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We present here a detailed study of the electrical transport properties of single-crystal bismuth nanowire
arrays embedded in a dielectric matrix. Measurements of the resistance of Bi nanowire arrays with different
wire diameters~60–110 nm! have been carried out over a wide range of temperatures~2.0–300 K! and mag-
netic fields~0–5.4 T!. The transport properties of a heavily Te-doped Bi nanowire array have also been studied.
At low temperatures, we show that the wire boundary scattering is the dominant scattering process for carriers
in the undoped single-crystal Bi nanowires, while boundary scattering is less important for a heavily Te-doped
sample, consistent with general theoretical considerations. The temperature dependences of the zero-field
resistivity and of the longitudinal magneto-coefficient of the Bi nanowires were also studied and were found to
be sensitive to the wire diameter. The quantum confinement of carriers is believed to play an important role in
determining the overall temperature dependence of the zero-field resistivity. Theoretical considerations of the
quantum confinement effects on the electronic band structure and on the transport properties of Bi nanowires
are discussed. Despite the evidence for localization effects and diffusive electron interactions at low tempera-
tures (T<4.0 K!, localization effects are not the dominant mechanisms affecting the resistivity or the magne-
toresistance in the temperature range of this study.
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I. INTRODUCTION

The electrical transport properties of ultrafine metal a
semiconductor wires have been a subject of growing inter
Early studies were focused on classical size effects,
which detailed theories have been established,1,2 and some
theoretical predictions have been confirmed by experime
results for bismuth wires.3 More recently, localization
effects,4 which are quantum interference effects, in diso
dered systems with reduced dimensionalities have also b
studied in general and in Bi nanowires in particular.5,6 In the
past decade, impressive progress has been made in ex
mental studies of electron transport in quantum nanocont
formed in GaAs/AlAs heterostructures7 or generated by us
ing the mechanically controllable break junction techniqu8

or by using a scanning tunneling microscope operating in
contact mode.9 The nanocontacts in these experiments h
been shown to be in the ballistic regime so that the transv
momentum of electrons becomes discrete. Since the n
contacts are short in length, the phenomena observed in t
systems, such as conductance quantization in units of 2e2/h,
are found to be materials independent.10 In sophisticated
quantum wire systems, which generally have a large as
ratio ~length/diameter!, the two-dimensional quantum con
finement of the resulting quasi-one-dimensional~1D! elec-
tron gas provides a method to manipulate the electro
transport properties of materials by changing their electro
PRB 610163-1829/2000/61~7!/4850~12!/$15.00
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density of states. This gives rise to a wide range of oppo
nities for utilizing the electronic transport properties of va
ous quasi-1D materials systems for various practical dev
applications.

Recently, we have successfully fabricated Bi nanow
arrays by pressure injection of liquid-Bi melt into th
nanochannels of an anodic alumina template.11 Bi nanowires
are of special interest for thermoelectric applications12 due to
the unique properties of bulk Bi, such as its small electr
effective mass components, the high anisotropy of its Fe
surface and the low thermal conductivity of Bi. Experimen
thermopower values for 200-nm-diameter wires prepared
ing alumina templates have been reported.13 Also because of
the small Bi electron effective mass components, Bi nano
ires provide an excellent system to study the effect of qu
tum confinement on the electronic transport properties
quasi-1D systems. Since the Bi nanowires that we produ
are single crystals, the scattering processes for carriers
also expected to be different from those in polycrystalline
thin wire systems that have previously been studied.5 Since
the Bi nanowires also have a very large aspect ratio,
electrons may experience numerous collisions with the w
boundary during their conduction. Studying the transp
properties of Bi nanowires could also provide an opportun
to verify the theories1,2 established in early studies of th
electrical conductivity of thin wires, but are now studied in
smaller wire diameter regime.
4850 ©2000 The American Physical Society
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In this paper, we present a detailed study of the electro
transport properties of this interesting class of nanostructu
materials. Specifically, we have measured the resistanc
Bi nanowire arrays with various wire diameters~60–110 nm!
over a wide range of temperatures~2.0–300 K! and magnetic
fields ~0–5.4 T!. The transport properties of a 0.1 at. % T
doped Bi nanowire array have also been studied. In Sec
we briefly describe the sample fabrication and character
tion processes and also the experimental procedures fo
transport measurements. In Sec. III, we present a theore
model for the electron subband structure of the quasi-1D
nanowires, based on the basic band structure of bulk
Section IV presents the experimental results and discuss
First, we found that the temperature dependence of the z
field resistivity is very sensitive to the wire diameter, sho
ing evidence for a transition from metallic behavior to sem
conducting behavior when the wire diameter is reduce14

The experimental results are consistent with the electro
subband structure of Bi nanowires that we construct in S
III. In the magnetoresistance~MR! studies, we found that the
behaviors of the longitudinal magnetoresistance and
transverse magnetoresistance of pure Bi nanowire arrays
very different from each other, and that they are also diff
ent from the behavior of the Te-doped Bi nanowire samp
These differences are explained by the dominant wire bou
ary scattering process for carriers in pure single-crystal
nanowires at low temperatures, in contrast to the theore
expectation for an ideal quantum wire system. We also fo
that the temperature dependence of the longitudinal ma
tocoefficient is very sensitive to the wire diameter. In the l
part of Sec. IV, we provide experimental evidence for loc
ization effects and diffusive electron-electron interactio
which are important only at very low temperatur
(T<4.0 K!. The experimental results for diffusive electro
conduction observed in our single-crystal Bi nanowires
consistent with those of polycrystalline Bi nanowires.5 Fi-
nally, in Sec. V, we present our conclusions.

II. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURES

The Bi nanowire arrays were fabricated by a templa
assisted approach described elsewhere.11,15 The anodic alu-
mina templates, having an array of parallel nearly cylindri
channels, are produced by anodizing aluminum substrate
acid solutions. Using a vacuum melting and pressure in
tion process, liquid Bi is forced into the evacuated chann
of the anodic alumina template at a temperature higher t
the melting point of Bi (;271.5 °C). Copper impurities
which have a small solubility in liquid Bi (;0.2 at.% at
325 °C! and essentially no solubility in a solid Bi crysta
were used to improve the Bi filling of the channels in t
anodic alumina templates. By slowly cooling the syste
down to room temperature, an array of essentially sing
crystal Bi nanowires was produced. Since the anodic alum
templates are fragile, the templates were broken into sm
pieces during the sample preparation,11,15 and therefore the
areas of the samples used in the measurements were
2–5 mm2, although the initial areas of the anodic alumi
templates used in our experiments were larger than 1 c2.
For some measurements, the samples were then anneale
ic
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8 h at 150 °C under flowing N2. Because Bi may form a thin
oxide layer on the surface upon exposure to air, we alw
stored the samples inside a glove box in which Ar gas w
circulated.

For this study, we prepared three undoped Bi nanow
arrays with wire diameters of 6568, 90614, and
109624 nm, and a 0.1 at. % Te-doped Bi nanowire arr
with a wire diameter of 606 8 nm and the characteristics o
these samples are given in Table I. The average dista
between the centers of adjacent wires varied from 125
165 nm and the template thicknesses~or wire lengths! of the
samples were 40–65mm, with a variation in wire diameter
for individual nanowires along their wire lengths of610%.
We used high-purity Bi~99.999%! pieces and a Bi0.999Te0.001
alloy as starting materials to produce pure Bi nanowires
0.1 at. % Te-doped Bi nanowires, respectively.

The materials properties of the fabricated Bi nanow
arrays were investigated by various characterization te
niques, such as x-ray diffraction~XRD!, scanning electron
microscopy ~SEM!, transmission electron microscop
~TEM!, and selected area electron diffraction~SAED!.11,15

The single crystallinity and orientation of the Bi nanowir
were confirmed by both high-resolution electron microsco
~HREM! and SAED studies on free-standing Bi nanowire
which were prepared by dissolving away the anodic alum
template in a special acid solution. XRD experiments
vealed that all the wires in a nanowire array are highly o
ented along the wire axis, with more than 90% of the wir
being oriented along a crystal direction normal to the~202!
lattice plane of the rhombohedral crystal structure of Bi.14,15

In the XRD experiments, we found that all the strong diffra
tion peaks are close to the peak positions of a polycrystal
Bi standard, revealing that the rhombohedral crystal struc
of bulk Bi is also preserved in the small diameter
nanowires.11,14

Due to the limitations imposed by the sample geome
@see inset in Fig. 2~a!#, we used a two-probe dc technique
the electronic transport measurements by bringing Au w
electrodes to both sides of the Bi nanowire composite us
conducting silver paint contacts about 1–2 mm2 in size.
Since the silver particle size in the silver paint is on the or
of 1 mm, the silver paint may only make good contact to
small fraction of the total number of wires of the sample. F
this reason, we could not estimate the total number of w
connected to the two contacts, and the actual resistivity
the nanowires is therefore unknown. The resistance of
various samples was between several ohms to several t
sand ohms, and the absolute value of the zero-field resist

TABLE I. Characteristics of the Bi nanowire arrays investigat
in the electrical transport studies. All samples have the prim
crystal orientation along the wire axis perpendicular to the~202!
lattice plane.

Sample Wire dia. Cell size Wire length Composition
no. ~nm! ~nm! (mm)

A 6568 ;125 ;45 pure Bi
B 90614 ;150 ;65 pure Bi
C 109624 ;165 ;50 pure Bi
D 6068 ;125 ;40 Bi0.999Te0.001
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4852 PRB 61ZHANG, SUN, DRESSELHAUS, YING, AND HEREMANS
~adjusted by the area! was normally different between differ
ent pieces of the nanowire array obtained from the sa
sample. However, when we normalized the zero-field re
tance to the value at a common temperature~i.e., 300 K!, and
normalized the magnetoresistance to the zero-field re
tance, theT dependences of the normalized zero-field res
tance and the normalized magnetoresistance became ve
peatable. The zero-field resistance and the magnetoresis
measurements were made within the chamber of a super
ducting quantum interference device magnetometer ope
ing in the temperature range of 2.0–300 K and in the m
netic field range of 0–5.4 T. Before each measurement,
sample was taken out from the glove box and was expose
air, sometimes for several hours. However, we found t
sample degradation was not a big concern, and the rep
ability of the measurements between different runs for
same piece of the sample was excellent.

III. ELECTRONIC BAND STRUCTURE
OF Bi QUANTUM WIRES

Since the diameterd of the Bi nanowires studied in thi
work is much smaller than the mean free pathl e of electrons
in Bi, especially at low temperatures, the electrons will e
perience quantum confinement effects, which is one of
most important factors in determining the electrical transp
properties of Bi nanowires. This confinement not only
rectly affects the carrier concentration in Bi nanowires, b
will also influence more delicate issues, such as the w
boundary scattering of the carriers and the magnetoresist
tensor for Bi nanowires.

Bi is a semimetal with a rhombohedral (R3̄m) crystal
structure16 and a small band overlap@Eg5238 meV ~Ref.
17!# between the fifth band and the sixth band.18 The Fermi
surface of bulk Bi in the Brillouin zone consists of a sing
hole pocket at theT point and three highly elongated electro
pockets at theL point. The hole pocket is described by
simple effective mass tensor withmh15mh250.059m0 ,
mh350.634m0, wherem0 is the free electron mass.17 The
electron effective mass tensors are complicated by the s
tilt angleu of the long axis of the electron ellipsoids from th
bisectrix axis towards the trigonal direction, with the effe
tive mass tensor for the electron pocket along the bisec
axis ~denoted by A! given by

Me5S me1 0 0

0 me2 me4

0 me4 me3

D , ~1!

where me150.00139m0 , me250.291m0 , me350.0071m0 ,
me4520.0359m0 at the band edge.17,19 The effective mass
tensors for the other two electron pockets~denoted by B and
C! are obtained by rotating Eq.~1! about the trigonal axis by
6 2

3 p. The dispersion relations are approximately parabo
for holes below the band edge, but are strongly nonparab
for electrons18 due to the smallL-point band gap@EgL515
meV ~Ref. 17!# and the small electron effective mass co
ponents. The Lax model,20 which was derived from a two
band model using Brillouin-Wigner perturbation theory
describe the strongly coupled conduction and valence ba
at theL points, gives the 3D electron energy states as
e
s-
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-
ix

c
lic
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ds

E~k!5AEgL
2

4
1EgL

\2

2
k•Me

21
•k2

EgL

2
, ~2!

where E is measured with respect to the energy of t
L-point conduction-band edge, andMe is the electron effec-
tive mass tensor at the band edge.

When electrons are confined inside a nanowire, the
lowed transverse momenta for electrons become discr
and the electronic energy states are split into subbands. S
Bi has very small electron effective mass components,
formation of subbands becomes important for Bi nanowi
with diameters on the order of 100 nm, much larger than
common for other materials. Following the Lax model@Eq.
~2!# and using a cylindrical potential-well approximation, th
dispersion relations for the nonparabolic electron pocket
a Bi quantum wire can be expressed as

Ei j ~kl !'AEgL
2

4
1EgLS \2kl

2

2ml*
1

2\2x i j
2

mc* dw
2 D 2

EgL

2
, ~3!

wherex i j are roots of the Bessel functionJi(x i j )50, dw is
the wire diameter,mc* is the cyclotron effective mass in th
transverse plane, andkl and ml* are, respectively, the elec
tron momentum and the effective mass component along
wire axis. Bothmc* andml* are electron effective mass com
ponents at the band edge of bulk Bi. Since the Bi nanow
studied in this work have a well-defined crystal orientati
along the wire axis, while the crystal orientation in the tran
verse plane is very likely to be random for the vario
nanowires in a nanowire array, it is appropriate to use
average mass for the effective mass components in the tr
verse plane where quantum confinement occurs. This a
age is conveniently approximated by the cyclotron effect
massmc* . In Eq. ~3! the subband onsets are treated with
the Lax model, while the dispersion along the wire directi
is treated in terms of a parabolickl dependence based o
perturbation theory.

As shown in the XRD data, the majority of the Bi nan
wires in each array were oriented along a crystal direct
perpendicular to the~202! lattice plane. The direction per
pendicular to the~202! lattice plane in real space is@101̄1#

~using the space groupR3̄m and the hexagonal structura
description16! in k space, which corresponds to

l̂ 5~0,0.949,0.315! ~4!

in the Cartesian coordinate system wherex, y, z represent the
binary, bisectrix, and trigonal directions, respectively.

Following Eq. ~3!, we calculate the electronic subban
structure for Bi nanowires of different wire diameters usi
the values of the effective masses given in Ref. 17. T
results for the electronic subband structures of@101̄1# wires
are shown in Fig. 1, treating theL-point electron and hole
bands as mirror bands, following the two-band Lax mod
For the@101̄1# crystal orientation, the electron pocket A ha
a very small cyclotron effective mass (mc* 50.002 12m0),
while the other two electron pockets~B and C! are equiva-
lent and have a cyclotron effective mass (mc*
50.003 72m0) about two times heavier than that of electro
pocket A. Thus the energy of the lowest subband edge
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electron pocket A increases faster with decreasing wire
ameterdw than for the lowest subband edge of electron po
ets B and C, thus resulting in the splitting of theL-point band
edge, as shown in Fig. 1. Sinceml* for electron pockets B
and C (ml* 50.0779m0) is smaller than for electron pocket A
(ml* 50.241m0), the band curvature for the dispersion re
tion Ei j (kl) is greater for carrier pockets B and C than for
as shown in Fig. 1. In this figure we see that as the w
diameterdw decreases,EgL increases, while the band overla
energy decreases. Bi nanowires thus are expected to und
a semimetal-to-semiconductor transition when the wire
ameter is reduced below a critical valuedc , as discussed
below.

The effective band-gap energyEg8 between the lowes
L-point electron subband and the highestT-point hole sub-
band is given by

Eg85
2\2x10

2

mch* dw
2

1AEgL
2

4
1EgL

2\2x10
2

mce* dw
2

2
EgL

2
1Eg . ~5!

We note that in the limit of largedw , thenEg8→Eg . The first
term in Eq.~5! reflects the parabolic approximation used
describe the highestT-point hole subband wheremch* is the
cyclotron effective mass of holes. Since Fig. 1 shows that
lowestL-point conduction subband only involves the B a
C electron carrier pockets, with the subband A lying high
in energy,mce* is the cyclotron effective mass of electrons
carrier pockets B and C at the 3D band edge. Using Eq.~5!,
we can calculate the effective band-gap energyEg8 as a func-
tion of wire diameterdw for Bi nanowires with any crysta
orientations. If we definedc as the diameter at which the B
nanowires undergo a semimetal-to-semiconductor trans
(Eg850), thendc545, 44, 33, and 20 nm for Bi nanowire

oriented along the@101̄1#, bisectrix, trigonal, and binary di
rections, respectively. These values fordc are smaller than
those obtained when nonparabolic effects of theL-point con-
duction band are ignored.14

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Temperature dependence of zero-field resistivity

We first measured theT dependence of the zero-field re
sistanceR(T) of Bi nanowire arrays. According to the theor
discussed in Sec. III, we expected thatR(T) should show a
transition from metallic behavior to semiconducting behav
as the wire diameter is reduced. However,R(T) is compli-
cated in Bi nanowires because both the carrier mobility a
the carrier concentration have a strongT dependence.21,22

Figure 2~a! shows the results forR(T) for Bi nanowire ar-
rays of two different wire diameters in comparison with t
literature data for single-crystal bulk Bi.23,24 The nanowire
arrays were thermally annealed at 150 °C for 8 h under flow-
ing N2 before the measurements. Since the total numbe
wires connected between the electrical contacts was
known for each sample, the absolute value of the meas
resistance cannot be related to that of a single nanow
Therefore the data presented in Fig. 2~a! were normalized to
the resistance atT5300 K, and the resultingR(T)/R(300 K!
can be interpreted as a normalized temperature-depen
resistivity.
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Bulk Bi is a semimetal with a narrow-band overlap, a
its carrier concentration increases significantly with incre
ing T above;70 K ~electron concentrationne52.7331017

cm23 and 2.4531018 cm23 at T54.2 and 300 K,
respectively.24,25! The increasing carrier concentration an
decreasing carrier mobility in bulk Bi happen to yield a zer
field resistivity that has a nearly linear dependence onT
above;70 K. For Bi nanowires, we note that the observedT
dependence of their resistivity~Fig. 2! is very different from
that of bulk Bi and is very sensitive to the wire diameter.
high temperatures (T.70 K!, the resistivity of both nanow-
ire arrays~90 and 65 nm diameters! decreases with increas
ing T, while at low temperatures, theT dependences are ver
different for the two arrays with different wire diameter
WhenT,70 K, the resistivity of the 65-nm sample continu
to increase with decreasing temperature, while the resisti
decreases with decreasing temperature for the 90-nm sam
The general trend observed in Fig. 2~a! is consistent with the
previous results on single-crystal Bi thin wires of larger d
ametersdw>200 nm.3,6,26,27

In order to explain the experimental results ofR(T)
shown in Fig. 2~a!, we need to take the quantum confineme
effect into account. Based on the calculated subband st

FIG. 1. Schematic energy-band diagram showing the energie
the lowest subband edges for the threeL-point electron pockets~A,
B, and C! and the highest subband edge for theT-point andL-point
holes for:~a! bulk Bi, where theL-point bulk band gap is 15 meV
~b! 90-nm-diameter Bi nanowires, and~c! 65-nm-diameter Bi

nanowires, both oriented along the@101̄1# direction. The energy
dispersion relation for each subband shown is for the wave ve
along the wire axiskl , while the band-edge energy of each subba
is determined by the average in-plane effective mass, approxim
here by the appropriate effective cyclotron mass.
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tures ~see Fig. 1, where only the lowest subband for ea
electron and hold pocket is shown!, we calculated theT de-
pendence of the carrier concentration~normalized to 300 K!
for Bi nanowires of both wire diameters, and the calcula
results are shown in Fig. 2~b! on a log-log scale. In our
model calculation, we included the first four subbands
each electron and hole pocket, and higher subbands are

FIG. 2. ~a! T dependence of the resistance for Bi nanowire
rays with average diameters of 65 and 90 nm after thermal ann
ing at 150 °C for 8 h. The data for bulk Bi are obtained from Re
23 and 24. The inset shows a schematic diagram of the two-p
dc technique used for the measurements of electrical transport p
erties of Bi nanowire arrays.~b! Calculated normalized carrier con
centration as a function ofT for Bi nanowires with wire diameters
of 65 and 90 nm. The calculations are based on the electronic
structure of Bi nanowires shown in Fig. 1. The data for bulk Bi a
obtained from Refs. 24 and 25.~c! Calculated normalized averag
electron mobility as a function ofT for Bi nanowire arrays with
wire diameters of 65 and 90 nm, in comparison with bulk Bi~Refs.
23 and 24!. The calculations are based on the measuredT depen-
dence of the resistance shown in~a! and the calculatedT depen-
dence of the carrier concentration shown in~b!.
h

d

r
ap-

proximated by the continuous 3D density of states. For s
plicity, the T dependence of the band parameters of b
Bi21,22 is neglected in the present work. Although the abs
lute values of the calculated carrier concentrations are q
different for Bi nanowires with diameters of 65 and 90 nm
when normalized to 300 K, theirT dependences are quit
similar. At low temperatures (T,T0, whereT0 is wire diam-
eter dependent, andT0'25 and 50 K fordw565 and 90 nm,
respectively!, the carrier concentrations of both wires show
very small temperature dependence, similar to that of bulk
at T,T0'70 K. For T.T0, the carrier concentrations o
both nanowires increase dramatically with increasingT, in-
creasing faster than for bulk Bi. A decreasingT0 with de-
creasingdw can be explained by the decrease in the ba
overlap Eg8 with decreasingdw . For a conventional meta
with a large overlap between the valence and conduc
bands~normally on the order of eV!, theT dependence of the
carrier density can only be observed at very high tempe
tures. While Bi is a semimetal with a narrow-band overl
(Eg5238 meV!, the thermal excitation of carriers from th
valence band to the conduction band becomes impor
whenT*70 K. Since the band overlapEg8 in Bi nanowires is
further reduced, the thermal excitation of carriers from t
T-point valence band to theL-point conduction band can b
observed at an even lower temperature. ConsequentlyT0 de-
creases with decreasingdw .

Since bulk Bi is a semimetal, both electrons and ho
contribute to its electrical conductivity~s!. Similarly in a Bi
quantum wire,s can be expressed as a sum of contributio
from each electron and hole subband. For simplicity, we
glect theE dependence of the effective mass tensor fo
given subband and include the nonparabolic effects reg
ing each subband edge. Then, theT dependence of the zero
field conductivity of a Bi quantum wire can be expressed

s~T!5(
i

n( i )~T!e2t~T!

M ( i )
, ~6!

wheret(T) is the temperature-dependent relaxation time a
M ( i ) is either the effective mass tensor of holes~all hole
subbands have the same effective mass tensor! or the effec-
tive mass tensor of electrons at the edge of thei th electron
subband in accordance with the approximations stated ab
For each electron subband,M ( i ) can be calculated from Eq
~2!, and

M ( i )'
2E( i )1EgL

EgL
Me , ~7!

whereE( i ) is the onset energy of thei th electron subband
measured from the 3D band edge of theL-point electron
pockets, andMe is the effective mass tensor of electrons
the 3D band edge. A similar equation also holds forL-point
holes.

Based on theT dependence of the carrier concentrati
presented in Fig. 2~b! and the measuredR(T) shown in Fig.
2~a!, we can determine theT dependence of the carrier mo
bility @m(T)5s(T)/n(T)e# of Bi nanowires following Eq.
~6!. The carrier mobilities as a function ofT thus determined
are shown in Fig. 2~c! for both nanowire samples. For thes

-
al-
.
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two Bi nanowire arrays, the normalizedm(T) is comparable
to that of bulk Bi for T.70 K. However, the temperatur
dependence ofm(T) is much weaker~by more than one or-
der of magnitude! for nanowires compared to that for bulk B
for T,70 K. At high temperatures@the Debye temperature o
bulk Bi is about 100 K~Refs. 28 and 29!#, phonon scattering
is the most important scattering process for carriers in
nanowires, so that in this temperature range, theT depen-
dence of the carrier mobility in Bi nanowires is expected
be quite similar to that of bulk Bi. The large increase in t
carrier concentration with increasingT for T.70 K ~see dis-
cussion above! outweighs the decrease of carrier mobility f
both nanowire samples, and therefore their resistivities
crease with increasingT over this temperature range. How
ever at low temperatures, the dominant scattering mechan
for carriers is wire boundary scattering~see detailed discus
sion in Sec. IV B!, making the carrier mean free path an
carrier mobility relatively insensitive toT. We can see from
Fig. 2~c! that for T,70 K, the carrier mobility of the 90-nm
sample increases faster with decreasing temperature than
of the 65-nm sample, consistent with the fact that the w
boundary scattering for carriers is stronger in a smaller w
For the 90-nm sample atT,T0'50 K, the increase in carrie
mobility with decreasingT can therefore outweigh the sma
decrease in carrier concentration, so that the total resist
decreases with decreasingT @see Fig. 2~a!#. However, for the
65-nm sample atT,T0'25 K, theT dependence of the car
rier mobility not only is very small, but Fig. 2~c! actually
indicates a slightly decreasing carrier mobility with decre
ing T at T, 10 K. Consequently, the overall resistivity of th
65-nm sample continues to increase with decreasingT at low
temperatures. A decrease inm with decreasingT at T, 10 K
for the 65-nm sample may be attributed to the diffus
electron-electron interaction, which will be discussed
more detail in Sec. IV D.

To study the effect of thermal annealing onR(T), we also
measuredR(T) for the as-prepared Bi nanowire arrays b
fore thermal annealing, and the results are shown in
3~a!. It is surprising to see thatR(T)/R(300 K! is not sensi-
tive to the wire diameter before thermal annealing. A p
sible reason for this is the higher impurity and defect lev
in the as-prepared samples, so that both the carrier con
tration and the carrier mobility are much less sensitive to
wire diameter. Since the impurities and defects can be
nificantly reduced during the thermal treatment, the th
mally annealed Bi nanowires are purer, and conseque
their electrical resistivities show a much stronger depende
on wire diameter@Fig. 2~a!#. We also note thatR increases
slightly with decreasingT whenT,4.0 K for the as-prepared
samples@Fig. 3~a!#, and we attribute this phenomenon
diffusive electron-electron interactions, as discussed fur
in terms of localization phenomena~see Sec. IV D!.

Figure 3~b! showsR(T)/R(300 K! for a 60 nm-diameter
0.1 at. % Te-doped Bi nanowire array before and after th
mal annealing.R(T)/R(300 K! of the as-prepared Te-dope
sample@Fig. 3~b!# shows a very different behavior from tha
of the undoped sample with comparable wire diameter~Fig.
3~a!, 65 nm!, with the Te-doped sample showing a mo
metallic R(T) behavior. Based on the theory discussed
Sec. III, the doped 60-nm Bi wire with a@101̄1# orientation
@in Fig. 3~b!# is still a semimetal with a much reduced ba
i

e-

m

hat
e
.

ty

-

-
g.

-
s
n-
e
g-
r-
tly
ce

er

r-

n

overlap between theL-point conduction band and theT-point
valence band. In a metallic Bi wire, the impurity energy lev
of the Te dopant is in the conduction band, and every
atom should contribute one free electron to the Bi conduct
electrons. Therefore the carrier concentration is expecte
show only a weakT dependence at low temperatures. Co
sequently, the Te-doped Bi nanowires are expected to exh
a more metallicT dependence than their undoped count
part. At high temperatures (T.200 K!, the increase in carrie
concentration with increasingT due to the thermal excitation
of carriers from the valence band to the conduction band
the nanowires becomes dominant, and consequently,R(T)
decreases with further increase inT. As for the perhaps sur
prising result on the thermally annealed Te-doped sampl
is possible that most of the Te dopants have been segreg
from the Bi lattice to the wire boundary during the anneali
process~see also discussion in Sec. IV B!, so that the an-
nealed Te-doped Bi nanowires behave more like intrin
nanowires than like heavily doped Bi nanowires@Fig. 3~b!#.

B. Magnetoresistance

Since a magnetic fieldB can change the trajectory of th
conduction electrons, it provides a convenient tool for stu
ing the electronic transport properties of Bi nanowires. B
cause Bi has a large classical magnetoresistance, the effe
a magnetic field on the electrical conductivity of Bi nan
wires is more complicated than in an ordinary metallic wi
and is also more interesting. The theory of low-field galvan

FIG. 3. ~a! Resistance~normalized to the 300-K value! as a
function ofT ~on a log scale! for as-prepared Bi nanowire arrays o
various wire diameters.~b! Resistance~normalized to the 300-K
value! as a function ofT for a 0.1 at. % Te-doped Bi nanowire arra
with an average wire diameter of 60 nm before and after ther
annealing at 150 °C for 8 h under flowing N2.
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magnetic effects in bulk Bi is well established.23 In a weak
magnetic field where the magnitude of each term satis
(m•MB)/c,1 (MB is the skew-symmetric matrix form o
the vectorB), the conductivity tensor in aB field can be
expanded in powers ofB:

s i j ~B!5s i j
0 2s i j ,k

1 Bk2s i j ,kl
2 BkBl1 . . . . ~8!

In this representation, the total conductivity is obtained
summing contributions from each carrier ellipsoid. For bu
Bi, the three electron pockets are equivalent in zero magn
field, and after summing contributions from each ellipso
there are only 12 nonzero tensor components23 for the total
conductivity s(B) to orderB2. However, for Bi nanowires
not oriented along the trigonal direction, the degeneracy
the three electron pockets is lifted. Since the subband ed
recede from the bulk band edge by different amounts
pending on the magnitude of their cyclotron effective mas
mc* , the electron concentrations for the three electron po
ets are no longer equal to each other~see Fig. 1!. For the
most general case, wherenAÞnBÞnC , a large number of
the magnetoresistance tensor components would be non
ishing.

For the specific case of interest to this study, where b
B and j are parallel to the wirez axis, the magnitudes ofj
andB satisfy the equation

j 5~s02s2B2!E, ~9!

and boths0 and s2 are functions of the mobility tenso
components and carrier concentrations of each electron
hole ellipsoid. Therefore the low-field longitudinal magn
toresistance~MR! is equal to

DR~B!/R~0!5~s2 /s0!B2. ~10!

Since bulk Bi has a very high carrier mobility at low tem
peratures, the parabolic dependence ofDR(B)/R(0) on B
only holds for very smallB @B' several gauss atT54.23 K
~Ref. 23!#. However, in Bi nanowires, the carrier mobility i
much smaller than that of a perfect bulk single crystal, a
therefore the condition (m•MB)/c,1 can be satisfied to a
much higher magnetic field.

Figure 4 shows the longitudinal MR of the as-prepared
nanowire arrays with two different wire diameters measu
at 2.0 K. For both samples, the longitudinal M
DR(B)/R(0) increases parabolically withB field at low
fields, as expected from Eq.~10!. However, the measure
DR(B)/R(0) gradually flattens out, reaches a maximum
B5Bm , and finally decreases whenB.Bm . The peak posi-
tion Bm in Fig. 4 is shifted from;3.6 T for the 65-nm
sample to;2.6 T for the 90-nm sample. The decreasing lo
gitudinal MR at highB field can be attributed to the reduce
wire boundary scattering for carriers associated with the c
sical size effect, as discussed below.

The classical size effect on the electrical conductivity o
thin metallic wire, with a diameter larger than the quantu
confinement limit, has been well established.1,30 In order to
take wire boundary scattering into account, a param
called the specularity coefficientr (0<r<1) was
introduced,1 which gives the probability that an electron
elastically scattered at the boundary. Ifr51, all boundary
scattering of electrons is elastic, and the conductivity o
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thin wire would be the same as that of a large specimen.
more realistic thin wire systems,r depends on the specifi
materials system, the characteristics of the wire surface,
the incident angle of the electron with respect to the bou
ary. Consequently, the conductivity of a thin wire is alwa
smaller than that of the bulk material. The problem of calc
lating the magnetoconductivity of a thin wire with a ma
netic field established along the wire axis (Bi I , whereI de-
notes the current! could be solved by using kinetic theory2

In this case, the trajectories of the majority of electrons
helical between collisions with the boundary~except for
those withviB, wherev is the velocity!. In the plane normal
to the wire axis, the projections of the electron trajector
are a circle or a portion of a circle. Therefore the mean ti
between two boundary collisions for electrons increa
compared to the zero-field case, and the effect of w
boundary scattering on the electrical conductivity decrea
with increasingB field. Consequently, the electrical resisti
ity of a thin wire with Bi I will be smaller than its zero-field
value, giving rise to a negative magnetoresistance.

For the Bi nanowires embedded in a dielectric matrix th
are examined in this work, the situation could be much m
complicated than the idealized model presented in Ref
and 2. The diameters of the Bi nanowires studied in t
work are small (dw<110 nm! and are in the quantum con
finement regime. The wire boundary scattering for electro
inside a quantum wire could follow a very different scenar
For an ideal quantum wire, where the wire boundary is p
fectly sharp and stoichiometrically clean, and the energy b
rier at the boundary is infinitely high, the electrons shou
not experience any boundary scattering at low enough t
perature because electrons do not have transverse mom
and the amplitude of the electron wave function at the w
boundary is zero. In this case, the mean free path of elect
inside a quantum wire would be the same as that in a b
specimen. However, for a real materials system, such as
Bi nanowires, the boundary conditions are far from ideal a
the energy barrier at the boundary is finite. Due to the sm
diameter of our Bi nanowires, it is more realistic to treat t
wire boundary as a finite layer of Bi atoms with a substa
tially higher defect concentration than in the interior of t
wire. Therefore we should expect there to be a finite am

FIG. 4. Longitudinal MRDR(B)/R(0) as a function ofB at
2.0 K for Bi nanowire arrays with average wire diameters of 65 a
90 nm before thermal annealing.
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PRB 61 4857ELECTRONIC TRANSPORT PROPERTIES OF SINGLE- . . .
tude of the electron wave function at the wire/matrix inte
face, and electrons will thus experience substantial w
boundary scattering. When a magnetic fieldBi I is applied,
we should also expect a reduction in the resistivity of the
nanowires, as is predicted by Chambers’ theory.2 Further-
more, the specularity coefficientr depends on the inciden
angle of the electron with respect to the boundary, anr
increases when the electron trajectory becomes helic3

which also contributes to the reduced wire boundary sca
ing when a longitudinal magnetic field is applied. This
exactly what we observed in this study~Fig. 4!.

We also measured the longitudinal MR at higher tempe
tures, and Fig. 5 shows the longitudinal MR results at fo
temperatures for a 90-nm Bi nanowire array after it was th
mally annealed at 150 °C for 8 h under flowing N2 ~the ef-
fects of thermal annealing are discussed below!, andBm was
determined at each temperature. From the inset in Fig. 5
note thatBm ~the magnetic field where the longitudinal M
is a maximum! has a roughly linear dependence onT. The
theory developed by Chambers2 can also qualitatively ex-
plain the T dependence of the peak positionBm observed
here. WhenT increases, the volume mean free pathl 0 de-
creases due to the stronger electron-phonon scattering
that the wire boundary scattering becomes less import
Therefore a higher magnetic field is needed at higherT to
generate the same amount of resistivity reduction associ
with the reduced wire boundary scattering.

To verify our interpretation of the longitudinal MR data
we measured the transverse MR (B'I ) for all samples at
various temperatures. Figure 6 shows the transverse M
variousT for one of the samples before thermal anneali
where the transverse MR increases monotonically with m
netic field for 0<B<5 T. This is as expected, since the wi
boundary scattering cannot be reduced by a magnetic
perpendicular to the wire axis. We also measured the lo
tudinal MR of a 0.1 at. % Te-doped Bi nanowire array, a
the results are shown in Fig. 7. The longitudinal MR for t
Te-doped nanowire sample is very different from that of
undoped samples. Here we only observe the longitudinal
to increasewith magnetic field, and this result is also co
sistent with theory. Since the volume scattering by impurit

FIG. 5. Longitudinal MRDR(B)/R(0) as a function ofB at
various temperatures for a Bi nanowire array of 90-nm diame
after thermal annealing at 150 °C for 8 h under flowing N2. The
inset shows the peak positionBm as a function ofT, and the solid
line is the least-squares fit of the data points to a linear functio
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should be the dominant scattering process in heavily
doped Bi nanowires, the magnetic field would only have
very small effect in changing the mean free path of the c
riers in a heavily doped sample.

In Sec. IV A, we attributed the difference in the zero-fie
R(T) between samples before and after thermal annealin
the reduced impurity concentration in the annealed samp
This argument can be tested by the longitudinal MR resu
Figure 8 shows the longitudinal MR for one of the Bi nan
wire arrays before and after thermal annealing. For
samples that we studied, the peak positionBm shifts to a
lower field after thermal annealing. Similar to the discuss
of the T dependence ofBm , the shift ofBm towards lower
fields could be attributed to a longer volume mean free p
l 0. The results shown in Fig. 8 indicate that Bi nanowir
become purer after thermal treatment. In Fig. 8, we a
observed some small oscillations in the curve of the
nealed sample. This oscillatory phenomenon is discus
elsewhere.31

r

FIG. 6. Transverse MRDR(B)/R(0) as a function ofB at vari-
ous temperatures for a Bi nanowire array of 65-nm diameter be
thermal annealing.

FIG. 7. Longitudinal MRDR(B)/R(0) as a function ofB at
various temperatures for a 0.1 at. % Te-doped Bi nanowire arra
60-nm diameter, after thermal annealing at 150 °C for 8 h under
flowing N2.
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In an early study of classical size effects in single-crys
Bi microwires (dw>250 nm! prepared by pressure injectio
of Bi melt into a glass microtube,3 it was found that the peak
position Bm had a linear dependence on the reciprocal
diameterdw ,

Bm'Bcut5
Dmaxc

edw
, ~11!

whereBcut is the ‘‘cutoff’’ magnetic field for Shubnikov–de
Haas oscillations,3 Dmax is the maximum diameter of th
extremal crosssection of the Fermi surface in the plane
mal to the wire axis,e is the electron charge, andc is the
velocity of light. By fitting the experimental results to E
~11!, a valueDmax52.2310221 g cm/s was obtained.3

In order to compare our results with those in Ref. 3,
also plottedBm at T52.0 K as a function of 1/dw for the
three annealed samples with different diameters, and the
sult is presented in the inset of Fig. 8. We found that
three data points in the inset of Fig. 8 fit remarkably w
with Eq. ~11! ~solid line!, and Dmax for our samples was
determined to be 2.4310221 g cm/s, which also matches we
with the Dmax value obtained in Ref.@3#. SinceBm is also a
function ofT, for higher temperatures,Bm(dw) does not sat-
isfy Eq. ~11!.

We also studied the effects of thermal annealing on
Te-doped Bi nanowire sample. Figure 9 shows the long
dinal MR at 2.0 K for the 0.1 at. % Te-doped 60-nm
nanowire array before and after thermal annealing. We n
that the magnetoresistance increases in both cases with
netic field. However, the thermally annealed sample show
higher MR than the as-prepared sample. This probably in
cates that some of the Te dopants had been pushed out o
Bi lattice by the annealing process, so that the Te-doped
nanowires become more pure after thermal annealing. T
interpretation is confirmed by the differentT dependences o

FIG. 8. Longitudinal MRDR(B)/R(0) as a function ofB at
2.0 K for a Bi nanowire array with an average wire diameter
65 nm before and after thermal annealing. The peak positionBm

shifts to a lower field after thermal annealing, which was also
served for Bi nanowire arrays with other wire diameters. Sm
oscillations can be seen in the curve for the annealed sample.
inset presents the peak positionBm of the longitudinal MR deter-
mined for our nanowires as a function of 1/dw , the reciprocal of the
wire diameter. The solid line is the least-squares fit of the d
points to Eq.~11!.
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the resistance for the Te-doped Bi nanowire array before
after thermal annealing shown in Fig. 3~b!.

C. Temperature dependence of the longitudinal
magnetocoefficient

We also measured theT dependence of the longitudina
magnetocoefficient for Bi nanowire arrays of different wi
diameters, where we focused our attention on the lowB re-
gime. At low magnetic fields@(m•MB)/c,1#, the longitu-
dinal MR satisfies the relationDR(B)/R(0)5s2B2/s0 @Eq.
~10!#. In these studies,R was measured atB50 and 1 T over
a wide range of temperatures, and the magnetocoeffic
was then calculated usings2 /s05@R(1 T)2R(0)#/R(0),
which is valid as long asR(B) exhibits a parabolic depen
dence onB up toB51 T. Figure 10~a! illustrates the experi-
mental results for@R(1 T)2R(0)#/R(0) for Bi nanowire ar-
rays of three different wire diameters before therm
annealing. We note that the magnetocoefficient decrea
monotonically with increasingT for the 65-nm Bi nanowire
array, while for the 90- and 109-nm samples, theT depen-
dence of the magnetocoefficient is more complicated.
very low temperatures (T,10 K!, the magnetocoefficient in
creases sharply with decreasingT for the 90- and 109-nm
samples, which can be attributed to localization effects~to be
addressed further in Sec. IV D!. For T.10 K, the magneto-
coefficient for these two samples first increases with incre
ing T until @R(1 T)2R(0)#/R(0) reaches its peak value a
Tm , beyond which@R(1 T)2R(0)#/R(0) decreases with
further increase inT. The annealed samples also show
similar trend, and the results for the annealed samples
illustrated in Fig. 10~b!, where @R(1 T)2R(0)#/R(0) is
shown to be essentially independent of wire diameter at h
temperatures (T.100 K!.

In Ref. 14, we proposed a possible explanation for t
phenomenon based on the assumption of quantized tr
verse momenta of the carriers. Based on the electronic b
structures shown in Fig. 1, the increasing magnetocoeffic
with increasingT in the regimeT,Tm for the unannealed
90- and 109-nm samples was attributed to an increase o
ratio of the electron concentration in electron pocket A
that in pockets B and C with increasingT. Such a mechanism

f

-
ll
he

a

FIG. 9. Longitudinal MRDR(B)/R(0) at 2.0 K as a function of
B for a 0.1 at. % Te-doped 60-nm Bi nanowire array before a
after thermal annealing at 150 °C for 8 h under flowing N2.
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was found to be unimportant for the 65-nm sample beca
the electron concentration in pocket A is negligible for t
65-nm Bi nanowire atT<100 K.31 Although the magneto-
coefficient s2 /s0 for electrons in pocket A is about thre
times larger than that in pockets B and C, more deta
theoretical calculations indicate that such a mechanism
not by itself explain the experimental results.

Another mechanism that may also contribute to the
perimental results shown in Figs. 10~a! and ~b! is the wire
boundary scattering for carriers. As discussed in Sec. IV
~see insets in Figs. 5 and 8!, the importance of wire boundar
scattering for carriers strongly depends on both the wire
ameter and the temperature. Since the peak position of
longitudinal magnetoresistanceBm shifts to higher fields
whenT increases~inset in Fig. 5!, the magnitude of the re
duction in wire boundary scattering by a magnetic field
B51 T also decreases with increasingT, and this effect may
result in a largerR(1 T) at higher temperatures in the 9
and 109-nm Bi nanowire samples. Consequently,@R(1 T)
2R(0)#/R(0) increases with increasingT in the temperature
rangeT,Tm for those two samples. However, for the 65-n
sample,Bm has shifted to magnetic fields much higher th
1 T at all temperatures investigated~see Fig. 8!. Therefore
the reduction in wire boundary scattering atB51 T is less

FIG. 10. ~a! Temperature dependence of the longitudinal m
netocoefficients2 /s0 5 @R(1 T)2R(0)#/R(0) for as-prepared Bi
nanowire arrays of various wire diameters. The data are normal
to the magnetocoefficient at 250 K.~b! The normalized longitudina
magnetocoefficient as a function ofT for Bi nanowire arrays after
thermal annealing at 150 °C for 8 h. The data are normalized to
magnetocoefficient at 300 K.
se

d
n-

-

B

i-
he

f

important and is also less sensitive toT for the 65-nm
sample; consequently, its magnetocoefficient decrea
monotonically with increasingT due to the stronger phono
scattering at higher temperatures.

D. Electrical resistance of Bi nanowires
at very low temperatures

For a disordered system at very low temperatures~typi-
cally T<5.0 K!, the electron conduction becomes diffusiv
and localization effects and diffusive electron-electron int
actions become important. Localization effects in disorde
systems have been extensively studied both theoretically
experimentally.4 They refer to quantum interference effect
which are usually observed only at low temperatures in l
mobility samples where the electron phase-coherence le
is much larger than its mean free path. For a wire with
small diameter, when both the electron phase-break
length Lf and the magnetic lengthLB are larger than the
wire diameterdw , the localization behavior should be re
garded as one dimensional. Theory predicts5,32,33 that the
contribution from 1D localization to the electrical resistan
is given by

DR~T,B!/R05e2re /~2p\S!$ 3
2 @Lf

221 4
3 Ls.o.

22 1LB
22#21/2

2 1
2 @Lf

221LB
22#21/2%, ~12!

whereby the magnetic field is perpendicular to the wire ax
S is the cross-sectional area of the wire,re is the impurity
resistivity, Ls.o. is the spin-orbit interaction length, and th
magnetic lengthLB is given by33

LB5F 3\2

e2SB2G 1/2

. ~13!

In the limit of B→0 and strong spin-orbit interaction, Eq
~12! is reduced to

FDR

R0
G

s.o.

52
e2re

4p\S
Lf . ~14!

Since Lf increases with decreasingT,34 we note that the
spin-orbit scattering results in a decrease in the total re
tance with decreasingT, producing a so-called antilocaliza
tion effect,5 which is of the opposite sign as the usual loc
ization effects.

For Bi at very low temperatures, the electron-electron
teraction is also very strong. In one dimension, the electr
electron interaction also contributes to localization effe
through a contribution to the resistance given by35

FDR

R0
G

e-e

5
e2re

23/2p\S
S 42

3

2
F D F D\

kBTG1/2

, ~15!

whereF is a screening factor, andD is the electron diffusion
constant. We note that the contribution toDR/R0 from 1D
electron-electron interactions results in an increase in the
sistance with decreasingT. In Bi nanowires, theT depen-
dence of the zero-field resistance at very low temperatu
will be determined by the sum of Eq.~14! and Eq.~15!, and
DR/R0 can be either positive or negative, depending up
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the relative magnitude of these terms. These phenom
have been demonstrated in early studies of polycrystalline
nanowires5 and in our studies of Bi nanowire arrays prepar
by a gas phase vapor deposition process.6

Figure 11 shows the temperature-dependent resistanc
as-prepared Bi nanowire arrays of different wire diameter
low temperatures, extracted from the data presented in
3~a!. At very low temperatures (T<4.0 K!, the resistance o
all three samples increases with decreasingT, suggesting that
the electron conduction becomes diffusive and that elect
electron interactions are more important than localization
fects. In Fig. 11, the solid lines are the least-squares fit
the data points at very low temperatures (T<4.0 K for the
65- and 90-nm samples, andT<3.0 K for the 109-nm
sample! to the function ofR5R01R1T21/2. For all three
samples, the data points at very lowT fit well to the function
R5R01R1T21/2, in agreement with the theory of 1D
electron-electron interactions@Eq. ~15!#.35

Since electron-electron interactions are not sensitive
the magnetic field, we also studied the transverse MR o
nanowires at very low temperatures in order to separate
contributions from localization effects and from electro
electron interactions. Since a magnetic field perpendicula
the electric current can destroy localization effects, from

FIG. 11. Low-temperature resistance of as-prepared Bi na
wire arrays of different wire diameters as a function ofT: ~a! 65 nm,
~b! 90 nm, and~c! 109 nm. The lines are the least-squares fits of
data points to the function ofR01R1T21/2.
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~14!, a positive MR is expected to be observed in this ca
for Bi nanowires. Figure 12 shows the transverse magnet
sistance at different magnetic fields for a Bi nanowire ar
with an average wire diameter of 109 nm, measured
months after the sample fabrication. This was the o
sample among the three samples of different wire diame
in Fig. 11 for which the transverse MR showed clear e
dence for localization effects. From Fig. 12, we note th
for B<0.3 T, the transverse MR increases with decreas
T, consistent theory@Eq. ~14!# which predicts that localiza-
tion effects become stronger at lower temperature34

At B>0.3 T, the plots for DR(0.3 T/R(0), for
DR(0.4 T)/R(0) and forDR(0.5 T)/R(0) as a function of
temperature are almost parallel to each other, indicating
the further increase in MR~which can be attributed to the
classical MR! is not sensitive toT and the contribution from
localization effects saturates atB50.3 T. The observation o
a strong classical MR in the temperature range of 2.0<T
<4.0 K indicates that in our experiments we have not
reached a low enough temperature range where localiza
effects become dominant.

The experimental results that we obtained in this study
consistent with earlier studies on localization effects in po
crystalline Bi nanowires.5 In Ref. 5, the transverse MR wa
always found to be positive, and it disappeared whenT
>3.0 K, which was attributed to vanishing localization e
fects atT>3.0 K, and a very small classical MR was o
served in their polycrystalline Bi nanowires. Localization e
fects were found to be dominant only in the rangeT<1.0 K.
Localization effects in our single-crystal Bi nanowire arra
have only been observed at very low temperatu
(T<4.0 K!, because at high temperatures, the inelastic s
tering for electrons introduces random fluctuations in
time evolution of an electronic state, which limits the qua
tum interference necessary for the observation of localiza
effects.4,36 We thus conclude that the diffusive electron co
duction is not an important issue for our Bi nanowires atT
>4.0 K and that localization effects do not become domin

o-

e

FIG. 12. transverse MRDR(B)/R(0) of a Bi nanowire array
with an average wire diameter of 109 nm as a function ofT at
different magnetic fields measured 14 months after the sample
rications. The solid lines are guides to the eye.
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even atT as low as 2.0 K. The study of localization phenom
ena confirms that the semiclassical transport model use
this paper is applicable to the transport properties of
nanowires forT>2.0 K, and that our discussion of the qua
tum confinement and classical magnetoresistance effec
valid for this temperature regime (T>2.0 K!.

V. SUMMARY

We have studied the electronic transport properties of
trafine single-crystal Bi nanowire arrays with various w
diameters over a wide range of temperatures and magn
fields. Most experimental results are in good agreement w
theory, and can be explained by an electronic subband s
ture of quasi-1D Bi nanowires based on the electronic str
ture of 3D bismuth and the theory of wire boundary scatt
ing for carriers. The quantum confinement of carriers pla
an important role in determining the overall temperature
pendence of the zero-field resistivity of Bi nanowires. A
J
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-
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o
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.

n

in
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tic
th
c-

c-
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s
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though we observed evidence for a localization effect at
temperatures (T,4.0 K!, localization effects are not th
dominant mechanism affecting either the resistivity or
magnetoresistance in the temperature range of this s
(2.0 K<T<300 K!. Unlike bulk Bi or polycrystalline Bi
nanowires, where the electron-electron interaction is
dominant scattering process for carriers at low temperatu
we found that the wire boundary scattering for carriers
very important for single-crystal Bi nanowires of small d
ameter.
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