
VOLUME 41, NUMBER 15 PHYSICAL REVIEW LETTERS 9 OCTOBER 1978

(1) The application of conventional tunneling
hopping theories, " in order to explain the large
jump rate at 1 K in pure Al, results in unrealis-
tically large values of J.

(2) The very small activation energy derived
from the 7, data above 20 K rules out the trapping
at impurities below 20 K.

(3) The relation between the strain-induced en-
ergy shift 4F. and the tunneling matrix element J
of the muon fulfills consistently the requirements
of the Anderson theory. " For the case of pure
Al we find J»aI:.

The above interpretation is also supported by
the fact that the EFG at the Al is characteristic
for an interstitial muon acting on the Al rather
than for a neighboring Mn atom. The absolute
value of the EFG derived from the same data is
close to the theoretical prediction given for pure
Al metal. .' The strain-induced self -trapping
mechanism in Al is supposed to occur even at
much lower concentrations of Mn than used here.
In order to observe the transition between both
regimes, experiments with lower Mn content are
under way.

We thank K. W. Kehr, L. Pernesta. l, and J. C.
Soulie for helpful discussions, and J. J. Fenzl
for the preparation of the sample.
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Origin of Thermal Conductivity Anisotropy in Liquid Crystalline Phases
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Thermal conductivity measurements have been performed in nematic and smectic liquid
crystalline phases by the forced Rayleigh light-scattering technique. Results show clear-
ly that the thermal transport anisotropy is governed by the molecular shape anisotropy
and by the molecular orientation but is independent of the smectic layer ordering.

Most of the past work on thermal transport has
been devoted to thermal conductivity measure-
ments in nematic phases. Despite some initial
controversies, it is now accepted that the con-
ductivity is anisotropic, being maximum (mini-
mum) parallel (perpendicular) to the direction
of the local optical axis. ' Recently we have been
able to extend the measurement down into the
smectic-A phases. The preliminary results
have indicated that thermal transport properties
are not influenced by the regular layered struc-
ture. ' This behavior is rather unexpected since
it has been demonstrated that the smectic layers

act as strong barriers to molecular motion in
other transport properties as mass diffusion and
ionic conductivity. '

In this Letter, we clearly ascertain that heat
transport is primarily governed by the individual
molecular properties and the orientational order-
ing but not by the long-range position ordering.
Thermal conductivity data are presented on ne-
matic compounds with different molecular lengths,
in an attempt to vary the molecular geometrical
shape anisotropy. The angular dependence of the
thermal diffusivity is also investigated on both
sides of a smectic-C to nematic phase transition.
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The smectic- C phase is interesting since the
molecular orientation no longer coincides with
the normal to the smectic layers as in the smec-
tic-A phase.

Thermal diffusivity measurements have been
performed by the forced Bayleigh light-scattering
technique4 with an experimental setup identical to
that of Ref. 2. The temperature fluctuations are
generated artificially by illuminating the liquid
crystal sample with an optical fringe pattern ob-
tained by interfering two light beams from the
same laser. H the sample is absorbing at the la-
ser wavelength, a temperature grating mill be
set up which in turn will modulate the refractive
index. The thermal pattern thus gives rise to an
optical phase diffraction grating which is probed
by a separate low-power laser. When the light
fringe pattern is switched off, the diffraction
grating decays exponentially with a single time
constant ~=1/Dq', where 8 is the thermal diffu-
sivit'y to be measured and q is the grating wave
vector. There are no further complications such
as coupling between the thermal relaxation proc-
ess by thermal diffusivity and the long-wavelength
nematic director fluctuations. Truly, the local
temperature changes modify the magnitude of the
nematic order parameter S.' However, since 8
does not obey a conservation law, it always ad-
justs to the local temperature distribution in mi-
croscopic times. ' The 1ong-lived modes of the
director fluctuations, which have characteristic

frequencies' r)/Eq' comparable to T ', are not
affected (K is an elastic constant, g a viscosity
coefficient). This is evidenced experimentally
by the absence of any strong depolarized compo-
nent in the diffracted light intensity.

Several liquid crystals, with various mesomor-
phic phases, have been investigated. Their chem-
ical formulas and phase diagrams are presented
in Table I. The liquid-crystal samples were
placed between two SiO-coated glass plates sepa-
rated by 150-p, m spacers. With the plates prop-
erly coated and oriented, ' uniaxial alignment of
the nematic phases is achieved with the mole-
cules parallel to the glass walls. However, when
cooling down into the smectic-C phase of DOBCP
and GAB, stabilizing high-frequency electric
fields (4X 10'V, „10kHz) were also applied on
the sample to prevent the molecules fro~ rotating
out of the plane of the glass plates. With tangen-
tial boundary conditions for the molecules, large
focal conies (™2 m/m') are formed 'Th. e ellipses
are generally stuck to the glass walls. They have
two main orientations, either parallel to the easy
alignment axis or at a mell-defined, finite angle
to it. This angle is observed to correspond to the
ti1t ang1e 9~&, —-32' for OAB' and =45 for DQBCP."
A similar situation has already been reported by

K-15 denotes 4' -n-pentyl-4-cyanobiphenyl,
T-15 denotes 4'-n-penty1-4-cyanoterphenyl, GAB de-
notes 4, 4' -di-e-octyloxy azoxy benzene, DQBCP de-
notes di-{4-n-decylozybenzaO-2-chloro-1-4-phenylene
diamine.

( I( (5)

solid nernatic —isotropic liquid
22.54 C 35O C

(T-(5) csH„ CN

solid —nemotic —isotropic liquid
I3I C 239iC

N~CH 0CI0H2I

solid = srnectic C = nematie —isotropic liquid
864 C II2 5o C l68 54C

({)A 8) HI7CIO N -" N OC8 HI~

solid —srnectic C = nematic isotropic liquid
804 C l084 C I26o C

1 Schematic representation of the two smectic
layers orientations relative to the glass boundaries and
to the easy alignment axis observed in the smectic-C
phase of 4,4'-di-n-oetyloxy azoxy benzene and of di-
(4-n-decyloxybenzal)-2-ehloro-1-4-phenylene diamine.
The easy alignment axis, defined by the skewed evapor-
ation conditions, is represented by the double arrow
parallel to Oy. The sharply defined. smective planes
have no real physical meaning and are just a guide to
the eye.
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Lefhvre et aE." The two types of domains corre-
spond to two different orientations of the smectic
planes relative to the glass walls (see Fig. 1).
In domains A, the planes are at a finite angle
from the normal to the walls (Os) and cross the
glass planes (xOy) perpendicularly to the easy
alignment axis (Oy). In domains 8, the pla. nes
are parallel to O~ and cross the xOy planes at
2n —6&, to Oy. This latter geometry is the sim-
plest for anisotropic thermal diffusivity meas-
urements and will always be chosen experimen-
tally. The angular dependence of D is obtained
by rotating the fringe pattern (generally formed
of regularly spaced stripes) relative to the prin-
cipal axes of the oriented samples. B is then the
thermal diffusivity perpendicular to the stripes.

Results are first given for the nematic phases.
Figure 2 shows the dependence of the decay time
T of the thermal phase grating versus the inverse
square of the grating wave vector q for T-15 and
K-15. The fringe spacing has been varied be-

tween 20 and 60 p.m, always well below the sam-
ple thickness to avoid edge effects. ' For each
compound, two sets of measurements have been
performed to measure the thermal diffusivity co-
efficients parallel (D „)and perpendicular (D~) to
the average orientation of the long molecular axis.
As expected for a purely diffusing process, the
curves are linear and v=(Dq') '. From the
slopes we get D

~~

= (1.25 + 0.05) x 10 ' cm' sec '
and D~= (0.79 +0.04) x 10 ' cm' sec ' for K-15 at
25 C, D „=(1.37 a0.04) x 10 ' cm' sec ' and D
= (0.59 +0.02) x 10 ' cm' sec ' for T-15 at 163 C.
Separate measurements for OAB C give D ~~= (12.4
+ 0.10)x 10 ' cm' sec ' and D = (4.7+ 0.10)x 10 '
cm' sec ' at 109'C.

The temperature dependence of D
ll

and D in
the nematic phase and of B, for the isotropic
phase has also been measured. The results are
quite similar to those already reported for other
nematic materials. "

In the smectic-C phases, we are interested in
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FIG. 2. Decay time of the laser-induced thermal
grating vs the inverse square of the grating wave vec-
tor (K-15}4'.-n-pentyl-4-cyanobiphenyl/ne|natic phase
T = 25'C and (T-15) 4'-n-4-cyanoterphenyl/nematic
phase T =163'C.
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FIG. B. Angular dependence of the thermal diffusivity
coefficient with respect to the direction of the average
molecular orientation and of the smectic layers normal.
smectic-C phase of 4, 4' -di-n-octyloxy azoxy benzene.
T =107 C. Dll =12.2&10 cm sec . D~=4.4x10 4

cm' sec '.
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relating the thermal diffusivity anisotropy to the
molecular orientation and to the direction of the
smectic layers. We have performed the angular
analysis of the thermal diffusivity in OAB and
DOBCP. The results are shown on Fig. 3 for
OAB. The polar plot of D vs 6 has a characteris-
tic "peanut shape, "and the data points are well
fitted by the equation D(e) =D „cos'6+D, sin'6.
One obtains D~~ =(12.2+0.10)x 10 ' cm' sec ' and
D~=(4.4+0.10)x10 ' cm' sec ' for OAB at 107'C.
For DOBCP a similar analysis yields D

~~
=(24.8

+0.09) x10 ' cm' sec ' and D~=(7.8+0.07)x10 '
cm' sec ' at 111 C. In both cases one notices
that (1) the polar diagram is peaked in the direc-
tion of the molecular orientation in the very same
manner as for the nematic phase, and (2) the ab-
solute D values are very close on both sides of
the smectic- C to nematic phase transition.

Our present experiments raise an interesting
question on the origin of the thermal conductivity
anisptrppy. It is pbvipus from all earlier results"
that the anisotropy is dependent on the o~ientation-
al degree of alignment. Actually, when the molec-
ular orientation is at random, as in the isotropic
phase, the thermal anisotropy falls to zero. Also
the temperature dependence of D

~~
in the nematic

phase follows the variation of the order parame-
ter S.' On the other hand, our data on smectic-
A, ' smectic-B, ' and smectic- C phases show that
the long-range positional ordering of the centers
of gravity of the molecules is not important to ex-
plain the thermal transport. At this stage one
should then look at the molecular scale. Since the
molecules are elongated, the simplest idea is to
relate the thermal anisotropy to the geometrical
shape anisotropy. This is indeed supported by the
present experiments. Increasing the molecular
length by one benzene ring between K-15 and T-15
increases the D „~/D~ ratio from 1.58 to 2.32. Al-
so, comparing the D „/D value obtained for OAB
with the literature value of its lower homolog,
the well-known p-azoxy anisol, ' we get an in-
crease from 1.5 to 2.7 for aliphatic end chains
with one and eight carbon atoms, respectively.
Last, very high anisotropic ratios =3.2 are ob-
tained with strongly elongated moleculates such
as DOBCP. These are by far the highest report-
ed to date.

It is tempting to make the analogy between the
isolated elongated molecules of the liquid crystal-
line compounds and the individual grains of poly-
crystalline solids. In these materials, the ther-
mal conductivity depends on the grain dimensions
because the mean free path of the thermal pho-

nons is limited by the grain size. This is espe-
cially true at helium temperatures when the in-
trinsic mean free path, as measured in a perfect
crystal, becomes very long. " In the liquid-crys-
tal case, the molecules can be roughly considered
as rigid rods of length ~20 A and width =5 A.
Literature data" quote the mean free path of the
phononlike modes responsible for heat conduction
in liquids in this very same range. Thus the
above inequality condition is satisfied in liquids
even near room temperature. It is then expected
that the molecular dimensions will limit the pho-
non mean free path and consequently the thermal
conductivity. Furthermore, if the molecular
shape is anisotropic, the thermal conductivity
will also be anisotropic.

In conclusion, measurements of the thermal
diffusivity coefficients are reported in smectic-C
phases for the first time. There is no peculiarity
in the angular plots in the direction of the normal
to the layers. This gives strong evidence that the
thermal transport is not dependent on the long-
range smectic layer ordering. Another important
result is that the long-range orientational order-
ing merely helps to reveal more local anisotropic
properties. We believe that the geometrical
shape anisotropy of the molecules is the decisive
factor in explaining the thermal transport anisot-
ropy. Thus any future thermal transport theory
in liquid crystalline phases should be made at the
molecular level.

It is a pleasure to thank G. W. Gray for the gen-
erous supply of terphenyl in the early stages of
this work. DOBCP and OAB have been kindly
synthesized for us by L. Liebert and P. Keller at
the Laboratoire de Physique des Solides-Orsay.
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Energy-Minimization Approach to the Atomic Geometry of Semiconductor Surfaces
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The (110) surface atomic geometries of GaAs and ZnSe and of 2& 1 reconstructed (111)
surface of Si are calculated by minimizing the total energy of the electron-ion system.
The corresponding reductions in total energy between the relaxed and unrelaxed surfaces
are calculated to be —0.51, —0.80, and —0.87 eV per surface atom, respectively. Sub-
surface relaxations are generally found to make a very small (~ 0.02 eV) contribution to
the reduction in total energy.

Recent analyses of low-energy electron-diffrac-
tion (LEED) intensities have shown that atomic
rearrangements on semiconductor surfaces are
pervasive and involve large atomic displace-
ments'. Additional evidence for this has come
from studies of surface electronic structure.
The metallic or nonmetallic nature of the surface,
the positions of surface states, and their disper-
sion and symmetry are strongly dependent on the
surface atomic geometry. In this way from a
comparison of theoretical and experimental sur-
face spectra information on surface structure
has been obtained. ' '

In this Letter a total-energy-minimization ap-
proach to semiconductor surface-structure de-
termination is presented. The only input into the
calculation are from bulk electronic and lattice-
dynamical properties. The approach is based on
a semiempirical model for the variation of the
total energy ~&,& with changes in atomic coordi-
nates. In the bulk, the elastic coefficients and
phonons frequencies can be directly related to
the variation in E&„with atomic displacements;
therefore, the accuracy of the model for ~„,
can be easily tested. An energy-minimization
approach to structural properties of crystals' "
and surfaces" "has also been utilized in several
recent w orks.

The total energy E„,of an electron-ion system
can be expressed as

E~o~ = Eee+Ee~+E«~

where E„,E,q, and E«denote the electron-elec-
tron, electron-ion, and ion-ion interaction ener-

gies, respectively. It is useful to introduce the
"band-structure" energy defined as

Eb =Z E,%),
k, n

where the sum of single-particle energies is tak-
en over occupied states, with wave vector % and
band index n. In terms of Eb, and making use of
the fact that Eb, = E„+2E„,Eq. (1) can be ex-
pressed as

Eio~ = Ebs+U~

where U=E„-E„. The advantage of Eq. (3) over
Eq. (1) is that for iwo ions that are separated by
a distance much larger than the Thomas-Fermi
screening length the combined ion-plus-screen-
ing-electron system is nearly neutral and U is
close to zero. One would therefore expect that to
a good approximation this term can be described
by a short-range-f orce- constant model.

To calculate Eb, the Slater-Koster" tight-bind-
ing method w'as used. The tight-binding param-
eters were chosen to be identical to those used
in our previous work' on structural properties of
crystalline semiconductors. For the bulk the
conditions imposed on E&,& were that at equilibri-
um it satisfy

and

BE,~,/BV =0

VB E„,/BV =B,

(4)

w'here V denotes volume and B the bulk modulus.
For a given dependence of the tight-binding param-
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