affect the surface temper- 
ature distribution [16], in the high-frequency regime the 
surface temperature distribution is more sensitive to both 
polishing effects and gold layer and, therefore, phase im- 
ages of the surface temperature exhibit a more isotropic 
behavior. Measured values provide a 1D in-plane diffu- 
sion length of 60 gm for 100 kHz, however, the 3D in- 
plane thermal diffusion length is considerably smaller and 
compares to the expected depth of polishing scratches of 
some 10 lam resulting from the polishing procedure. On 
the other hand, we find a diffusion length of 600 gm at the 
lowest frequencies that is larger than the thickness of the 
disturbed surface layer. To confirm this interpretation, we 
performed comparative transient thermal grating 
measurements [25]. The penetration depth was at most 
40 lam for this experiment and the measurements did not 
exhibit any thermal anisotropy. 

The strongly reduced in-plane conductivity presum- 
ably also results from the small surface area heated by the 
Ar+-laser and probed by the HeNe beam. While in 
a steady-state measurement involving a large thermally 
active volume the reduction of heat transfer in a disrupted 
surface layer is negligible, it is crucial for heating and 
probing with a highly focussed laser beam where local 
thermal resistances between surface grains may thermally 
alter the probed volume. This interpretation also explains 
the observation we made when varying the foci of the 
involved laser beams. We found that the measured in- 
plane conductivity was reduced even more when using 
a highly focussed heating and probe beam of less than 
2 gm diameter, i.e., a further reduction of the heated and 
probed area enhances the inftuence of the local structure. 
The dimension of the sample available allows the use of 
maximum beam diameters in the 100 ~tm range and so it is 
not possible to find out whether a further increase of beam 
diameter yields a thermal conductivity ratio closer to the 
literature value. However, from the trend in the data in 
Fig. 4, we expect a saturation at the highest values we 
measured. 

In summary, it can be concluded that a local photo- 
thermal measurement as presented here is well able to 
detect and qualitatively characterize thermal anisotropy; 

however, quantitative data analysis may be strongly in- 
fluenced by local effects due to the surface structure and 
coating and requires great care in adjusting experimental 
parameters, especially the laser focus and the modulation 
frequency. 
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Appendix 

The three-dimensional heat conduction equation in the 
case of modulated Gaussian laser light absorbed in an 
infinitely thin surface layer as heat source can be written 
as: 

K c32T 02T K 02T 
-1- K2~y2 + 3 Oz ~ -- icopc l ~fx 2 

(x2+Y2.)~(z), (1) 
= Qo exp aß 

with the boundary condition at the rear side of the sample 

OT 
K ~ = -  = 0, (2) UZ 
where Kl, K2 and K3 are the thermal conductivities in 
x, y and z direction, respectively. Qo is the absorbed peak 
energy per unit area and a is the beam waist. The other 
parameters are given in the introduction. The general 
solution of (1) is [16] 

Aù cos \Z]-I  / cos \ Z 7 2 / c o s h  [(L3 - ~)?'3, (3) 

where L1, L2 and L» are the sample dimension in x, y and 
z direction, respectively. The variable 7 is defined as 

n2~ 2K1 rn2~ zK2 with fl = i e)pcp. (4) 
7 2 = f i 2 +  L 2 K3 q L~ K3 K3 

Consideration of the boundary condition yields the final 
solution to the anisotropic heat conduction equation in 
form of a Fourier series: 

T(x, y, O)- Qo ~ ~ cosh(L1] 0 (HT-cx~ 
L~ L2 K3 X / ~  .... sinh(L2v) cos \ L1 ] 

x c ° s ~ L - 2 ) e x p  - T \ L ~ + ~  ' 

(5) 
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