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Structural and magneto-transport properties of electrodeposited bismuth
nanowires
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Arrays of semimetallic Bi nanowires have been successfully fabricated by electrodeposition. Each
nanowire consists of elongated Bi grains along the wire direction. Very large positive
magnetoresistance of 300% at low temperatures and 70% at room temperature with quasilinear field
dependence has been observed. These features are desirable for wide-range field sensing
applications. ©1998 American Institute of Physics.@S0003-6951~98!00236-8#
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Recently, there has been considerable interest in fa
cating nanostructured materials such as multilaye1

nanowires,2–6 and nanoparticles,7 as well as other composit
materials.8 Electrodeposition has the attractive features
cost-effectiveness, simplicity in operation, and the ability
deposition onto substrates with complex geometries.9 In the
case of nanowire arrays, electrodeposition is the only met
with which such structures have been successfully fabrica

Arrays of nanowires are a new type of nanostructu
that exhibit quasi-1D characteristics. Because of high as
ratios, small dimensions, and large quantities of wires, f
rication of nanowire arrays by vacuum deposition and p
terning techniques are impractical. However, they can
electrodeposited into nanopores in suitable insulating me
such as polycarbonate, mica, or glass. The composition, m
phology, and structure of the nanowires can be manipula
by growth parameters such as species, concentration,pH
value of the electrodeposition bath, and deposition curr
density, etc. Previously, single-element metallic nan
wires,2,3 multilayered nanowires,4–6 and alloy nano-
wires10 have been fabricated by electrodeposition. They h
already exhibited a rich variety of novel properties, includi
localization, perpendicular magnetic anisotropy, enhan
coercivity, and giant magnetoresistance~GMR!.

To date, the constituent materials of the nanowires,
indeed magnetic nanostructures in general, consist most
transition metals, alloys, and noble metals. In this work,
report the successful fabrication of semimetallic Bi nano
ires in which we have observed positive magnetoresista
~MR! as high as 300% at low temperatures and 70% at ro
temperature, with a quasilinear field dependence. In prev
studies of negative GMR in metallic nanostructures,11,12 the
effect size is generally on the order of a few to a few tens
percent, except in nearly perfect superlattices which sh
the largest GMR effect of about 150% at 4.2 K.13 The MR

a!Electronic mail: clc@pha.jhu.edu
1430003-6951/98/73(10)/1436/3/$15.00
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effect in the present semimetallic nanostructures not only
a much larger magnitude, but also is characteristically diff
ent.

Semimetallic Bi, with a rhombohedral structure, exhib
many unique electronic properties due to the small effec
mass, the low density and the long mean free path of
carriers. There has been a long-standing interest in Bi na
structures for both fundamental understanding and device
plications. For example, the pursuit of quantum effects s
as the semimetal–semiconductor transition in Bi thin film
has continued to attract attention.14–16 To date, most of the
Bi nanostructures are in thin film form. However, fabricatio
of high quality Bi thin films through traditional vapor depo
sition has proven to be technically challenging. The prop
ties of Bi thin films fabricated by vapor deposition depe
sensitively on the purity and the concentration of crystal
fects. These difficulties are further compounded by the l
melting point of Bi and the possibility of the Bi thin films to
have a distorted structure in which most of the unusual e
tronic properties are severely compromised. Nanowires o
described in this work offer a new medium for fabricating
nanostructures, for studying their unique electronic prop
ties including finite-size effects, and for realizing large po
tive magnetoresistance~MR!.

The electrodeposition process of the Bi nanowire is sim
lar to those reported earlier.3,6 Polycarbonate membrane
~Nuclepore! were used as the template for the Bi nanowir
A layer of Au sputtered onto the bottom side of the me
brane served as the working electrode in a standard th
electrode electrochemical cell. The electrolyte contained
g/l bismuth nitrate pentahydrate, 65 g/l potassium hydroxi
125 g/l glycerol, and 50 g/l tartaric acid. The deposition s
lution was buffered topH50.90 with nitric acid. The depo-
sition was carried out at230 mV relative to the Ag1/AgCl
reference electrode, with Pt serving as the counter electr
The nanowires thus made are typically up to 10mm in
length, arranged in a parallel manner. The diameter of
wire ranges from tens of nanometers to microns, and
6 © 1998 American Institute of Physics



e
B

e
c
n

he
th
op
op

ire
lly
b

e

di
at
is
t-
n

ay
b

em
os

i
B

ea

e
n
nc

ture

ial,
. In
ly
-
on
nce.
in-
g to
ion
ter-
o-
In
by
ts,
. In
stal-

in
ally

e

in
n-
0
ys
tic
es
n-

m-
ely
ger.
en

c-
ch
ld.

p-

tio

mag-
2

1437Appl. Phys. Lett., Vol. 73, No. 10, 7 September 1998 Liu et al.
number density varies from 104 to 107 wires/mm2.
Structure and morphology of the Bi nanowires have be

characterized by several methods. X-ray diffraction of the
nanowires revealed a rhombohedral structure, the sam
that of bulk Bi, with no preferred orientation. Scanning ele
tron microscopy~SEM! confirmed the expected arrangeme
of arrays of nanowires in parallel. Figure 1~a! shows the
top-view SEM image of the 400 nm nanowires with t
polycarbonate membrane partially removed, revealing
the nanowires are cylindrical in shape formed by the nan
ores of the membrane. Transmission electron microsc
~TEM! provided further details of the nanowires. Figure 1~b!
shows the dark-field TEM image of a single 200 nm w
removed from the membrane. The long Bi grains, typica
two to four times that of the wire diameter, are separated
grain boundaries. The inset in Fig. 2~b! shows an electron
diffraction pattern taken from one of the grains. The thre
fold symmetry reveals a rhombohedral trigonal axis@111#
along the wire direction. The close resemblance to the
fraction pattern of a cubic@111# zone axis demonstrates th
the Bi rhombohedral lattice is indeed close to a slightly d
torted cubic lattice. Along the nanowire, the diffraction pa
terns of different grains indicate different orientations, co
sistent with the polycrystalline structure shown by x-r
diffraction. The nanowires have also been confirmed to
pure Bi by energy dispersive x-ray microanalysis.

For transport measurements, the top side of the m
brane was coated with another layer of Au after the dep
tion of the nanowires. Both Au layers were then patterned
order to make electrical contact to a smaller number of
nanowires.6 The electrical resistance of the samples m
sured were typically on the order of 1–10V. In zero mag-
netic field, the temperature dependence of the resistanc
Bi nanowires with various diameters of 200 nm, 400 nm, a
2 mm are shown in Fig. 2. In all three cases, the resista

FIG. 1. ~a! Top-view SEM image of 400 nm Bi nanowires with the su
porting polycarbonate membrane partially removed.~b! Dark-field TEM im-
age of a single 200 nm Bi nanowire. The inset shows the electron diffrac
pattern taken from one of the grains.
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increases with decreasing temperature, i.e., the tempera
coefficient of resistance~TCR! is negative. The ratio of re-
sistance at 5 and 293 K,R(5 K)/R(293 K), are in the range
of 1.3–1.7. However, the negative TCR is not exponent
which is characteristic for semiconductors and insulators
bulk Bi, the TCR is positive, while negative TCR is usual
observed in Bi thin films.14–16This is because the main con
tributions to the TCR in Bi are due to carrier concentrati
and mobility, which have opposite temperature depende
With increasing temperatures, the carrier concentration
creases, whereas the carrier mobility decreases, leadin
respectively a negative and a positive TCR. The competit
between these two opposing contributions ultimately de
mines the TCR of a Bi sample. In bulk Bi, the carrier m
bility dominates, thus a metallic-like positive TCR is seen.
Bi thin films, however, the carrier mobility is suppressed
structural imperfections and probably finite-size effec
leading to a negative TCR due to the carrier concentration
the present case of Bi nanowires, because of the polycry
line nature of the material, and the smaller wire diameter
comparison with the mean free path, the TCR is gener
negative.

We next describe the MR effect in Bi nanowires. Th
MR has been measured with the magnetic field parallel~lon-
gitudinal MR! and perpendicular~transverse MR! to the
nanowires. For the 400 nm Bi nanowires at 300 K shown
Fig. 3~a!, a positive transverse MR of about 70% and a lo
gitudinal MR of 40% is realized in a magnetic field up to 5
kOe. Note that the transverse MR in Bi nanowire is alwa
larger than the longitudinal MR. Furthermore, the magne
field dependence of MR, quadratic at low fields, becom
linear at higher fields, and shows no sign of saturation. U
der field cycling, the MR shows no hysteresis. At lower te
peratures, the field dependence of MR remains qualitativ
the same, but the size of the MR effect becomes even lar
In the case of 400 nm wires at 32 K, MR of 300% has be
observed, and its field dependence is shown in Fig. 3~b!.

The positive GMR of Bi is the result of unusual chara
teristics of the carriers under the ordinary MR effect, whi
is the curving of the electron trajectory by a magnetic fie
The characteristic quantity isvct, inversely proportional to

n

FIG. 2. Normalized temperature dependence of the resistance in zero
netic field of the Bi nanowires with diameters of 200 nm, 400 nm, and
mm.
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the carrier density, wherevc is the cyclotron frequency,t is
the relaxation time. The ordinary MR exhibited in metals
usually very small, less than a few percent, owing to the v
small values ofvct. However, in semimetallic Bi, due to th
very low carrier concentration, several orders of magnitu
smaller than those in typical metals, the characteristic te
vct is much larger, leading to a large positive magnetore
tance. In pure bulk Bi single crystals, large values of M
have been observed at 4.2 K.17 However, in thin films, other
than the molecular-beam epitaxy grown epitaxial Bi sin
crystals,16,18 the magnitude of the MR effect is general
much less.14,19 As shown in this work, very large MR effec
can be realized in arrays of Bi nanowires, fabricated by e
trodeposition. The structural study by TEM has revealed t
the Bi nanowires essentially consist of large grains along
wire direction. This should be contrasted to the much sma
grains found in the sputtered Bi films.20 Such structural dif-
ference also contributes to the large MR observed in nan
ires.

The large MR effect size in Bi nanowires and the line
field dependence at high fields and all temperatures are
ful for wide-range field sensing. These attractive featu
notwithstanding, the field sensitivity needs to be enhan

FIG. 3. Transverse (H') and longitudinal (Hi) magnetoresistance of 40
nm Bi nanowires at~a! 300 K and~b! 32 K.
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for sensing at very low fields. Preliminary results with th
incorporation of field concentrators into the nanowire stru
ture have shown encouraging improvement on the field s
sitivity. Finally, because of the nanowire geometry, fie
sensing is administered locally near the tip of the nanow
This suggests the possibility of using Bi nanowire arra
with a controlled wire density as massive parallel-sens
systems in high-density perpendicular recording media, s
as those of quantum disks.21

In summary, we have successfully fabricated arrays
semimetallic Bi nanowires using electrodeposition. Ve
large positive magnetoresistance, 300% at low temperat
and 70% at room temperature, with quasilinear field dep
dence have been observed. The one-dimensional nanos
tures of semimetals show promise of a new medium for fru
ful explorations of interesting phenomena and technolog
applications.

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