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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,® 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 2um in magnetic fields up t8=55T. 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 20B% for
parallel to the wires, and 600%—-800% f& 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 Physid$$0021-897@9)69908-X]

Recently, giant magnetoresistang@MR) has attracted microscopy(TEM) and electron diffraction have shown that
much interest because of its intricate physics and applicahe wires are polycrystalline, with grain sizes up+®-4
tions in nonvolatile memory and field-sensing devitds. times the pore diameters with no preferred orientafigiec-
GMR, spin-dependent charge transport in heterogeneousical contacts were made on both sides of the membranes
magnetic materials results in a large change of resistanosith vacuum-deposited Au layers and silver epoxy. The tem-
upon the application of a magnetic field. In nonmagneticperature dependence of the resistance at zero field was mea-
materials, the magnetoresistance of semimetals such as bired atT=4.2—290K. High-field magnetoresistance was
muth (Bi) has long been a subject of interest because of theneasured in fields up tB=55T using a pulsed magnet at
unusual properties of their charge carriers. various temperatures betwe@r=4.2K and 290 K in both

Crystalline Bi exhibits anisotropic magnetoresistancelongitudinal B wires) and transverseB( wires) orienta-
which depends on the direction of the applied field with re-tions.
spect to the crystal axésThis is due to its complex Fermi The temperature dependence of the resistance
surface, which has elongated pockets of both holes and ele®(T)/R(290K) for arrays of Bi wires with diameters 200
trons with different effective masses. Since the carriers of Bhm, 400 nm, 1um, and 2um is shown in Fig. 1. In all the
have a very long Fermi wavelengkiy ~40 nm, it is particu- arrays,R(T) increases monotonically as the temperature de-
larly interesting to study thin films and wires with physical creases, and there is generally a larger chang¥T) as the
sizes approachingg . In low-dimensional systems, phenom- wire size is reduced. In Bi, the resistance is determined by a
ena such as quantum size effects have been obséted- fairly delicate balance between the carrier concentration
ally, thin films of Bi have been obtained by vacuum deposi-n(T), which decreases with decreasifig and the mobility
tion techniques such as thermal evaporation and sputtering«(T), which generally increases with decreasifigas the
One of the drawbacks of these films is that they tend to haveiean free path(T) grows. In bulk single crystal samples,
very small grain size$® and the magnetoresistance is in gen-1(T) grows from~0.2 to 0.3um at room temperature to as
eral very small. Recently, electrodeposition using nanopo-
rous templates has provided an enticing means of fabricating
arrays of narrow wires composed of a variety of mefals.
This method has enabled us to obtain Bi nanowires with
large grains. In this paper, we report the first magnetoresis-
tance measurements of electrodeposited Bi nanowires under
very high magnetic fields up tB=55T.

Bi wires with diametersl=200 nm, 400 nm, Jum, and
2 um were made by electrodeposition into pores produced
by nuclear particle track etching in polycarbonate mem-
branes. The membranes are approximately.fOthick with ) Y
pore density~10’—10°cm 2. The pores are nominally par- 0 50 100 150 200 250 300
allel with some spread in angles as large as 15° from the T(K)

normal to the plane of the membranes. Transmission electron
FIG. 1. Temperature dependence of zero-field resist&{tg/R(290 K) of
Bi nanowires withd=200 nm, 400 nm, lum, and 2um. The lines are

3Electronic mail: kimin@pha.jhu.edu guides to the eye.

R(T)/R(290 K)
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FIG. 2. Field dependence of resistance &t wires (solid lines and
Bllwires (dashed linesat fixed T for d=200 nm.

. FIG. 3. (a) Transverse magnetoresistaric@ of () 200 nm Bi wires andb)
large as~100um atT=4.2 K, and the resistance decreases,go nm Bi wires aff=4.2 and 290 K.

with decreasing. In thin films, however| (T) has less tem-
perature dependence so thatT) has a larger effect on high fields. The general shape of the perpendicular MR in
R(T).® In our nanowire arrays, the increase of resistance a@ur samples is similar to that of single-crystal Bi up Bo
low temperatures shown in Fig. 1 indicates the) is cut =30 T,”*but the large decrease around 40 T seen therein is
off in the wires as well, thah(T) also determine®(T) in not observed in our samples. In the absence of a detailed
our samples. theoretical framework based on the microscopics of Bi, we
The high-field resistand®(B) for a 200 nm wire sample resort to the standard description of magnetoresistance at
at several fixed temperatures betwden4.2 K and 290 Kis  high fields using the Frank's formufd'® AR«B?
shown in Fig. 2 for both the perpendiculéolid lineg and  [1+(uB)?], where the constant is related to the carrier
parallel (dashed linesfield orientations. There is clearly a mobility. This formula alone does not adequately describe
dramatic difference between the two orientations, with theour data. Very good fits may be obtained, however, by a
parallel resistancR, saturating neaB=20 T as the tempera- two-term generalization of the Frank’s formula, which we

ture is reduced, and the perpendicular resistaceontinu-  Write as

ing to rise at the highest field measured. In both orientations, (uqB)? (u,B)2

there is a strong temperature dependencR(iB) down to AR=R; 5+ R, 5.
1+(p4B) 1+(u2B)

T~100K, but little temperature dependence beldw
~50K. The small spikes visible on some of the traces arelhe solid lines in Fig. 3 are examples of these fits. The
due to electronic noise, and are not intrinsic to the samplesagreement with the data is excellent even at the lowest fields
These data are representative of the behavi®,ofh all ~ where the agreement is still very good.
the samples measured, as will be discussed in more detail The parameters derived from fitting data of five samples
below. There is somewhat more variability &) . In all the  with varying wire diameter are shown in Fig. 4. The self-
samplesR, shows most of its change with field belo®  consistency of all parameters lend credence to the general-
=20T at low temperatures, but in some samples it continuezed Frank’s formula. The two “mobilities” are effectively
to rise slowly at higher fields. This may be attributable toindependent of both temperature and wire size, with values
small misalignments of the samples, which would mix in au;~0.12nf/Vs andu,~0.03 n?/V's. This lack of variation
contribution fromR, . In the perpendicular orientation, on with T is consistent with the picture of a temperature-
the other hand, the effects of misalignment are much lessidependent mobilityor mean free padhrestricted by the
pronounced. In the remainder of this paper, we will focus orwire geometry and/or grain size. The two valuesugfand
analyses oR, . Mo differing by about a factor of 4 suggests that there are two
To illustrate the magnetoresistan@dR) we show, in  different species of carriers.
Fig. 3@, AR=R(B)—R(0) derived from the data on the The ratioR; /R, indicates the relative importance of the
d=200nm sample ai =4.2 K and 290 K. In this plot, only two species of carriers. As shown in Fig(ch the ratio
every tenth data point from the traces in Fig. 2 is shownR;/R, displays a remarkable similarity for all the samples
Figure 3b) shows the corresponding data foda=400nm  measured, increasing from roughly 0.2 to 0.5 with decreasing
sample. At each temperature, the curves for the two samplés. This reflects the growth in importance of the high-
look very similar, and in fact they differ only by a scale mobility term, w1, at low temperatures which is responsible
factor. At T=4.2K, MR rises more steeply at lower fields. for the faster rise of the MR in the loiW-data.
This is characteristic of all the samples we have measured, as In summary, we have reported the first high-field mag-
will be demonstrated below. netoresistance measurements of bismuth nanowire arrays.
The large AR leads to large magnetoresistance ratio,The dependence of MR on temperature and magnetic field
AR/R, typically 600%—-800%. These values are very largecan be well described by the generalized Frank's formula
but small compared to that reported for single-crystal Bi inwith two mobilities which are essentially temperature inde-
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FIG. 4. The best-fit results &) w,, (b) u,, and(c) R, /R, obtained by

Hong et al.

pendent due to constraints imposed by the wires. Further
experiments, including measurements on thin films, are
clearly necessary to elucidate the high-field behavior of elec-
trodeposited bismuth.

This work was supported by NSF MRSEC Program No.
96-32526.
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