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JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 8 15 APRIL 1999
Giant positive magnetoresistance of Bi nanowire arrays
in high magnetic fields

Kimin Hong,a) F. Y. Yang, Kai Liu, D. H. Reich, P. C. Searson, and C. L. Chien
The Johns Hopkins University, Baltimore, Maryland 21218

F. F. Balakirev and G. S. Boebinger
Bell Laboratories, Lucent Technologies, 700 Mountain Avenue, Murray Hill, New Jersey 07974
and Los Alamos National Laboratory, MS E534, Los Alamos, New Mexico 87545

We have studied the magnetoresistance of electrodeposited Bi wires with diameters between 200 nm
and 2mm in magnetic fields up toB555 T. In zero field, the resistance increases with decreasing
temperature, indicating that the mean free path is strongly influenced by the nanowire geometry. The
high-field magnetoresistance shows strong dependence on field orientation; typically 200% forB
parallel to the wires, and 600%–800% forB perpendicular to the wires. The perpendicular
magnetoresistance is well described by a modified two-current model which suggests that the
high-field response of the arrays is fairly insensitive to the wire diameter, and is dominated by bulk
properties of Bi. ©1999 American Institute of Physics.@S0021-8979~99!69908-X#
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Recently, giant magnetoresistance~GMR! has attracted
much interest because of its intricate physics and appl
tions in nonvolatile memory and field-sensing devices.1 In
GMR, spin-dependent charge transport in heterogene
magnetic materials results in a large change of resista
upon the application of a magnetic field. In nonmagne
materials, the magnetoresistance of semimetals such as
muth ~Bi! has long been a subject of interest because of
unusual properties of their charge carriers.

Crystalline Bi exhibits anisotropic magnetoresistan
which depends on the direction of the applied field with
spect to the crystal axes.2 This is due to its complex Ferm
surface, which has elongated pockets of both holes and e
trons with different effective masses. Since the carriers o
have a very long Fermi wavelengthlF'40 nm, it is particu-
larly interesting to study thin films and wires with physic
sizes approachinglF . In low-dimensional systems, phenom
ena such as quantum size effects have been observed.3 Usu-
ally, thin films of Bi have been obtained by vacuum depo
tion techniques such as thermal evaporation and sputte
One of the drawbacks of these films is that they tend to h
very small grain sizes,4,5 and the magnetoresistance is in ge
eral very small. Recently, electrodeposition using nano
rous templates has provided an enticing means of fabrica
arrays of narrow wires composed of a variety of meta6

This method has enabled us to obtain Bi nanowires w
large grains.7 In this paper, we report the first magnetores
tance measurements of electrodeposited Bi nanowires u
very high magnetic fields up toB555 T.

Bi wires with diametersd5200 nm, 400 nm, 1mm, and
2 mm were made by electrodeposition into pores produ
by nuclear particle track etching in polycarbonate me
branes. The membranes are approximately 10mm thick with
pore density;107– 108 cm22. The pores are nominally par
allel with some spread in angles as large as 15° from
normal to the plane of the membranes. Transmission elec

a!Electronic mail: kimin@pha.jhu.edu
6180021-8979/99/85(8)/6184/3/$15.00
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microscopy~TEM! and electron diffraction have shown th
the wires are polycrystalline, with grain sizes up to;2 – 4
times the pore diameters with no preferred orientation.7 Elec-
trical contacts were made on both sides of the membra
with vacuum-deposited Au layers and silver epoxy. The te
perature dependence of the resistance at zero field was
sured atT54.22290 K. High-field magnetoresistance wa
measured in fields up toB555 T using a pulsed magnet a
various temperatures betweenT54.2 K and 290 K in both
longitudinal (Biwires) and transverse (B'wires) orienta-
tions.

The temperature dependence of the resista
R(T)/R(290 K) for arrays of Bi wires with diameters 20
nm, 400 nm, 1mm, and 2mm is shown in Fig. 1. In all the
arrays,R(T) increases monotonically as the temperature
creases, and there is generally a larger change inR(T) as the
wire size is reduced. In Bi, the resistance is determined b
fairly delicate balance between the carrier concentrat
n(T), which decreases with decreasingT, and the mobility
m(T), which generally increases with decreasingT as the
mean free pathl (T) grows. In bulk single crystal samples
l (T) grows from;0.2 to 0.3mm at room temperature to a

FIG. 1. Temperature dependence of zero-field resistanceR(T)/R(290 K) of
Bi nanowires withd5200 nm, 400 nm, 1mm, and 2mm. The lines are
guides to the eye.
4 © 1999 American Institute of Physics
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6185J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Hong et al.
large as;100mm at T54.2 K, and the resistance decreas
with decreasingT. In thin films, however,l (T) has less tem-
perature dependence so thatn(T) has a larger effect on
R(T).8 In our nanowire arrays, the increase of resistance
low temperatures shown in Fig. 1 indicates thatl (T) is cut
off in the wires as well, thatn(T) also determinesR(T) in
our samples.

The high-field resistanceR(B) for a 200 nm wire sample
at several fixed temperatures betweenT54.2 K and 290 K is
shown in Fig. 2 for both the perpendicular~solid lines! and
parallel ~dashed lines! field orientations. There is clearly
dramatic difference between the two orientations, with
parallel resistanceRi saturating nearB520 T as the tempera
ture is reduced, and the perpendicular resistanceR' continu-
ing to rise at the highest field measured. In both orientatio
there is a strong temperature dependence inR(B) down to
T'100 K, but little temperature dependence belowT
'50 K. The small spikes visible on some of the traces
due to electronic noise, and are not intrinsic to the samp

These data are representative of the behavior ofR' in all
the samples measured, as will be discussed in more d
below. There is somewhat more variability inRi . In all the
samplesRi shows most of its change with field belowB
520 T at low temperatures, but in some samples it contin
to rise slowly at higher fields. This may be attributable
small misalignments of the samples, which would mix in
contribution fromR' . In the perpendicular orientation, o
the other hand, the effects of misalignment are much
pronounced. In the remainder of this paper, we will focus
analyses ofR' .

To illustrate the magnetoresistance~MR! we show, in
Fig. 3~a!, DR5R(B)2R(0) derived from the data on th
d5200 nm sample atT54.2 K and 290 K. In this plot, only
every tenth data point from the traces in Fig. 2 is show
Figure 3~b! shows the corresponding data for ad5400 nm
sample. At each temperature, the curves for the two sam
look very similar, and in fact they differ only by a sca
factor. At T54.2 K, MR rises more steeply at lower field
This is characteristic of all the samples we have measure
will be demonstrated below.

The largeDR leads to large magnetoresistance rat
DR/R, typically 600%–800%. These values are very lar
but small compared to that reported for single-crystal Bi

FIG. 2. Field dependence of resistance forB'wires ~solid lines! and
Biwires ~dashed lines! at fixedT for d5200 nm.
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high fields. The general shape of the perpendicular MR
our samples is similar to that of single-crystal Bi up toB
530 T,9,10 but the large decrease around 40 T seen there
not observed in our samples. In the absence of a deta
theoretical framework based on the microscopics of Bi,
resort to the standard description of magnetoresistanc
high fields using the Frank’s formula,11,12 DR}B2/
@11(mB)2#, where the constantm is related to the carrier
mobility. This formula alone does not adequately descr
our data. Very good fits may be obtained, however, by
two-term generalization of the Frank’s formula, which w
write as

DR5R1

~m1B!2

11~m1B!2 1R2

~m2B!2

11~m2B!2 .

The solid lines in Fig. 3 are examples of these fits. T
agreement with the data is excellent even at the lowest fi
where the agreement is still very good.

The parameters derived from fitting data of five samp
with varying wire diameter are shown in Fig. 4. The se
consistency of all parameters lend credence to the gen
ized Frank’s formula. The two ‘‘mobilities’’ are effectively
independent of both temperature and wire size, with val
m1'0.12 m2/V s andm2'0.03 m2/V s. This lack of variation
with T is consistent with the picture of a temperatur
independent mobility~or mean free path! restricted by the
wire geometry and/or grain size. The two values ofm1 and
m2 differing by about a factor of 4 suggests that there are t
different species of carriers.

The ratioR1 /R2 indicates the relative importance of th
two species of carriers. As shown in Fig. 4~c!, the ratio
R1 /R2 displays a remarkable similarity for all the sampl
measured, increasing from roughly 0.2 to 0.5 with decreas
T. This reflects the growth in importance of the hig
mobility term,m1 , at low temperatures which is responsib
for the faster rise of the MR in the low-T data.

In summary, we have reported the first high-field ma
netoresistance measurements of bismuth nanowire arr
The dependence of MR on temperature and magnetic fi
can be well described by the generalized Frank’s form
with two mobilities which are essentially temperature ind

FIG. 3. ~a! Transverse magnetoresistanceDR of ~a! 200 nm Bi wires and~b!
400 nm Bi wires atT54.2 and 290 K.
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FIG. 4. The best-fit results of~a! m1 , ~b! m2 , and ~c! R1 /R2 obtained by
using the generalized Frank’s formula for Bi wires of diameters 200 nm,
nm, 1mm, and 2mm. ~The twod5200 nm samples were cut from the sam
membrane.!
pendent due to constraints imposed by the wires. Fur
experiments, including measurements on thin films,
clearly necessary to elucidate the high-field behavior of e
trodeposited bismuth.

This work was supported by NSF MRSEC Program N
96-32526.
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