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Persistent Metallic Behavior of Thin Bismuth Whiskers
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The electrical resistance of Bi and Bi—6 at.% Sb whiskers has been measured. Sample
diameters were as low as 140 nm, lengths as large as 1.5 mm, and residual resistances
as high as 165 k. Down to temperatures of 0.4 K, metallic behavior persists; the re~
sistance R decreases with decreasing temperature T in contrast to other systems in
which electron localization is invoked to explain negative dR/dT’s.

PACS numbers: 72.15.Eb, 71.50.+t

Of late there has been considerable theoretical
and experimental interest in one-dimensional
Anderson localization. Theory'"3 has predicted
that in one-dimensional (1D) systems (i.e., wires)
of sufficiently high impurity resistance all con-
duction-electron states should be localized. As
a result, electrons can only transport electric
current if they are provided with enough energy
to hop from one localized state to another. At
very low temperatures there are no phonons and
no other available sources of hopping energy, so
that in these systems the electrical conductivity
should go to zero as the temperature goes to zero.
Recent experiments* ¢ appear to support this lo-
calization. However, at present there is only
qualitative agreement with theory and neither the
samples nor the data can be considered definitive
in the 1D regime.

The whiskers studied in the present work were
grown by the *“squeeze” technique’ in vacuum at
temperatures of about 200 °C and mounted on a
straining device® shown schematically in Fig. 1.
Samples were obtained one at a time by picking
off likely whiskers with hand-held tweezers under
a microscope. The sample whisker was laid onto
four shaved copper wire contacts, Fig. 1, and sil-
ver painted in place. Two of the contacts were
movable, allowing the whiskers to be either bent
in situ as illustrated in the figure or pulled in situ.
Sample lengths were measured between the two
inner potential contacts to + 15 um with a calibrat-
ed microscope eyepiece. Displacements of the
movable contacts were read off a linear differen-
tial transformer with a resolution of + 30 nm.
Both the sample and the straining device could be
inserted in a conventional *He refrigerator® which
could be pumyped down to 0.4 K. Four-probe dc
resistance measurements were made with battery-
powered electronics in a screened room. Tem-
peratures were measured with a calibrated ger-
manium resistance thermometer located in the
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*He vapor about 1 cm from the sample.

Three different measurements were made on
each whisker: (1) At room temperature the whis-
ker was pulled and displacement Al versus resis-
tance R graphed to ensure that the sample was a
single elastic whisker. The slope dR/d(Al) then
also gave the crystallographic orientation. (2) At
4.2 K, the whisker was elastically bent in situ as
illustrated in Fig. 1, and negative displacement
versus resistance graphed to obtain the bending
effect'® which gives a lower bound on the phonon-
limited electron mean free path. (3) The resis-
tance of the slightly bent whisker was measured
as a function of temperature down to our lowest
temperatures in an effort to detect localized elec-
tron states.

In what follows we present results for whiskers
grown from pure Bi and from Bi-6 at.% Sb. Fig-
ure 2 shows typical x-y recorder data for a Bi—-6
at.% Sb whisker of diameter 170 nm, length 1,473
mm, and extrapolated zero-temperature residual
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FIG. 1. The whisker-straining device. A whisker,
shown bent, is silver painted on to shaved copper con-
tacts epoxied on quartz holders. The movable pair of
contacts connect through a long quartz rod to a micro-
meter-driven differential screw outside the cryostat.
The fixed pair of contacts are epoxied on an equally
long quartz tube concentric with the long quartz rod.
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resistance 165.02 k2. The top curve is a room-
temperature measurement of the displacement
versus resistance, generally described as a
strain-resistance curve. As the whisker is pulled
it gradually straightens with no noticeable change
in resistance till it is straight and starts to be
strained; at which point its resistance smoothly
and linearly decreases with increasing strain in a
reversible, i.e., elastic, fashion. Those samples
which were not elastic (i.e., reversible) were dis-
carded, as were samples which, although other-
wise perfect, reflected light unevenly. A special
attempt was made to mount thin and long whiskers
in an effort to satisfy (1) a sample resistance in
excess of 10 k2, and (2) the empirical criteria of
Ref. 4 of sample diameter less than 180 nm. The
highest-residual-resistance whisker mounted had
a residual resistance of 165.02 k2 (Fig. 2) and the
thinnest whisker mounted had a diameter of VA
=140 nm, where A is the cross-sectional area of
the whisker determined from published bulk room-
temperature resistivity and supported by scanning
electron micrographs.

The bottom curve of Fig. 2 is a low-temperature
measurement of the resistance versus tempera-
ture for the same (top curve) whisker. Note the
downward trend in resistance with decreasing
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FIG. 2. Typical x-y recordings of (1) room-temper-
ature displacement vs resistance (strain resistance
curve). Top curve, Bi—6 at.% Sb whisker of length
1,473 mm, R;,=69.14 kQ, R4, ,=165.02 k2, and diame-
ter vA=170 nm, where A is the cross~sectional area of
the whisker. (2) Resistance vs temperature. Bottom
curve, the same whisker. The top curve is evidence for
a single elastic whisker and the bottom curve for con-
tinued mettallic behavior.

temperature, evidence of continued metallic be-
havior. Especial care was exercised to eliminate
possible electric-field-induced conductivity by
working at low currents and plotting 7-V charac-
teristics down to 5 pA. The I-V characteristics
were linear from 5 pA to several microamperes.
At higher currents, effects attributable to heating
were clearly seen. Thus our currents, compara-
ble to those used by Refs. 4 and 5, appear to have
been low enough to have picked up localization ef-
fects had they existed.

In order for localization to be observable, the
sample must be at a low enough temperature that
the electron can diffuse a localization length be-
fore it is scattered inelastically. The scale of lo-
calization is set by the wire length that has x;
=2 /e? =8 kQ and the inelastic diffusion length is
set by Ap=(,X,)"2, where A, and A, are the elas-
tic and inelastic mean free paths. We now show
that our Fig. 2 sample meets this criterion. For
this sample A; =1.473 mm/(166/8) =70 um. Our
estimation of A, is 0.2 pm, set by the sample di-
ameter and confirmed by Zhilyaev and Mezhov-
Deglin’s!! value of pA =1.4%x10"*2 @ m? and the
sample residual resistivity of 3x10°¢ Q@ m. Esti-
mating A; is more difficult. K we believe that the
inelastic mean free path is the same as that in
bulk Bi, then we can use Zhilyaev and Mezhov-
Deglin’s'! value of the total mean free path, Ay
=(19x10"2 K% m)/T? as a lower bound. This gives
Ak > 100 mm at our lowest temperature (and ex-
trapolates the bulk data from 1.3 to 0.4 K). We

k- 100 A

< bent | strained >

R—

k— 100pum  —>

FIG. 3. Typical x~y recording of low-temperature
negative displacement vs resistance (the bending effect)
for a Bi whisker of length 1.2 mm, R3,=3.46 kQ, R, ,
=1.16 k2, and diameter vA=600 nm, where A is the
cross-sectional area of the whisker. Such data are evi-
dence (see text) for phonon-limited electron mean free
paths 210"4 m.
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can use the bending effect'® (Fig. 3) to set a lower
bound of 10™* m on the total mean free path at 4.2
K. This is far too conservative since our least
count does not allow us to detect Ay, >10"* m.
Now if we set A;= A =100 mm and A, =0.2 pm
we obtain A, =140 um =2x,.

A second criterion for observing localization in
our samples is that they are 1D, that is that the
diameter, d <i; or d <A, both of which seem to
be easily met by our samples, since, for exam-
ple, 0.14 pm <70 um<140 pm.

Figure 4 shows the averaged resistance versus
temperature data for three different Bi~6 at.%
Sb samples of different diameters. The tempera-
ture-dependent part of their resistances scale
well for all three samples and can be described
by an approximately linear temperature depen-
dence. This reinforces our belief that the behav-
ior illustrated by Fig. 2 is typical and that we do
measure an intrinsic property of the whisker
which thus far does not exhibit localization.

Why do we see no effects of localization? One
might at first suspect that A; =100 mm is an over-
estimate. But, if we examine previous experi-
ments that have seen effects attributed to localiza-
tion we find that in Dolan and Osheroff’s® work if
we assume Ay =X;, A; =3x10"% m and similarly in
Giordano ef al.* A;=3.2X10"3% m and Chaudhari
and Habermeier® A; =2x10"°* m, Thus A;>10"' m
in a pure sample is not unreasonable. It may be,
however, that the experimental bulk value of X,
is not relevant or is strongly affected by surface
scattering (in the pure Bi samples there are 10°
surface scatterings for each bulk phonon interac-
tion). It may also be that surface scattering does
not create enough disorder to cause localization.
But then the simple criterion of maximum metal-
lic resistance R, =2fi/e? is not so simple and
further whiskers grown from Bi—6 at.% Sb also
do not show localization effects. Note that it is
not only the resistance increase at low tempera-
tures that we fail to find, but neither do we find
any deviations from Ohm’s law.

Attempts to observe localization in thin wires
have so far been somewhat ambiguous. Garland,
Gully, and Tanner'? found no effect in percolative
mixtures of Ag particles in KCl. Dolan, Osher-
off, and Tsui'® found no effect in silicon metal-
oxide-semiconductor field-effect transistors, and
Dolan and Osheroff® find no 1D effect and devia-
tions from Ohm’s law in discontinuous metal
films. Giordano, Gilson, and Prober* find a neg-
ative dR/dT in alloys of Au-Pd whose composi-
tion is in a range in which the bulk also shows a
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FIG. 4. Resistance vs temperature for three long and
thin Bi—6 at.% Sb whiskers. Note the metallic behavior
and the approximate low-temperature linear T depend-
ence. The crosses, circles, and squares, respectively,
denote whiskers characterized by diameters VA =140 nm,
170 nm, and 210 nm, where A is the cross-sectional
area of the whisker; lengths L=1,123, 1,473, and 1.315
mm; and residual resistances R;=80.08, 165.02, and
29.57 k2.

negative dR/dT. Chaudhari and Habermeier® also
find a negative dR/dT in alloys of W-Re whose
composition is delicately balanced such that the
bulk dR/dT is nearly zero. By using Bi we can
obtain the high resistivities necessary with a pure
metal, avoiding some of the complications of oth-
er materials and allowing a comparison to the
known properties of bulk materials. Unfortunate-
ly we do not find any evidence of localization.
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Inelastic-electron-scattering experiments indicate that electronic excitations in pol-
yacetylene, (CH),, are similar to those of a semiconductor with wide energy bands and
an excitonic or indirect absorption edge. However, the measured bulk-plasmon energy
increases linearly with momentum unlike that of known inorganic solids. Heavy doping
with AsF; or iodine is found to result in an inhomogeneous mixture of metallic and in-

sulating regions.
PACS numbers: 79.20.Kz, 71.35.+z

Polyacetylene, (CH),, is the first organic poly-
mer for which the consequences of wide electron-
ic energy bands appear to be significant.’”* But,
the nature of its electronic structure is still con-
troversial and both one-electron and many-parti-
cle theories have been advanced to explain the
fundamental absorption edge.'”* Therefore, spec-
troscopies which probe the momentum depen-
dence of electronic states and their excitations
are crucial to an understanding of the electronic
structure of (CH),. Here we report the first of
such studies. Utilizing inelastic-electron-scat-
tering spectroscopy we find that excitations in
pure (CH), can be described as those of a semi-
conductor with wide energy bands but that the
fundamental absorption threshold is dominated by
either indirect or excitonic effects. In addition,
the present results suggest that the highly con-
ducting state induced by heavy doping with AsF,
or iodine is one in which the semiconducting band
gap has been closed.
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Thin-film samples of predominantly trans-(CH),
were prepared by standard techniques.’”? Heavy
doping into the highly conducting state was ac-
complished by exposing the films to iodine vapor
for 3 d or AsF; gas for 2 h at room temperature.
While such procedures are known to produce
samples of very high conductivity, the final stoi-
chiometry or degree of homogeneity in doping are
sample dependent.” Sample-dependent differenc-
es were observed in our experiments as differ-
ences in relative peak amplitudes. However, our
conclusions are based on general features ex-
hibited by all samples.

Energy-loss spectra of 80-keV electrons trans-
mitted through the thin samples were measured
with an energy-loss resolution of 0.11 eV and a
momentum resolution of 0.055 A", Raw data at
momentum ¢ =0.1 A~! are given in Fig. 1. For
better comparison with optical studies a Kramers-
Kronig calculation was performed. Our results
on unoriented films show only excitations known
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