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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 diameterg§60—110 nm have been carried out over a wide range of temperai{@.€s-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
guantum 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<4.0K), localization effects are not the dominant mechanisms affecting the resistivity or the magne-
toresistance in the temperature range of this study.

I. INTRODUCTION density of states. This gives rise to a wide range of opportu-
The electrical transport properties of ultrafine metal andhities for utilizing the electronic transport properties of vari-
semiconductor wires have been a subject of growing interes@Us quasi-1D materials systems for various practical device
Early studies were focused on classical size effects, fofPplications. _ . _
which detailed theories have been establishzdnd some Recently, we have successfully fabricated Bi nanowire

theoretical predictions have been confirmed by experimentdl'/@YS by pressure injection of liquid-Bi melt into the
. . o hanochannels of an anodic alumina templat8i nanowires
results for bismuth wire$. More recently, localization

4 - . i d are of special interest for thermoelectric applicatidmsie to
effects, which are quantum interference effects, in disor-he ynique properties of bulk Bi, such as its small electron

dered systems with reduced dimensionalities have also begftective mass components, the high anisotropy of its Fermi
studied in general and in Bi nanowires in particutéin the  syrface and the low thermal conductivity of Bi. Experimental
past decade, impressive progress has been made in exp&fiermopower values for 200-nm-diameter wires prepared us-
mental studies of electron transport in quantum nanocontactﬁg alumina templates have been repoﬁ%ﬂ]so because of
formed in GaAs/AlAs heterostructureer generated by us- the small Bi electron effective mass components, Bi nanow-
ing the mechanically controllable break junction technfue ires provide an excellent system to study the effect of quan-
or by using a scanning tunneling microscope operating in théum confinement on the electronic transport properties of
contact modé. The nanocontacts in these experiments havejuasi-1D systems. Since the Bi nanowires that we produced
been shown to be in the ballistic regime so that the transversare single crystals, the scattering processes for carriers are
momentum of electrons becomes discrete. Since the nanaiso expected to be different from those in polycrystalline Bi
contacts are short in length, the phenomena observed in thetféin wire systems that have previously been studi&ihce
systems, such as conductance quantization in unit®®h2  the Bi nanowires also have a very large aspect ratio, the
are found to be materials independ&htin sophisticated electrons may experience numerous collisions with the wire
guantum wire systems, which generally have a large aspetioundary during their conduction. Studying the transport
ratio (length/diameter the two-dimensional quantum con- properties of Bi nanowires could also provide an opportunity
finement of the resulting quasi-one-dimensiof®D) elec-  to verify the theoriek? established in early studies of the
tron gas provides a method to manipulate the electronielectrical conductivity of thin wires, but are now studied in a
transport properties of materials by changing their electroniemaller wire diameter regime.
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In this paper, we present a detailed study of the electronic TABLE I. Characteristics of the Bi nanowire arrays investigated
transport properties of this interesting class of nanostructureith the electrical transport studies. All samples have the primary
materials. Specifically, we have measured the resistance 6fystal orientation along the wire axis perpendicular to (2@2)

Bi nanowire arrays with various wire diametég9—-110nm  lattice plane.
over a wide range of temperatur@0-300 K and magnetic — : : =
fields (0—5.4 7). The transport properties of a 0.1at. % Te-Sample  Wire dia. ~ Cell size  Wire length  Composition

doped Bi nanowire array have also been studied. In Sec. IN°- (nm) (nm) (wm)

we briefly describe the sample fab_ncatlon and characterizag 65+8 125 45 pure Bi

tion processes and also the experimental procedures for t 90+ 14 150 65 pure Bi

e et 1 SeC e presena ool w5 jues
q 60-8 ~125 ~40 Bio.ossT €001

nanowires, based on the basic band structure of bulk Bi.
Section IV presents the experimental results and discussion.

First, we found that the temperature dependence of the zerg-, o+ 150
field resistivity is very sensitive to the wire diameter, show-

°C under flowing N Because Bi may form a thin
oxide layer on the surface upon exposure to air, we always

ing evidence for a transition from metallic behavior to semi-¢;.04 the samples inside a glove box in which Ar gas was
conducting behavior when the wire diameter is reduéed. circulated.

The experimental results are consistent with the electronic . this study, we prepared three undoped Bi nanowire
subband structure of .BI nanowires that we construct in Secarrays with wire diameters of 658, 90+14, and

[ll. In the magnetoresistand® R) studies, we found that the
behaviors of the longitudinal magnetoresistance and th

transverse magnetoresistance of pure Bi nanowire arrays affiase samples are given in Tablel. The average distances
very different from each other, and that they are also d'ﬁerbetween the centers of adjacent wires varied from 125 to

ent from the behavior of the Te-doped Bi nanowire sample 65nm and the template thicknesgeswire lengths of the
These differences are explained by the dominant wire boun samples were 40—6GEm, with a variation in wire diameter
ary scattering process for carriers in pure single-crystal Bor individual nanowires, along their wire lengths &f10%.

nanowires at low temperatures, in contrast to the theoretici/ : - : :

; ) U e used high-purity B{99.999% pieces and a Biggol € 001
expectation for an ideal quantum wire system..We_ also foun lloy as starting materials to produce pure Bi nanowires and
that the temperature dependence of the longitudinal magney

N ) . ' -
tocoefficient is very sensitive to the wire diameter. In the last L at. % Te-doped Bi nanowires, respectively.

't of Sec. IV. we provide experimental evidence for local- The materials properties of the fabricated Bi nanowire
part of Sec. 1V, we provide experimental evidence for loca arrays were investigated by various characterization tech-
ization effects and diffusive electron-electron interactions

which are imoortant onlv at verv low tem eratures,niques’ such as x-ray diffractiofKRD), scanning electron
T=4.0K). Th P . tyl it 3; diffusi pl ¢ microscopy (SEM), transmission electron microscopy
(T=<4.0K). The experimental results for diffusive electron gy, “2ng selected area electron diffractiBAED). 115

cond_uctlon o_bserved In our smgle-crystaI_Bl nano_\évwe_s ACrhe single crystallinity and orientation of the Bi nanowires
consistent with those of polycrystalline .B' nanowireBi- were confirmed by both high-resolution electron microscopy
nally, in Sec. V, we present our conclusions. (HREM) and SAED studies on free-standing Bi nanowires,
which were prepared by dissolving away the anodic alumina
Il. SAMPLE PREPARATION AND EXPERIMENTAL template in a specigl ac_id solution._ XRD experiments re-
PROCEDURES vealed that all the_W|res_ in a nanowire array are highly ori-
ented along the wire axis, with more than 90% of the wires
The Bi nanowire arrays were fabricated by a templatebeing oriented along a crystal direction normal to {R82)
assisted approach described elsewh&tgThe anodic alu- Iattice plane of the rhombohedral crystal structure of 8P
mina templates, having an array of parallel nearly cylindricalin the XRD experiments, we found that all the strong diffrac-
channels, are produced by anodizing aluminum substrates tion peaks are close to the peak positions of a polycrystalline
acid solutions. Using a vacuum melting and pressure injecBi standard, revealing that the rhombohedral crystal structure
tion process, liquid Bi is forced into the evacuated channel®f bulk Bi is also preserved in the small diameter Bi
of the anodic alumina template at a temperature higher thananowirest*'4
the melting point of Bi (~271.5°C). Copper impurities, Due to the limitations imposed by the sample geometry
which have a small solubility in liquid Bi {0.2at.% at [see insetin Fig.@)], we used a two-probe dc technique in
325 °Q and essentially no solubility in a solid Bi crystal, the electronic transport measurements by bringing Au wire
were used to improve the Bi filling of the channels in theelectrodes to both sides of the Bi nanowire composite using
anodic alumina templates. By slowly cooling the systemconducting silver paint contacts about 1-2fnin size.
down to room temperature, an array of essentially singleSince the silver particle size in the silver paint is on the order
crystal Bi nanowires was produced. Since the anodic aluminaf 1 wm, the silver paint may only make good contact to a
templates are fragile, the templates were broken into smafimall fraction of the total number of wires of the sample. For
pieces during the sample preparatfon® and therefore the this reason, we could not estimate the total number of wires
areas of the samples used in the measurements were abedhnected to the two contacts, and the actual resistivity of
2-5mnt, although the initial areas of the anodic aluminathe nanowires is therefore unknown. The resistance of the
templates used in our experiments were larger than 4 cmvarious samples was between several ohms to several thou-
For some measurements, the samples were then annealed $aind ohms, and the absolute value of the zero-field resistance

109+24nm, and a 0.1at.% Te-doped Bi nanowire array
fuith a wire diameter of 66= 8 nm and the characteristics of
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(adjusted by the argavas normally different between differ- = 72 EqL
ent pieces of the nanowire array obtained from the same E(k)= TQ+E9L?k-M;1~k—TQ, 2
sample. However, when we normalized the zero-field resis-

tance to the value at a common temperatuee, 300K, and  where E is measured with respect to the energy of the
normalized the magnetoresistance to the zero-field resig--point conduction-band edge, ai, is the electron effec-
tance, theT dependences of the normalized zero-field resistive mass tensor at the band edge.

tance and the normalized magnetoresistance became very re-When electrons are confined inside a nanowire, the al-

peatable. The zero-field resistance and the magnetoresistangged transverse momenta for electrons become discrete,
measurements were made within the chamber of a supercofind the electronic energy states are split into subbands. Since
ducting quantum interference device magnetometer operaBj has very small electron effective mass components, the
ing in the temperature range of 2.0-300K and in the magformation of subbands becomes important for Bi nanowires
netic field range of 0-5.4T. Before each measurement, th@ith diameters on the order of 100 nm, much larger than is
sample was taken out from the glove box and was exposed §ommon for other materials. Following the Lax modE®.

air, sometimes for several hours. However, we found that2)] and using a cylindrical potential-well approximation, the

sample degradation was not a big concern, and the repeaiispersion relations for the nonparabolic electron pockets in
ability of the measurements between different runs for they Bi quantum wire can be expressed as
same piece of the sample was excellent.

= h2ki 2R\ EgqL
IIl. ELECTRONIC BAND STRUCTURE Eij(k)~\/ 7 *Ea P gz 2 ()
OF Bi QUANTUM WIRES my mcdy

Since the diameted of the Bi nanowires studied in this Wherexi; are roots ff_ the Bessel functiah(x;;) =0, d,, is
work is much smaller than the mean free phaglof electrons the wire diametermg is the cyclotron effectlye mass in the
in Bi, especially at low temperatures, the electrons will ex-iransverse plane, arld andm/" are, respectively, the elec-
perience quantum confinement effects, which is one of th&on momentum and the effective mass component along the
most important factors in determining the electrical transportvire axis. Bothmg andmj® are electron effective mass com-
properties of Bi nanowires. This confinement not only di-ponents at the band edge of bulk Bi. Since the Bi nanowires
rectly affects the carrier concentration in Bi nanowires, butstudied in this work have a well-defined crystal orientation
will also influence more delicate issues, such as the wir@long the wire axis, while the crystal orientation in the trans-
boundary scattering of the carriers and the magnetoresistanvérse plane is very likely to be random for the various
tensor for Bi nanowires. nanowires in a nanowire array, it is appropriate to use an

Bi is a semimetal with a rhombohedraR8m) crystal — 2verage mass for the effective mass components in the trans-
structurd® and a small band overlafE,= — 38 meV (Ref. verse plane w_here quantum confinement occurs. This aver-
17)] between the fifth band and the sixth badfidhe Fermi  29€ IS conveniently approximated by the cyclotron effef:tn_/e
surface of bulk Bi in the Brillouin zone consists of a single Massm; . In Eq. (3) the subband onsets are treated within
hole pocket at th& point and three highly elongated electron f[he Lax quel, while the dispersion along the wire direction
pockets at thel point. The hole pocket is described by a iS treated in terms of a parabollG dependence based on
simple effective mass tensor witin,;=m;,=0.059n,,  Perturbation theory. o _
my3=0.634m,, wheremy is the free electron masé.The _As shown in the XRD data, the majority of the Bi nano-
electron effective mass tensors are complicated by the smaffires in each array were oriented along a crystal direction
tilt angle 6 of the long axis of the electron ellipsoids from the Perpendicular to th¢202) lattice plane. The direction per-
bisectrix axis towards the trigonal direction, with the effec-pendicular to th€202) lattice plane in real space j4011]

tive mass tensor for the electron pocket along the bisectriusing the space grouR3m and the hexagonal structural

axis (denoted by A given by descriptiont®) in k space, which corresponds to
mg 0O O 1=(0,0.949,0.315 (4)
Me= 0 Mez Mgy |, (1)

in the Cartesian coordinate system wherg, z represent the
0 Meg  Meg binary, bisectrix, and trigonal directions, respectively.
Following Eg. (3), we calculate the electronic subband
where mg; =0.00139n,, mMg,=0.291My, Me3=0.0071In, . . : e .
M= —0.0359n, at the band edgH:® The effective mass structure for Bi nanowires of different wire diameters using

the values of the effective masses given in Ref. 17. The
tensors for the other two electron pockéienoted by B and . —
C) are obtained by rotating E€l) about the trigonal axis by results for tr_le e!ectronlc sm_Jbband structureglﬁll] wires
+2 7 The dispersion relations are approximately parabolic'® Shown in Fig. 1, treating the-point electron and hole
for holes below the band edge, but are strongly nonparabolif@nds as mirror bands, following the two-band Lax model.
for electron&® due to the smalL-point band gag E4 = 15 For the[ 1011] crystal orientation, the electron pocket A has
meV (Ref. 179] and the small electron effective mass com-a very small cyclotron effective massnf =0.002 12n,),
ponents. The Lax modé?, which was derived from a two- while the other two electron pocket8 and Q are equiva-
band model using Brillouin-Wigner perturbation theory tolent and have a cyclotron effective massmi(
describe the strongly coupled conduction and valence bands0.003 72n,) about two times heavier than that of electron
at theL points, gives the 3D electron energy states as pocket A. Thus the energy of the lowest subband edge of
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electron pocket A increases faster with decreasing wire di- /Pockets B&C
ameterd,, than for the lowest subband edge of electron pock- (a) E \ / f Pocket A
ets B and C, thus resulting in the splitting of theoint band / ;’38 meV ¥
edge, as shown in Fig. 1. Since for electron pockets B $15 mev
and C (" =0.0779n) is smaller than for electron pocket A
(m*=0.241my), the band curvature for the dispersion rela-
tion Ejj (k) is greater for carrier pockets B and C thanfor A, === ======-======"========<
as shown in Fig. 1. In this figure we see that as the wire
diameterd,, decreasesz,, increases, while the band overlap 16 meV
energy decreases. Bi nanowires thus are expected to undergo
a semimetal-to-semiconductor transition when the wire di- ® /[ ; -22 meV
ameter is reduced below a critical valde, as discussed 44 meV
below.

The effective band-gap enerdy, between the lowest

L-point electron subband and the high&spoint hole sub-
band is given by

o 2ﬁ2X§0+ \/EgL 2ﬁ2X§O_EgL

(©)

-5 meV.

g Vg 2 e O
We note that in the limit of largd,,, thenEy—Eg. The first 14meV 60 meV

term in Eq.(5) reflects the parabolic approximation used to

describe the highest-point hole subband whema}, is the

cyclotron effective mass of holes. Since Fig. 1 shows that the

lowestL-point conduction subband only involves the B and K

C electron carrier pockets, with the subband A lying higher —_—

in energy,mg, is the cyclotron effective mass of electrons in

carrier pockets B and C at the 3D band edge. Using(&x. FIG. 1. Schematic energy-band diagram showing the energies of
we can calculate the effective band-gap enEEg)aS afunc- the lowest subband_ edges for the thkepoint elect_ron pocket(sA,

tion of wire diameterd,, for Bi nanowires with any crystal B and Q and the highest subband edge for Thpoint andL-point
orientations. If we definel, as the diameter at which the Bi Noles for:(a) bulk Bi, where thel-point bulk band gap is 15 meV,
nanowires undergo a semimetal-to-semiconductor transitioff) 90-nm-diameter Bi nanowires, antt) 65-nm-diameter Bi

(E!=0), thend,=45, 44, 33, and 20 nm for Bi nanowires nanowires, both oriented along tI[\&OTl] direction. The energy
9 ' c LT _ " dispersion relation for each subband shown is for the wave vector
oriented along th¢1011], bisectrix, trigonal, and binary di- along the wire axig; , while the band-edge energy of each subband

rections, respectively. These values firare smaller than s getermined by the average in-plane effective mass, approximated
those obtained when nonparabolic effects oflth@oint con-  here by the appropriate effective cyclotron mass.

duction band are ignoreld.
Bulk Bi is a semimetal with a narrow-band overlap, and

IV. EXPERIMENTAL RESULTS AND DISCUSSION its carrier concentration increases significantly with increas-
ing T above~ 70K (electron concentration,=2.73x 10’
cm3 and 2.45¢10® cm 3 at T=4.2 and 300 K,

We first measured th& dependence of the zero-field re- respectively**?9 The increasing carrier concentration and
sistanceR(T) of Bi nanowire arrays. According to the theory decreasing carrier mobility in bulk Bi happen to yield a zero-
discussed in Sec. Ill, we expected tf({T) should show a field resistivity that has a nearly linear dependenceTon
transition from metallic behavior to semiconducting behaviorabove~ 70 K. For Bi nanowires, we note that the observed
as the wire diameter is reduced. Howeuv(]T) is compli-  dependence of their resistivitfig. 2) is very different from
cated in Bi nanowires because both the carrier mobility andhat of bulk Bi and is very sensitive to the wire diameter. At
the carrier concentration have a strofigdependencé®?  high temperaturesT(>70 K), the resistivity of both nanow-
Figure Za) shows the results foR(T) for Bi nanowire ar- ire arrays(90 and 65 nm diametersglecreases with increas-
rays of two different wire diameters in comparison with theing T, while at low temperatures, tiedependences are very
literature data for single-crystal bulk B}>* The nanowire different for the two arrays with different wire diameters.
arrays were thermally annealed at 150 °€8d under flow- WhenT<70K, the resistivity of the 65-nm sample continues
ing N, before the measurements. Since the total number db increase with decreasing temperature, while the resistivity
wires connected between the electrical contacts was urdecreases with decreasing temperature for the 90-nm sample.
known for each sample, the absolute value of the measurebhe general trend observed in FigaRis consistent with the
resistance cannot be related to that of a single nanowirgrevious results on single-crystal Bi thin wires of larger di-
Therefore the data presented in Figa)avere normalized to ametersd,, =200 nm>6:26:27
the resistance dt=300 K, and the resultin®(T)/R(300 K) In order to explain the experimental results B{T)
can be interpreted as a normalized temperature-dependestiown in Fig. 2a), we need to take the quantum confinement
resistivity. effect into account. Based on the calculated subband struc-

A. Temperature dependence of zero-field resistivity
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20 proximated by the continuous 3D density of states. For sim-
65 nm (a) plicity, the T dependence of the band parameters of bulk
Bi2Y%?is neglected in the present work. Although the abso-
lute values of the calculated carrier concentrations are quite
different for Bi nanowires with diameters of 65 and 90 nm,
when normalized to 300K, theif dependences are quite
similar. At low temperaturesTi{<T,, whereT is wire diam-
eter dependent, anth~25 and 50K ford,,= 65 and 90 nm,
respectively, the carrier concentrations of both wires show a
very small temperature dependence, similar to that of bulk Bi
at T<Ty,=~70K. For T>T,, the carrier concentrations of
both nanowires increase dramatically with increasign-
creasing faster than for bulk Bi. A decreasifg with de-
creasingd,, can be explained by the decrease in the band
overlap E; with decreasingd,,. For a conventional metal
) with a large overlap between the valence and conduction
Bulk Bi 4 bands(normally on the order of e\ the T dependence of the
0.100 5 ‘ 7 carrier density can only be observed at very high tempera-
o5 K g tures. While Bi is a semimetal with a narrow-band overlap
_ (Eq=—38meV), the thermal excitation of carriers from the
——————— ) valence band to the conduction band becomes important
90 nm whenT=70K. Since the band overldg; in Bi nanowires is
50K further reduced, the thermal excitation of carriers from the
(b) T-point valence band to thie-point conduction band can be
0.001 + - T observed at an even lower temperature. Consequépttie-
10000 creases with decreasiny, .
Bulk Bi (c) Since bulk Bi is a semimetal, both electrons and holes
1000 4 contribute to its electrical conductivityr). Similarly in a Bi
quantum wireo can be expressed as a sum of contributions
90 nm from each electron and hole subband_. For simplicity, we ne-
100 1 glect the E dependence of the effective mass tensor for a
1 T T T T = given subband and include the nonparabolic effects regard-
10 4 ing each subband edge. Then, thdependence of the zero-
field conductivity of a Bi quantum wire can be expressed as

1.5 1

1.0 1

R(T)/R(300K)

0.5 1

n(T)/n(300K)

W(T)/(300K)

100 n®(T)e?7(T)

Mo ©

K o(T)=Z

FIG. 2. (8) T dependence of the resistance for Bi nanowire ar-yhere(T) is the temperature-dependent relaxation time and
rays with average diameters of 65 and 90 nm after thermal anneak/l(i) is either the effective mass tensor of hol@dl hole
ing at 150 °C for 8 h. The data for bulk Bi are obtained from Refs.  , b nqc have the same effective mass tersathe effec-
23 and 24. The inset shows a schematic diagram of the two-probﬁve mass tensor of electrons at the edge ofitheelectron
dc technique used for the measurements of electrical transport pro Ubband in accordance with the approximations stated above
erties of Bi nanowire array$b) Calculated normalized carrier con- (i) b lculated f E ’
centration as a function of for Bi nanowires with wire diameters For each electron subbankl™ can be calculated from Eq.

of 65 and 90 nm. The calculations are based on the electronic ban@)' and
structure of Bi nanowires shown in Fig. 1. The data for bulk Bi are

obtained from Refs. 24 and 2&) Calculated normalized average . 2E(i)+Eg|_
electron mobility as a function of for Bi nanowire arrays with MD~ —F— M, (7)
wire diameters of 65 and 90 nm, in comparison with bulkBéfs. ot

23 and 24. The calculations are based on the measurettpen- \whereE(" is the onset energy of thigh electron subband
dence of the resi.stance showr? (@ and thg calculated depen-  measured from the 3D band edge of thepoint electron
dence of the carrier concentration showr(t. pockets, andV,, is the effective mass tensor of electrons at
the 3D band edge. A similar equation also holdslfegwoint
tures (see Fig. 1, where only the lowest subband for eacholes.
electron and hold pocket is shoynve calculated thd de- Based on thel dependence of the carrier concentration
pendence of the carrier concentratigrormalized to 300K presented in Fig. ®) and the measureR(T) shown in Fig.
for Bi nanowires of both wire diameters, and the calculated2(a), we can determine th& dependence of the carrier mo-
results are shown in Fig.(B) on a log-log scale. In our bility [ u(T)=0c(T)/n(T)e] of Bi nanowires following Eq.
model calculation, we included the first four subbands for(6). The carrier mobilities as a function @fthus determined
each electron and hole pocket, and higher subbands are agre shown in Fig.&) for both nanowire samples. For these
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two Bi nanowire arrays, the normalized T) is comparable 1.5 65 nm
to that of bulk Bi for T>70K. However, the temperature (a)
dependence of(T) is much weakefby more than one or- 1.4 109 nm 90 nm
der of magnitudgfor nanowires compared to that for bulk Bi <
for T<70K. At high temperatureighe Debye temperature of 813
bulk Bi is about 100 K(Refs. 28 and 29, phonon scattering %
is the most important scattering process for carriers in Bi = 12
. ) ) =
nanowires, so that in this temperature range, Theéepen- el
dence of the carrier mobility in Bi nanowires is expected to 11
be quite similar to that of bulk Bi. The large increase in the
carrier concentration with increasifigfor T>70K (see dis- 1.0
cussion aboveoutweighs the decrease of carrier mobility for 15
both nanowire samples, and therefore their resistivities de- b
crease with increasing@ over this temperature range. How- 1.4 (b)
ever at low temperatures, the dominant scattering mechanism . annealed
for carriers is wire boundary scatteriigee detailed discus- S 13
sion in Sec. IV B, making the carrier mean free path and b=
carrier mobility relatively insensitive td. We can see from x 12
Fig. 2(c) that for T<70K, the carrier mobility of the 90-nm e
sample increases faster with decreasing temperature than that c
of the 65-nm sample, consistent with the fact that the wire 10
boundary scattering for carriers is stronger in a smaller wire. ' unannealed
For the 90-nm sample 8t<Ty~50K, the increase in carrier 0.9 .
mobility with decreasing can therefore outweigh the small 1 10 100
decrease in carrier concentration, so that the total resistivity T(K)

decreases with decreasiiigsee Fig. 2a)]. However, for the
65-nm sample ail <Ty=~25K, theT dependence of the car- _ ) .
function of T (on a log scalgfor as-prepared Bi nanowire arrays of

!’Ier_ mobility DOt only is Very Sma”.’ but Fl.g.' @) .aCtua”y various wire diameters(b) Resistancgnormalized to the 300-K
indicates a slightly decreasing carrier mobility with decreas-

. L valug as a function off for a 0.1 at. % Te-doped Bi nanowire arra
ing TatT< 10K. ansequently, the OV?ra” reS'St'Y'ty of the with an average wire diameter of 60 nm b?efore and after thern):al
65-nm sample continues to increase with decreagiaglow annealing at 150 °C fo8 h under flowing M.
temperatures. A decreaseinwith decreasing atT< 10K
for the 65-nm sample may be attributed to the diffusive
electron-electron interaction, which will be discussed in
more detail in Sec. IV D.

To study the effect of thermal annealing B(T), we also
measuredR(T) for the as-prepared Bi nanowire arrays be-

FIG. 3. (a) Resistancgnormalized to the 300-K valjeas a

overlap between thie-point conduction band and tflepoint
valence band. In a metallic Bi wire, the impurity energy level
of the Te dopant is in the conduction band, and every Te
atom should contribute one free electron to the Bi conduction
. > “="electrons. Therefore the carrier concentration is expected to
fore thgrmal qnneahng, and the results are shown n F'gshow only a weakl dependence at low temperatures. Con-
3(a). Itis surprising to see tha(T)/R(300 K) is not sensi-  goq,ently, the Te-doped Bi nanowires are expected to exhibit

tive to the wire diameter before thermal annealing. A POS-, more metallicT dependence than their undoped counter-

sible reason for this is the higher impurity and defect leVEISEart. At high temperatured & 200 K), the increase in carrier

in the as-prepared samples, so that both the carrier conce oncentration with increasingdue to the thermal excitation

tration and the carrier mobility are much less sensitive to th%f carriers from the valence band to the conduction band in

wire diameter. Since the impurities and defects can be Si%he nanowires becomes dominant. and consequeR(ly)
nificantly reduced' during 'the thermal treatment, the ther'decreases with further increase'ITnAs for the perhaps sur-
mally annealed Bi nanowires are purer, and consequentl

' . L rising result on the thermally annealed Te-doped sample, it
their electrical resistivities show a much stronger dependenc; possible that most of the Te dopants have been segregated
on wire o!lametel{Flg_. 2a)]. We also note thaR increases from the Bi lattice to the wire boundary during the annealing
slightly with decreasing whenT<4.0K for the as-prepared

ies[Fi d i his oh process(see also discussion in Sec. IV,Bso that the an-
S?‘mp_esf ig. @], and we attri ute this phenomenon to o 5jqq Te-doped Bi nanowires behave more like intrinsic

diffusive electron-electron interactions, as discussed furtheﬁ . : . . e
) L ! anowires than like heavily doped Bi nanowifé&sg. 3b)].
in terms of localization phenomeriaee Sec. IV y dop '[ 3b)]

Figure 3b) showsR(T)/R(300 K) for a 60 nm-diameter _
0.1at.% Te-doped Bi nanowire array before and after ther- B. Magnetoresistance
mal annealingR(T)/R(300 K) of the as-prepared Te-doped  Since a magnetic fiel@ can change the trajectory of the
sample[Fig. 3(b)] shows a very different behavior from that conduction electrons, it provides a convenient tool for study-
of the undoped sample with comparable wire diamé®g.  ing the electronic transport properties of Bi nanowires. Be-
3(a), 65 nm, with the Te-doped sample showing a more cause Bi has a large classical magnetoresistance, the effect of
metallic R(T) behavior. Based on the theory discussed ina magnetic field on the electrical conductivity of Bi nano-
Sec. lll, the doped 60-nm Bi wire with[@011] orientation  wires is more complicated than in an ordinary metallic wire,
[in Fig. 3(b)] is still a semimetal with a much reduced band and is also more interesting. The theory of low-field galvano-
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magnetic effects in bulk Bi is well establish&tlln a weak 0.16
magnetic field where the magnitude of each term satisfies
(u-Mp)/c<l (Mg is the skew-symmetric matrix form of 0.12 |
the vectorB), the conductivity tensor in &8 field can be | 65 nm
expanded in powers d@: —_
%0.08 :
O'ij(B):(Tin_U'ilj,kBk_UiZj,lekBl+ (8) %
In this representation, the total conductivity is obtained by %0-04 i
summing contributions from each carrier ellipsoid. For bulk 1 90 nm
Bi, the three electron pockets are equivalent in zero magnetic 0.00 -
field, and after summing contributions from each ellipsoid,
there are only 12 nonzero tensor compon@rfsr the total 0.04

conductivity o(B) to orderB?. However, for Bi nanowires

not oriented along the trigonal direction, the degeneracy for

the three electron pockets is lifted. Since the subband edges

recede from the bulk band edge by different amounts de- FIG. 4. Longitudinal MRAR(B)/R(0) as a function o8 at

pending on the magnitude of their cyclotron effective masseg.0 K for Bi nanowire arrays with average wire diameters of 65 and

m? , the electron concentrations for the three electron pock90 nm before thermal annealing.

ets are no longer equal to each otlisee Fig. 1 For the

most general case, wherg#ng#nc, a large number of thin wire would be the same as that of a large specimen. For

the magnetoresistance tensor components would be nonvafore realistic thin wire systemg, depends on the specific

ishing. materials system, the characteristics of the wire surface, and
For the specific case of interest to this study, where botfihe incident angle of the electron with respect to the bound-

B andj are parallel to the wire axis, the magnitudes gf  ary. Consequently, the conductivity of a thin wire is always

2 3
B(T)

andB satisfy the equation smaller than that of the bulk material. The problem of calcu-
lating the magnetoconductivity of a thin wire with a mag-
j=(0p—0,B?)E, (99 netic field established along the wire axB||(, wherel de-

notes the currehtcould be solved by using kinetic theoty.

and botha, and o, are functions .Of the mobility tensor In this case, the trajectories of the majority of electrons are
components and carrier concentrations of each electron ar]1 lical between collisions with the boundafgxcept for

hole ellipsoid. Therefore the low-field longitudinal magne- those withv|B, wherev is the velocity. In the plane normal

toresistancéMR) is equal to to the wire axis, the projections of the electron trajectories
AR(B)/R(0)=(0,/07g)B2. (10) are a circle or a portion of a gir_cle. Therefore the mean time
between two boundary collisions for electrons increases
Since bulk Bi has a very high carrier mobility at low tem- compared to the zero-field case, and the effect of wire
peratures, the parabolic dependenceAdi(B)/R(0) on B boundary scattering on the electrical conductivity decreases
only holds for very smalB [B~ several gauss d@t=4.23K  with increasingB field. Consequently, the electrical resistiv-
(Ref. 23]. However, in Bi nanowires, the carrier mobility is ity of a thin wire with B||l will be smaller than its zero-field
much smaller than that of a perfect bulk single crystal, andsalue, giving rise to a negative magnetoresistance.
therefore the conditiony-Mg)/c<1 can be satisfied to a  For the Bi nanowires embedded in a dielectric matrix that
much higher magnetic field. are examined in this work, the situation could be much more
Figure 4 shows the longitudinal MR of the as-prepared Bicomplicated than the idealized model presented in Refs. 1
nanowire arrays with two different wire diameters measurechind 2. The diameters of the Bi nanowires studied in this
at 2.0K. For both samples, the longitudinal MR work are small ¢,,<110nm and are in the quantum con-
AR(B)/R(0) increases parabolically witl field at low  finement regime. The wire boundary scattering for electrons
fields, as expected from Eq10). However, the measured inside a quantum wire could follow a very different scenario.
AR(B)/R(0) gradually flattens out, reaches a maximum atFor an ideal quantum wire, where the wire boundary is per-
B=B,,, and finally decreases wh&>B,. The peak posi- fectly sharp and stoichiometrically clean, and the energy bar-
tion By, in Fig. 4 is shifted from~3.6 T for the 65-nm rier at the boundary is infinitely high, the electrons should
sample to~2.6 T for the 90-nm sample. The decreasing lon-not experience any boundary scattering at low enough tem-
gitudinal MR at highB field can be attributed to the reduced perature because electrons do not have transverse momenta,
wire boundary scattering for carriers associated with the clasand the amplitude of the electron wave function at the wire
sical size effect, as discussed below. boundary is zero. In this case, the mean free path of electrons
The classical size effect on the electrical conductivity of ainside a quantum wire would be the same as that in a bulk
thin metallic wire, with a diameter larger than the quantumspecimen. However, for a real materials system, such as the
confinement limit, has been well establisHed.In order to  Bi nanowires, the boundary conditions are far from ideal and
take wire boundary scattering into account, a parametethe energy barrier at the boundary is finite. Due to the small
called the specularity coefficientp (0<p=<1) was diameter of our Bi nanowires, it is more realistic to treat the
introduced’, which gives the probability that an electron is wire boundary as a finite layer of Bi atoms with a substan-
elastically scattered at the boundary.plf1, all boundary tially higher defect concentration than in the interior of the
scattering of electrons is elastic, and the conductivity of awire. Therefore we should expect there to be a finite ampli-
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FIG. 5. Longitudinal MRAR(B)/R(0) as a function ofB at B (T)
various temperatures for a Bi nanowire array of 90-nm diameter
after thermal annealing at 150 °Crf8 h under flowing M. The FIG. 6. Transverse MR R(B)/R(0) as a function oB at vari-

inset shows the peak positid), as a function ofT, and the solid  ous temperatures for a Bi nanowire array of 65-nm diameter before
line is the least-squares fit of the data points to a linear function. thermal annealing.

tude of the electron wave function at the wire/matrix inter-should be the dominant scattering process in heavily Te-
face, and electrons will thus experience substantial wirgloped Bi nanowires, the magnetic field would only have a
boundary scattering. When a magnetic fiéifl is applied, Vvery small effect in changing the mean free path of the car-
we should also expect a reduction in the resistivity of the Bifiers in a heavily doped sample.
nanowires, as is predicted by Chambers’ théoﬁurther- In Sec. IV A, we attributed the difference in the zero-field
more, the specularity coefficiemt depends on the incident R(T) between samples before and after thermal annealing to
angle of the electron with respect to the boundary, and the reduced impurity concentration in the annealed samples.
increases when the electron trajectory becomes hélicalThis argument can be tested by the longitudinal MR resullts.
which also contributes to the reduced wire boundary scatteffigure 8 shows the longitudinal MR for one of the Bi nano-
ing when a longitudinal magnetic field is applied. This isWire arrays before and after thermal annealing. For all
exactly what we observed in this stuckig. 4). samples that we studied, the peak posit®p shifts to a

We also measured the |Ongitudina| MR at h|gher temperal.ower field after thermal annealing. Similar to the discussion
tures, and Fig. 5 shows the longitudinal MR results at fourof the T dependence oB,, the shift of B, towards lower
temperatures for a 90-nm Bi nanowire array after it was therfields could be attributed to a longer volume mean free path
mally annealed at 150 °C 8 h under flowing N (the ef-  lo. The results shown in Fig. 8 indicate that Bi nanowires
fects of thermal annealing are discussed bg@amdB,, was become purer after thermal treatment. In Fig. 8, we also
determined at each temperature. From the inset in Fig. 5, wabserved some small oscillations in the curve of the an-
note thatB,, (the magnetic field where the longitudinal MR nealed sample. This oscillatory phenomenon is discussed
is a maximurh has a roughly linear dependence ®nThe  €lsewheré!
theory developed by Chambérsan also qualitatively ex-
plain the T dependence of the peak positi&), observed 0.30
here. WhenT increases, the volume mean free pgihde-
creases due to the stronger electron-phonon scattering, so .25 |
that the wire boundary scattering becomes less important.
Therefore a higher magnetic field is needed at higheo 20K
generate the same amount of resistivity reduction associated 0201 50k
with the reduced wire boundary scattering. 100K

To verify our interpretation of the longitudinal MR data,
we measured the transverse MBI(I) for all samples at
various temperatures. Figure 6 shows the transverse MR at 0.10 -
variousT for one of the samples before thermal annealing,
where the transverse MR increases monotonically with mag-
netic field for 0<B=<5 T. This is as expected, since the wire
boundary scattering cannot be reduced by a magnetic field
perpendicular to the wire axis. We also measured the longi- 0.00
tudinal MR of a 0.1 at. % Te-doped Bi nanowire array, and 0 1 2 g ™M 3
the results are shown in Fig. 7. The longitudinal MR for the
Te-doped nanowire sample is very different from that of the F|G. 7. Longitudinal MRAR(B)/R(0) as a function o8 at
undoped samples. Here we only observe the longitudinal MRarious temperatures for a 0.1 at. % Te-doped Bi nanowire array of
to increasewith magnetic field, and this result is also con- 60-nm diameter, after thermal annealing at 150 °€ §ch under
sistent with theory. Since the volume scattering by impuritieslowing N,.

2K

0.15 -

AR(B)/R(0)

0.05 -
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FIG. 8. Longitudinal MRAR(B)/R(0) as a function ofB at
2.0K for a Bi nanowire array with an average wire diameter of ~FIG. 9. Longitudinal MRAR(B)/R(0) at 2.0K as a function of
65nm before and after thermal annealing. The peak posBign B for a 0.1at. % Te-doped 60-nm Bi nanowire array before and
shifts to a lower field after thermal annealing, which was also ob-fter thermal annealing at 150 °Crf8 h under flowing N.
served for Bi nanowire arrays with other wire diameters. Small
oscillations can be seen in the curve for the annealed sample. THae resistance for the Te-doped Bi nanowire array before and
inset presents the peak positi@, of the longitudinal MR deter-  after thermal annealing shown in Fig(b3.
mined for our nanowires as a function ofl}/, the reciprocal of the
wire diameter. The solid line is the least-squares fit of the data

points to Eq.(11). C. Temperature dependence of the longitudinal

magnetocoefficient

In an early study of classical size effects in single-crystal We also measured the dependence of the longitudinal
Bi microwires (d,,=250 nnm prepared by pressure injection magnetocoefficient for Bi nanowire arrays of different wire
of Bi melt into a glass microtubgit was found that the peak diameters, where we focused our attention on the Bore-
position B, had a linear dependence on the reciprocal ofgime. At low magnetic field§(u-Mg)/c<1], the longitu-

diameterd,, , dinal MR satisfies the relatioAR(B)/R(0)= 0,B?/ oy [Eq.
(10)]. In these studiefk was measured &=0 and 1 T over

D mal a wide range of temperatures, and the magnetocoefficient
Bn~Beu=—gq (1) was then calculated using,/oo=[R(1 T)—R(0)]/R(0),

which is valid as long afRk(B) exhibits a parabolic depen-
whereB,, is the “cutoff” magnetic field for Shubnikov—de dence orB up toB=1 T. Figure 1@a) illustrates the experi-
Haas oscillation$, D ., is the maximum diameter of the mental results fofR(1 T)—R(0)]/R(0) for Bi nanowire ar-
extremal crosssection of the Fermi surface in the plane norays of three different wire diameters before thermal
mal to the wire axisg is the electron charge, ardis the  annealing. We note that the magnetocoefficient decreases
velocity of light. By fitting the experimental results to Eq. monotonically with increasing for the 65-nm Bi nanowire
(12), a valueD = 2.2X 10" %! gcm/s was obtained. array, while for the 90- and 109-nm samples, theepen-

In order to compare our results with those in Ref. 3, wedence of the magnetocoefficient is more complicated. At
also plottedB,, at T=2.0K as a function of H,, for the very low temperaturesi(<10 K), the magnetocoefficient in-
three annealed samples with different diameters, and the rereases sharply with decreasiiigfor the 90- and 109-nm
sult is presented in the inset of Fig. 8. We found that thesamples, which can be attributed to localization eff¢ide
three data points in the inset of Fig. 8 fit remarkably welladdressed further in Sec. IV)DFor T>10K, the magneto-
with Eq. (11) (solid line), and D, for our samples was coefficient for these two samples first increases with increas-
determined to be 2410 2! g cm/s, which also matches well ing T until [R(1 T)—R(0)]/R(0) reaches its peak value at
with the D, value obtained in Ref3]. SinceB,,is alsoa T,,, beyond which[R(1 T)—R(0)]/R(0) decreases with
function of T, for higher temperature®,,(d,,) does not sat- further increase inT. The annealed samples also show a
isfy Eq. (11). similar trend, and the results for the annealed samples are

We also studied the effects of thermal annealing on théllustrated in Fig. 10b), where [R(1 T)—R(0)]/R(0) is
Te-doped Bi nanowire sample. Figure 9 shows the longitushown to be essentially independent of wire diameter at high
dinal MR at 2.0K for the 0.1at.% Te-doped 60-nm Bi temperaturesT> 100 K).
nanowire array before and after thermal annealing. We note In Ref. 14, we proposed a possible explanation for this
that the magnetoresistance increases in both cases with mggienomenon based on the assumption of quantized trans-
netic field. However, the thermally annealed sample showegerse momenta of the carriers. Based on the electronic band
higher MR than the as-prepared sample. This probably indistructures shown in Fig. 1, the increasing magnetocoefficient
cates that some of the Te dopants had been pushed out of tith increasingT in the regimeT<T,, for the unannealed
Bi lattice by the annealing process, so that the Te-doped B®0- and 109-nm samples was attributed to an increase of the
nanowires become more pure after thermal annealing. Thisatio of the electron concentration in electron pocket A to
interpretation is confirmed by the differehtdependences of that in pockets B and C with increasiiigSuch a mechanism
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4.0 important and is also less sensitive Tofor the 65-nm

3 sample; consequently, its magnetocoefficient decreases
(a) monotonically with increasing due to the stronger phonon
scattering at higher temperatures.

3.5 1

8
4
S
o 3.0;
E D. Electrical resistance of Bi nanowires
g 2.5 7 at very low temperatures
B 201 For a disordered system at very low temperatutgpi-
N cally T<5.0K), the electron conduction becomes diffusive,
g 15 and localization effects and diffusive electron-electron inter-
o actions become important. Localization effects in disordered
S 10 : . . ——o-Oeia) systems have been extensively studied both theoretically and
0 50 100 150 200 250 experimentally* They refer to quantum interference effects,
which are usually observed only at low temperatures in low
S 60d mobility samples where the electron phase-coherence length
g (b) is much larger than its mean free path. For a wire with a
= 50 - small diameter, when both the electron phase-breaking
¥ length L, and the magnetic lengthg are larger than the
P~ 40 | wire diameterd,,, the localization behavior should be re-
= 65 nm garded as one dimensional. Theory preditts® that the
x contribution from 1D localization to the electrical resistance
E 3.0 is given by
g 207 AR(T,B)/Ry=€%pe/(2mhS){3[L 2+ 5 Lo +Lg%] 12
5 90 nm
€ 10 : : - : , — 3L, 2+Lg%1 Y3, (12)
0 50 100 150 200 250 300 o . o
T (K) ‘ whereby the magnetic field is perpendicular to the wire axis,

Sis the cross-sectional area of the wigg, is the impurity
FIG. 10. () Temperature dependence of the longitudinal mag-resistivity, Ls o is the s.pin-orbig)t interaction length, and the
netocoefficienis, /oy = [R(1 T)—R(0)]/R(0) for as-prepared Bi magnetic lengtiig is given by
nanowire arrays of various wire diameters. The data are normalized

to the magnetocoefficient at 250 k) The normalized longitudinal 3hr° vz
magnetocoefficient as a function ®ffor Bi nanowire arrays after Lg= 252 (13
thermal annealing at 150 °C for 8 h. The data are normalized to the

magnetocoefficient at 300 K. In the limit of B—~0 and strong spin-orbit interaction, Eq.

(12) is reduced to
was found to be unimportant for the 65-nm sample because

the electron concentration in pocket A is negligible for the
65-nm Bi nanowire aff<100K3! Although the magneto-
coefficiento, /o for electrons in pocket A is about three
times larger than that in pockets B and C, more detailedince L, increases with decreasin 34 we note that the
theoretical calculations indicate that such a mechanism carspin-orbit scattering results in a decrease in the total resis-
not by itself explain the experimental results. tance with decreasing, producing a so-called antilocaliza-
Another mechanism that may also contribute to the extion effect® which is of the opposite sign as the usual local-
perimental results shown in Figs. (8D and (b) is the wire ization effects.
boundary scattering for carriers. As discussed in Sec. IV B For Bi at very low temperatures, the electron-electron in-
(see insets in Figs. 5 and,8he importance of wire boundary teraction is also very strong. In one dimension, the electron-
scattering for carriers strongly depends on both the wire dielectron interaction also contributes to localization effects
ameter and the temperature. Since the peak position of tharough a contribution to the resistance giveri®by
longitudinal magnetoresistand®,, shifts to higher fields

(14)

AR} €%pe L
Ry| =~ 4whS ¢
0 S.0.

when T increaseginset in Fig. 5, the magnitude of the re- AR e%pe 3 \[Da]Y?
duction in wire boundary scattering by a magnetic field of Ry :23’2—77%8 T2 kgT] (15
B=1T also decreases with increasifigand this effect may e-e

result in a largeR(1 T) at higher temperatures in the 90- whereF is a screening factor, arldl is the electron diffusion
and 109-nm Bi nanowire samples. Consequerit(1 T) constant. We note that the contribution 4&R/R, from 1D
—R(0)]/R(0) increases with increasinigin the temperature electron-electron interactions results in an increase in the re-
rangeT<T,, for those two samples. However, for the 65-nm sistance with decreasing. In Bi nanowires, thel depen-
sample,B,, has shifted to magnetic fields much higher thandence of the zero-field resistance at very low temperatures
1T at all temperatures investigatésee Fig. 8 Therefore  will be determined by the sum of E¢l4) and Eq.(15), and

the reduction in wire boundary scatteringB#=1T is less AR/R, can be either positive or negative, depending upon
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FIG. 12. transverse MRAR(B)/R(0) of a Bi nanowire array
with an average wire diameter of 109 nm as a functionToét
1365 1 (c) different magnetic fields measured 14 months after the sample fab-
rications. The solid lines are guides to the eye.
136.3
’g "..,. (14), a positive MR is expected to be observed in this case
G 136.1 1 . for Bi nanowires. Figure 12 shows the transverse magnetore-
1 sistance at different magnetic fields for a Bi nhanowire array
135.9 1 * with an average wire diameter of 109 nm, measured 14
. months after the sample fabrication. This was the only
135.7 1 sample among the three samples of different wire diameters
' ; ' ' ' in Fig. 11 for which the transverse MR showed clear evi-
0 2 4 6 8 10 12 dence for localization effects. From Fig. 12, we note that
T (K) for B<0.3T, the transverse MR increases with decreasing

, ) T, consistent theoryEq. (14)] which predicts that localiza-
FIG. 11. Low-temperature resistance of as-prepared Bi nanoss, effects become stronger at lower temperatfﬁes.

wire arrays of different wire diameters as a functionfofa) 65 nm,
(b) 90 nm, andc) 109 nm. The lines are the least-squares fits of theﬁtR OBZO'?; T, the plots for AR(0.3 T/IR(0), . for
data points to the function d®,+R,; T~ 2. (0.4 T)/R(0) and forAR(0.5 T)/R(0) as a fpnc;tlor] of
temperature are almost parallel to each other, indicating that
the relative magnitude of these terms. These phenomerthe further increase in MRwhich can be attributed to the
have been demonstrated in early studies of polycrystalline Btlassical MR is not sensitive ta and the contribution from
nanowires and in our studies of Bi nanowire arrays preparedlocalization effects saturates Bt=0.3 T. The observation of
by a gas phase vapor deposition process. a strong classical MR in the temperature range of<2l0
Figure 11 shows the temperature-dependent resistance sf4.0K indicates that in our experiments we have not yet
as-prepared Bi nanowire arrays of different wire diameters ateached a low enough temperature range where localization
low temperatures, extracted from the data presented in Figffects become dominant.
3(a). At very low temperaturesT(<4.0 K), the resistance of The experimental results that we obtained in this study are
all three samples increases with decreadinguggesting that consistent with earlier studies on localization effects in poly-
the electron conduction becomes diffusive and that electrorerystalline Bi nanowires.In Ref. 5, the transverse MR was
electron interactions are more important than localization efalways found to be positive, and it disappeared wfien
fects. In Fig. 11, the solid lines are the least-squares fits 0 3.0 K, which was attributed to vanishing localization ef-
the data points at very low temperaturéb<{(4.0K for the fects atT=3.0K, and a very small classical MR was ob-
65- and 90-nm samples, an@<3.0K for the 109-nm served in their polycrystalline Bi nanowires. Localization ef-
sample to the function ofR=Ry+R,;T Y2 For all three fects were found to be dominant only in the range 1.0 K.
samples, the data points at very |@wit well to the function  Localization effects in our single-crystal Bi nanowire arrays
R=Ry+R,;T 2 in agreement with the theory of 1D have only been observed at very low temperatures
electron-electron interactio&q. (15)].%° (T<4.0K), because at high temperatures, the inelastic scat-
Since electron-electron interactions are not sensitive téering for electrons introduces random fluctuations in the
the magnetic field, we also studied the transverse MR of Biime evolution of an electronic state, which limits the quan-
nanowires at very low temperatures in order to separate thieim interference necessary for the observation of localization
contributions from localization effects and from electron- effects**® We thus conclude that the diffusive electron con-
electron interactions. Since a magnetic field perpendicular tduction is not an important issue for our Bi nanowiresTat
the electric current can destroy localization effects, from Eq=4.0 K and that localization effects do not become dominant
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even afl as low as 2.0 K. The study of localization phenom-though we observed evidence for a localization effect at low
ena confirms that the semiclassical transport model used itemperatures T<4.0K), localization effects are not the
this paper is applicable to the transport properties of Bidominant mechanism affecting either the resistivity or the
nanowires folT=2.0 K, and that our discussion of the quan- magnetoresistance in the temperature range of this study
tum confinement and classical magnetoresistance effects (2.0 K< T<300K). Unlike bulk Bi or polycrystalline Bi

valid for this temperature regimg &2.0 K). nanowires, where the electron-electron interaction is the
dominant scattering process for carriers at low temperatures,
V. SUMMARY we found that the wire boundary scattering for carriers is

) ) ) very important for single-crystal Bi nanowires of small di-
We have studied the electronic transport properties of ulymeter.

trafine single-crystal Bi nanowire arrays with various wire
diameters over a wide range of temperatures and magnetic
fields. Most experimental results are in good agreement with
theory, and can be explained by an electronic subband struc- We thank Dr. G. Dresselhaus of MIT and Professor G.
ture of quasi-1D Bi nanowires based on the electronic struc€hen of UCLA for valuable discussions. This project is par-
ture of 3D bismuth and the theory of wire boundary scatter+tially funded by the U.S. NavyContract No. NO0167-98-
ing for carriers. The quantum confinement of carriers playsK0024), the National Science FoundatiéGrant No. DMR-

an important role in determining the overall temperature de98-04734, and the ONR/MURI PrograniSubcontract No.
pendence of the zero-field resistivity of Bi nanowires. Al- 0205-6-G-7A114-01L
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