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Low-temperature thermal conductivity of icosahedral A17oMn9Pd2,
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We report measurements of the thermal conductivity A, ( T) of icosahedral A170Mn9Pd» in the tempera-
ture range 0.06—110 K. The quasilattice thermal conductivity A,ph increases monotonically with T in the
temperature range between 0.06 and 25 K and above 55 K. A plateau is observed for A,»( T) between 25
and 55 K, i.e., at substantially higher temperatures than in amorphous solids. Moreover, the thermal
conductivity of icosahedral A170Mn9Pd» in the A, plateau region is substantially higher than that of insu-
lating and metallic glasses. At lower temperatures, between 0.35 and 1.6 K, Aph varies as T . This
kph(T) variation is compatible with a scattering of phonons by tunneling states. Below 0.35 K the
thermal conductivity decreases with increasing slope suggestive of a crossover to a regime of excessive
phonon scattering characterized by a temperature-independent mean free path.

I. INTRODUCTION

Since the discovery of icosahedral structural symmetry
in rapidly quenched Al-Mn alloys' the consequences of
quasiperiodicity for the physical properties of quasicrys-
tals and possibly related peculiarities of their electronic
structure have been studied intensively. It was, however,
soon realized that Al-Mn and other metastable quasicrys-
tals possess a high degree of intrinsic disorder that inhib-
ited unambiguous investigations and evaluations of anti-
cipated novel physical properties.

New opportunities for experimental studies of physical
properties of condensed matter with quasiperiodic struc-
tures are provided by the recent discovery of the thermo-
dynamically stable quasicrystals Al-Cu-(Fe, Ru, Os),
which have face-centered icosahedrally ordered struc-
tures and a long-range quasiperiodic order with structur-
al coherence lengths up to 10 A compatible with those of
well-ordered periodic crystals. Recently, a new stable
icosahedral phase was discovered in the Al-Mn-Pd sys-
tem, ' that does not show phason broadening of Bragg
peaks even in the nonannealed state. Structural analysis
indicates that this phase forms an ordered icosahedral
state and therefore it can be considered as an ideal
model system for the investigation of its possible non-
trivial physical properties.

Most of the studies performed so far on this material
were related to its structural characteristics. The
available information on physical properties include data
of electrical transport properties ' supplemented by the
complete electrodynamic response, " low-temperature
thermodynamic and magnetic properties, ' results from
photoemission experiments, ' and acoustical properties. '

Studies of low-temperature heat transport are, to our
knowledge, available for metastable phases only. The
low-temperature thermal conductivity of both icosa-
hedral and glassy Pd-U-Si alloys was investigated in Ref.
15. The reported results for the two different phases are
similar in their temperature dependence, with the
icosahedral phase exhibiting an approximately 30%%uo

lower thermal conductivity. This is not surprising be-

cause icosahedral Pd-U-Si phases are metastable and no-
torious for a high degree of intrinsic disorder.

We are not aware of investigations of the low-
temperature heat transport in thermodynamically stable
icosahedral quasicrystals. Below we present the results of
measurements of the thermal conductivity of a bulk sam-
ple of icosahedral A170Mn9Pd2] with high structural per-
fection.

II. EXPERIMENT

The sample of icosahedral A170Mn9Pd2& was syn-
thesized from 99.997%%uo pure aluminum, 99.9% pure pal-
ladium, and 99.94% pure manganese by arc-melting suit-
able amounts of the constituents to a single piece and
remelting it several times to provide homogeneity. The
resulting button was annealed for 2 days at 800'C, and
subsequently quenched into water directly from 800'C.
The sample composition is optimal for the formation of
the thermodynamically stable icosahedral phase in the
Al-Mn-Pd system. The absence of any inclusions of other
phases was confirmed by surface analysis from back-
scattered electron images. Also, selected-area electron-
diffraction patterns show a high degree of order and a
low density of phason defects. More details concerning
the sample preparation, the structural analysis, and its
characterization are given elsewhere. '

A specimen in the form of a prism with dimensions
1.07X1.22X5.80 mm was cut from the ingot by elec-
troerosion. The thermal conductivity was measured by a
standard steady-state heat-Aow technique monitoring the
temperature gradient along the sample, using a dilution
refrigerator from 0.06 to 1.1 K and a pumped He cryo-
stat between 1.5 and 110K.

III. RESULTS, ANALYSIS, AND DISCUSSION

In Fig. 1 the measured total thermal conductivity X„,
of icosahedral A170Mn9Pdp& is shown on logarithmic
scales for the whole temperature range covered in this
work. The thermal conductivity A, h contributed by the
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I+Et tlE EI KRClMjgg3~ behavior is similar to that of amorphous solids, where
generally a A, plateau is observed in a temperature range
between approximately 2 and 10 K.

A. Low temperatures 0.06 K & T & 1.6 K
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FIG. 1. Measured total thermal conductivity A,„, of
icosahedral A170Mn9pd» as a function of temperature between
0.06 and 110 K. The solid line is an estimate of the electronic
contribution A,,&, as explained in the text.

phonons alone may be obtained by subtracting off an esti-
mate of the electronic contribution A,,&. The latter was
calculated using the Wiedemann-Franz law and the pre-
viously measured electrical conductivity presented in Ref.
10 and obtained from a sample cut from the same ingot.
In Fig. 1, the result of this calculation is shown as a solid
line. It may be seen that over most of the covered tem-
perature range k,&

is at least an order of magnitude less
than A,„,and therefore A, h may be evaluated quite accu-
rately there.

Figure 2 shows the quasilattice thermal conductivity
A, h of icosahedral A17oMn9Pdz& as established in the way
described above. As a first observation we note that Amph

increases monotonically with T in the temperature range
between 0.06 and 25 K. A strong tendency to saturation
of I, „(T) is evident above approximately 10 K. From 25
to 55 K, A.ph is almost temperature independent and it
slowly increases with T above 55 K. This overall

We now analyze the low-temperature behavior of A, h.
At the lowest temperatures between 0.06 and 0.1 K the
temperature variation of k h is, strictly speaking, charac-
terized by a temperature-dependent slope of the A, h(T)
curve but may adequately be approximated by A. h= A T",
where n =2.46+0.08. Between 0.1 and 0.35 K a distinct
change of slope is revealed and between 0.35 and 1.6 K
the slope is fairly constant, corresponding to an exponent
n =2.06+0.01 evaluated from the slope of the solid line
shown in Fig. 2.

We now focus on the A, h( T) variation in the tempera-
ture range from 0.35 to 1.6 K. The power-law behavior
of A,zh(T) with an exponent close to 2 in this temperature
range is similar to what is observed in amorphous solids
and compatible with the scattering of phonons by tunnel-
ing states. ' We note that in such cases the actual ex-
ponent in the power-law description of A,~„(T) is almost
never exactly 2. This is thought to arise from a weak en-
ergy dependence of the density of tunneling states acting
as scattering centers.

The existence of tunneling states in Al-Mn-Pd quasi-
crystals was recently claimed by Vernier and co-
workers' by analyzing the results of ultrasound experi-
ments. They revealed a small logarithmic deviation in
the sound-velocity variation with temperature and a non-
linear attenuation of acoustic shear waves at low temper-
atures. These are interpreted as characteristic signatures
of the tunneling states. '

To test the assumption that phonon scattering by tun-
neling states dominates the thermal conductivity of
icosahedral A170Mn9Pdz& between 0.35 and 1.6 K, we an-
alyze our data employing the formalism of the tunneling-
state model. ' Assuming an energy-independent density
of tunneling states and employing the Debye approxima-
tion, the thermal conductivity in this model is given by
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FIG. 2. Quasilattice thermal conductivity A~z as a function of
temperature T. The solid line is a power-law approximation to
the data between 0.35 and 1.6 K.

where p is the density, u is the average of the sound veloc-
ities v, and v& for transverse and longitudinal waves, re-
spectively, P is the density of tunneling states, and y de-
scribes the average coupling between them and the pho-
nons. A fit of our A,~h(T) data to Eq. (1) in the tempera-
ture range between 0.35 and 1.6 K yields the value of
6.5 X 10 erg cm for the coupling parameter Py, fairly
close to the Py values previously deduced from the
thermal-conductivity data of typical insulating and me-
tallic glasses. ' Here we used u, =3.8X10 cms and
p=5. 1 gcm from Ref. 14 and we assumed that u, is
close to the sound velocity of longitudinal waves vI.

Within the framework of the tunneling-state model, in-
dependent values of Py may be obtained from acoustic
experiments. Values of 1.6X 10 erg cm and 1.3 X 10
erg cm for the coupling parameter Py of an Al-Mn-Pd
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quasicrystal with slightly different composition than that
of our sample were deduced from the sound-velocity vari-
ation with temperature and the nonlinear acoustic at-
tenuation of shear waves, respectively. ' These values are
obviously very close to Py =1.9X10 erg crn obtained
from sound-velocity measurements on the metallic glass
Pd-Si. ' The fact that the coupling constant obtained
from sound-velocity experiments is several times lower
than the Py value compatible with the measured
thermal conductivity is well known in metallic glasses.
It was argued that the presence of conduction electrons
in glassy metals may dramatically decrease the relaxation
times of tunneling states and, therefore, change the aver-
age coupling parameter Py . '

Tunneling states in quasicrystals have been associated
with phasons. A phason disorder in the atomic occupa-
tion of specific sites in a structurally perfect Al-Mn-Pd
quasicrystal was recently reported by de Boissieu and co-
workers by analyzing the results of anomalous x-ray-
diffraction experiments close to the Pd edge. It is difficult
to come to any definite conclusions as to whether or not
this kind of disorder is connected with tunneling states,
in particular because the location of atoms is not known
in detail. ' The microscopic origin of tunneling states in
amorphous solids is not known either, although the ex-
istence of these states is unambiguously established by
various independent experiments. They are assumed to
be related to a tunneling motion of a group of atoms and
it is generally accepted that a continuous density of tun-
neling states results from some kind of randomness of
their structure. It was argued that a density of tunneling
states in quasicrystals is discrete and that an energy split-
ting of these states is constant because the quasicrystal-
line state is an ordered state. Our A,~h(T) data presented
here and the results of ultrasound experiments reported
in Ref. 14 obviously imply a broad spectrum in the ener-

gy splitting of tunneling states and therefore they do not
support such an argument, at least for Al-Mn-Pd quasi-
crystals. We note that a continuous density of tunneling
states is characteristic even of periodic crystals. An ex-
ample is a crystalline TiQ 65VQ 33 alloy with bcc struc-
ture. The low-temperature phonon thermal conductivi-
ty of this solid-solution alloy varies as T and the values
of A, h are of the same order of magnitude as those report-
ed for insulating and metallic amorphous solids. This
was ascribed to the high degeneracy in this material of
energetically similar configurations of positional disor-

24

A more comprehensive attempt to interpret our A.~h( T)
data below 0.35 K is demonstrated in Fig. 3 where we
plot A,~ /Thvs T. In this figure we show the solid
straight line representing a fit of Eq. (I) to our A,„h(T)
data in the temperature range between 0.35 and 1.6 K, al-
though we realize that an exponent n )2 provides a
better approximation (see above). The diagram reveals
that below 0.35 K, A,ph/T drops below the T ' variation
with decreasing T, indicative of a stronger than T varia-
tion of A, h( T). We note that the distinct deviation from
an approximate T behavior cannot be ascribed to a sys-
tematic error since even at 0.06 K the calculated elec-
tronic thermal conductivity k, &

reaches only 20% of X„,.
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FICx. 3. A,~h/T' vs T of icosahedral A17OMn9Pd» below 1.6 K.
The different lines are different fits, as explained in the text.

This trend suggests that an additional mechanism of
phonon scattering becomes effective at low temperatures
which limits the phonon mean free path to below that im-

posed by scattering involving tunneling states. The re-
sulting total mean free path becomes less frequency
dependent and it varies approximately at T at the
lowest temperatures of our experiment.

Similar A, h vs T behavior as shown in Fig. 3 for
icosahedral A17QMn9Pd2& i.e., that the T dependence of
mph is stronger than T at very low temperatures, is par-
ticularly pronounced in composite glassy systems with an
additional source of phonon scattering. Examples are
fused capillary arrays of borosilicate glass or policar-
bonate and boroaluminosilicate glass containing mica
crystallites. There are some other differences in the
behavior of the above-mentioned materials that are not
important at this point, however. Introduction of holes
or crystallites in a glassy matrix produces a frequency-
independent phonon mean free path. This results in a
strong suppression of the phonon mean free path below
the value determined by the phonon scattering on tunnel-

ing states alone. Therefore the thermal conductivity of
composite glassy systems also shows a gradual increase of
slope in A.~„(T) with decreasing temperature. At the
lowest temperatures the I, h( T) variation is reported to be
close to T .

The above-mentioned composite glassy systems
represent cases of extremely strong additional phonon
scattering corresponding to mean free paths of the order
of 10 —10 cm. If the mean free path I due to excessive
scattering is long enough the T regime will not be
reached down to the lowest temperatures usually accessi-
ble to thermal-conductivity measurements of the order of
0.05 K.

Below we argue that the behavior of
dolph

of icosahedral

A17QMn9Pd2& between 0.06 and 0.35 K most likely mani-

fests a crossover between a regime, where the phonon
mean free path is limited by scattering involving tunnel-

ing states and varying as T ' and a regime of excessive
phonon scattering with a temperature-independent mean
free path. The total thermal conductivity that includes
scattering of the heat carriers by two-level systems dom-
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inating the behavior at higher temperatures, and the ex-
cessive scattering characterized by a temperature-
independent mean free path at lower temperatures may
be obtained by applying a phonon equivalent of
Matthiessen's rule:

A, =(k, '+ATs') (2)

where A,Ts' is the thermal resistance due to phonon
scattering involving tunneling states and given by Eq. (1),
and A, I is the thermal conductivity limited by the
temperature-independent mean free path / (Ref. 27):

2m k~/T
~1

15% V
(3)

where U is again an appropriate average of the sound ve-
locities for transverse and longitudinal waves.

In a first step we check the possibility that the devia-
tion of A,&h(T) from the approximate T behavior can be
explained by the growing importance of a boundary-
limited conductivity in the Casimir limit, assuming non-
specular scattering of phonons at the sample surface.
Size-limited thermal conductivities are well documented
for pure periodic crystals. ' On the contrary, nonspec-
ular boundary scattering is usually absent at surfaces of
glassy materials. It was argued that the defects responsi-
ble for diffusive scattering of phonons at the surfaces of
periodic crystals are not present in amorphous solids.
It is not known whether the necessary kind of defects ex-
ist at surfaces of quasicrystals.

The calculated I, h/T vs T variation given by Eq. (2)
with the sample-boundary-limited mean free path
I =a(4A /m )'~ =0.088 cm, where A is the cross-
sectional area of the sample and the factor u accounts for
the finite sample length ' is plotted as a dashed line in
Fig. 3. A slightly reduced value of Py =6. 1 X 10
ergcm is needed to fit the data above 0.35 K. Below
0.35 K this line strongly deviates from the experimentally
measured A,~h/T values. This indicates that the efFective
mean free path for phonons at very low temperatures is
substantially shorter than 0.088 cm and, therefore, we
cannot attribute the observed deviation of k~h/T from
the T ' variation below 0.35 K to the proximity of the
Casimir limit, shown as the upper horizontal solid line in
Fig. 3. The possibility of a boundary-limited conductivi-
ty with specular scattering can also be discarded because
it implies an even higher thermal conductivity.

If we now consider the mean free path l as a fitting pa-
rameter we may obtain its value from the fit of Eq. (2) to
our A~h( T) data in the temperature range from 0.06 to 1.6
K. The result of this fit, displayed as the dot-dashed line
in Fig. 3, yields the length of I =0.025 cm. It is not clear
which mechanism of phonon scattering is responsible for
this length scale. Scattering of phonons on microholes or
grain boundaries may limit the phonon mean free path to
the above-mentioned length of 0.025 cm. We note that
different types of faceted microholes with an average di-
ameter between 20 and 25 pm have been observed in Al-
Mn-Pd quasicrystals. The limiting A, h/T value compa-
tible with this mean free path is shown as the lower hor-
izontal solid line in Fig. 3.

B. Temperature range 1.6 K & T & 110K

with OD as the Debye temperature and v, =(v~
+2v, )/3, is plotted vs T/OD, then the thermal-

conductivity data for different amorphous materials can
be brought into a common register both at low and high
temperatures. We have scaled our therma1-conductivity
data using the value of OD=362 K for the Debye tem-
perature obtained from low-temperature specific heat
data, measured on a sample cut from the same ingot of
icosahedral A170Mn9Pd2& ~ We found that in the temper-
ature range T ( 10 OD the A, h/K values are fairly close
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FIG. 4. Temperature dependence of the quasilattice thermal
conductivity A,~h of icosahedral A170Mn9Pd» in comparison with
analogous data for two amorphous materials (insulating and me-

tallic) taken from Refs. 20 and 32.

Finally we comment on the A,~h(T) behavior between
1.6 and 110 K and compare it to that of amorphous
solids. Above we described the main features of A,„h( T) of
icosahedral A170Mn9Pd2& (see Fig. 2). The main feature
at higher temperatures is the approximate temperature
independence of X h in the temperature range between 25
and 55 K. This behavior is reminiscent of the X plateau
characteristic of amorphous solids. We note important
differences regarding the thermal-conductivity behavior
of icosahedral A17oMn9Pd2] and that of amorphous solids
in the A,-plateau regions, however. The A, plateau of
icosahedral A17QMn9Pd2] is developed at substantially
higher temperatures than in amorphous solids, where
generally a A, plateau occurs in a temperature range be-
tween approximately 2 and 10 K. Moreover, the thermal
conductivity of icosahedral A170Mn9Pd2, in the tempera-
ture range where the k plateau is observed is substantially
higher than that of insulating and metallic glasses in their
respective plateau regions. For example, it exceeds the
corresponding value for amorphous Si02 by an order of
magnitude and that of amorphous Pd-Si by a factor 2 (see
Fig. 4).

It was shown by Freeman and Anderson that if the
ratio A,~h/K, where

k~3 e'
K= (4)
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to those of most amorphous solids (Fig. 5). In the inter-
mediate temperature range 10 OI, & T &10 'OD the
thus scaled thermal conductivity Aph/X exceeds the
values typical for amorphous solids. At higher tempera-
tures T) 10 'OD, A,ph/K of quasicrystalline
A170Mn9Pd2& again tends to approach the values typical
for amorphous solids.

IV. CONCLUSIONS

The thermal conductivity of icosahedral A17OMn9Pd2&
has been measured in the temperature range between 0.06
and 110 K. Our data imply both common features but
also important difFerences regarding the physical mecha-

FIG. 5. Scaled quasilattice thermal conductivity A.~h/X of
icosahedral A170Mn9Pd» in comparison with four insulating
and metallic glasses (from Ref. 32), versus T/OD.

nisms dominating the low-temperature thermal conduc-
tivity of either quasicrystalline A170Mn9Pdz, or amor-
phous solids.

The quasilattice thermal conductivity A,„h of icosa-
hedral A170Mn9Pd2, increases monotonically with T in
the temperature range between 0.06 and 25 K. From 25
to 55 K A,ph is almost temperature independent and it
slowly increases with T above 55 K. The k plateau of
icosahedral A170Mn9Pd2& is developed at substantially
higher temperatures than in amorphous solids.

'

This re-
sult suggests that a crossover to a strong decrease of the
phonon mean free path with increasing frequency takes
place at higher phonon frequencies than in amorphous
solids.

Below 1.6 K the temperature variation of A, h is well
described by Aph(T)-T206. This Aph(T) variation is
compatible with a dominant scattering of phonons by
tunneling states and our values of X h are of the same or-
der of magnitude as those reported for insulating and me-
tallic amorphous solids. With decreasing temperature,
distinct deviations from this behavior become apparent
below 0.35 K. They are compatible with a crossover be-
tween a regime in which the phonon mean free path is
predominantly limited by scattering on the tunneling
states and a regime which is characterized by a
temperature-independent mean free path. This mean free
path is substantially shorter than the Casimir length and
is determined by a phonon scattering in the bulk of the
sample, presumably by microholes.

ACKNOWLEDGMENT

This work was in part supported by the Schweizerische
Nationalfonds zur Forderung der wissenschaftlichen
Forschung.

'Permanent address: Institute of General Physics, Russian
Academy of Sciences, 117942 Moscow, Russia.

'D. Shechtman, I. A. Blech, D. Gratias, and J. W. Cahn, Phys.
Rev. Lett. 53, 1951 (1984).

A. P. Tsai, A. Inoue, and T. Masumoto, Jpn. J. Appl. Phys. 26,
L1505 (1987);27, L1587 (1988).

3P. A. Bancel, in Quasicrystals: The State ofArt, edited by D. P.
Divincenzo and P. Steinardt (World Scientific, Singapore,
1991),p. 17.

4A. P. Tsai, A. Inoue, Y. Yokoyarna, and T. Masumoto, Mater.
Trans. JIM 31, 98 (1990);A. P. Tsai, A. Inoue, Y. Yokoyama,
and T. Masumoto, Philos. Mag. Lett. 61, 9 (1990);A. P. Tsai,
A. Inoue, and T. Masumoto, ibid. 62, 95 (1990).

~C. Beeli, H.-U. Nissen, and J. Robadey, Philos. Mag. Lett. 63,
87 (1991).

C. Beeli, Ph.D. thesis, ETH-Zurich, 1992.
7M. Boudard, M. de Boissieu, C. Janot, J. M. Dubois, and C.

Dong, Philos. Mag. Lett. 64, 197 (1991);M. Boudard, M. de
Boissieu, C. Janot, G. Heger, C. Beeli, H.-U. Nissen, H. Vin-
cent, R. Ibberson, M. Audier, and J. M. Dubois, J. Phys.
Condens. Matter 4, 10 149 (1992).

M. de Boissieu, P. Stephens, M. Boudard, C. Janot, D. L.
Chapman, and M. Audier, Phys. Rev. Lett. 72, 3538 (1994).

P. Lanco, T. Klein, C. Berger, F. Cyrot-Lackmann, G. Four-
caudot, and A. Sulpice, Europhys. Lett. 18, 227 (1992); S.
Takeuchi, H. Akiyama, N. Naito, T. Shibuya, T. Hashirnoto,
K. Edagawa, and K. Kirnura, J. Non-Cryst. Solids 1534154,
353 (1993).

M. A. Chernikov, A. Bernasconi, C. Beeli, and H. R. Ott, Eu-
rophys. Lett. 21, 767 (1993).
L. Degiorgi, M. A. Chernikov, C. Beeli, and H. R. Ott, Solid
State Commun. 87, 721 (1993).
M. A. Chernikov, A. Bernasconi, A. Schilling, C. Beeli, and
H. R. Ott, Phys. Rev. B 48, 3058 (1993).

3G. W. Zhang, Z. M. Stadnik, A. P. Tsai, and A. Inoue, Phys.
Lett. A 186, 345 (1994).

N. Vernier, G. Bellessa, B. Perrin, A. Zarembowitch, and M.
de Boissieu, Europhys. Lett. 22, 187 (1993).
J. J. Freeman, K. J. Dahlhauser, A. C. Anderson, and S. J.
Poon, Phys. Rev. B 35, 2451 (1987).
P. W. Anderson, B. I. Halperin, and C. M. Varma, Philos.
Mag. 25, 1 (1972); W. A. Phillips, J. Low Temp. Phys. 7, 351
(1972).
L. Piche, R. Maynard, S. Hunklinger, and J. Jackie, Phys.
Rev. Lett. 32, 1426 (1974).
J. R. Matey and A. C. Anderson, Phys. Rev. B 17, 5029



158 M. A. CHERNIKOV, A. BIANCHI, AND H. R. OTT 51

(1978).
G. Belessa and O. Bethoux, Phys. Lett. A62, 125 (1977).
J. R. Matey and A. C. Anderson, Phys. Rev. B 16, 3406
(1977).
P. Doussineau, A. Levelut, G. Belessa, and O. Bethoux, J.
Phys. Lett. (Paris) 38, 483 (1977).

2~N. O. Birge, B. Golding, W. H. Haemmerle, H. S. Chen, and
J. M. Parsey, Jr., Phys. Rev. B 36, 7685 (1987).
H. Koizumi, T. Suzuki, K. Kimura, and S. Takeuchi, in
Proceedings of China Japan —Seminars on Quasicrystals, edit-
ed by K. H. Kuo and T. Ninomiya (World Scientific, Singa-
pore, 1991),p. 283.

~~B. S. Chandrasekhar, H. R. Ott, and H. Rudigier, Solid State
Commun. 42, 419 (1982).
M. P. Zaitlin and A. C. Anderson, Phys. Rev. B 12, 4475

(1975).
E. P. Roth and A. C. Anderson, J. Appl. Phys. 47, 3644
(1976).
H. B.G. Casimir, Physica 5, 495 (1938).
P. D. Thacher, Phys. Rev. 156, 975 (1967).
%. Odoni, P. Fuchs, and H. R. Ott, Phys. Rev. B 28, 1314
(1983).

OM. P. Zaitlin, L. M. Scherr, and A. C. Anderson, Phys. Rev.
B 12, 4487 (1975).
A correction that takes into account the finite ratio of sample
length to sample width was derived by R. Berman, E. L. Fost-
er, and J. M. Ziman, Proc. R. Soc. (London) 231A, 130
(1955). For our sample a =0.68.

3~J. J. Freeman and A. C. Anderson, Phys. Rev. B 34, 5684
(1986).


