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This paper reports the temperature dependence of the resistivity and the longitudinal and transverse mag-
netoresistance of antimony quantum wires with diameters ranging from 200 down to 10 nm. The samples were
prepared in porous anodic alumina host materials using the vapor-phase technique. A theoretical calculation of
the band structure of Sb nanowires is presented and a transport model for nanowire systems is used to explain
the measured temperature dependence of the resistivity, showing both classical and quantum finite-size effects.
The magnetoresistance is quadratic at low fields. In the 200 nm wires, the low-tempefatse K) longi-
tudinal magnetoresistance exhibits a maximum at the magnetic field where the cyclotron radius roughly
corresponds to the wire radius. Surface scattering dominates below that field, and bulklike scattering dominates
above it. In the narrower wires, the low-temperat(relow 10 K for 50 nm wires and below 40 K for 10 nm
wires) magnetoresistance shows a steplike feature at the critical magnetic field where the magnetic length
equals the wire diameter, as was the case for bismuth wires. This phenomenon is independent of the effective
masses, depending only on the geometry of the nanowires and on the magnetic flux in the wire, and it is
therefore attributed to a localization effect.
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INTRODUCTION arrays of another group-V semimetal: antimai8b). As in
Bi, electronic transport phenomena in Sb occur via both elec-
The transport properties of bismu(Bi) thin wires have trons and holes. The energy overlap between the conduction
been investigated extensively for several decad@a sec- and valence bands is about 180 meV at 4. & The elec-
ond wave of studies has been more recently initiated as @ons are located, as in Bi, in three ellipsoidal carrier pockets
result of the calculations of Hicks and Dresselh&weho  centered at thé points of the Brillouin zone. Each electron
predicted that Bi nanowires should have a thermoelectric figrermi ellipsoid* has a long axis tilting by about4° from
ure of merit strongly enhanced over that for bulk Bi, andthe pisectrix axis. The effective-mass components of the
possibly higher than for conventional thermoelectric materi-gjectron ellipsoids in Sb are much larger than those in Bi.
als. Zhanget al? synthesized Bi nanowires in porous anodic The hole Fermi surface of Sb is quite complex, but can be
alumina using a high-pressure liquid injection technique 56y imated by two sets of three prolate ellipsoids at the
similar to that in the older work, but using a surfactant toequivalentH points of the Brillouin zond® with the princi-
lower the pressure necessary for filling the pores. A vapprbal axes of the three ellipsoids in each’ set pointing © a
phase _preparaﬂon technidueras developed to prepare B.' oint of the Brillouin zone. The longest and shortest axes of
Nanowires with dlame_ters dOV_V” to .7 nm. Both preparationy,» po|e ellipsoids are in the trigonal-bisectrix plane, with the
techniques produce Bi nanowires with a preferential CryStalintermediate axis oriented along the binary axis. The angle

lographic orientation: the long axis of the wires aligns with between their longest axis and the trigonal axis is about 53°.
the[1011] or [0112] directions in the hexagonal structural The effective-mass components of the hole ellipsoids of Sb
description (or [x,y,z]=[0,0.949,0.315 and [0,0.834, gare of the same order of magnitude as those in Bi.
0.552in Cartesian coordinates, respectiyely® Exceptions The Sb wire arrays were prepared in porous anodic alu-
to these two orientations are the Bi wires of Huls¢ral,”  mina templates using the vapor-phase deposition techfiique,
which are reported to have a long axis along the trigonakijmilar to those used for our previous Bi work. Here we
[0001] direction, and the Bi wires prepared by electrochemi-report the temperature dependence of the resistance, and the
cal meand, which are polycrystaline. The magnetic-field dependence of the longitudinal and transverse
galvanomagneti€?'® thermoelectric;'? ‘and thermaf  magnetoresistance. A theoretical calculation of the band
properties of thg 1011]-oriented Bi nanowire arrays have structure of Sb nanowires is presented, using a model for
been extensively reported. anisotropic carriers confined to an infinite cylindrical wife.

In the present paper, we extend this work to nanowireA semiclassical transport model for nanowire systéhis
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FIG. 2. Experimental temperature dependence of the resistance
FIG. 1. X-ray diffraction signal vs scattering angl@ & the 200 of Sh nanowires of various diameters, normalized to the resistance
nm diameter Sb wire array. The vertical lines are the reported peakt 300 K.
positions for polycrystalline Sb. The inset shows the sample geom-

etry. electrical current flowing parallel to the wire axis. The dis-

cussion on contact resistance issues reported in Refs. 6 and 9
%so holds here. In particular, two samples of each diameter
fiere measured and the results were found to be reproducible,
less otherwise indicated. The samples were placed inside a
variable-temperature inset & 5 Tsuperconducting magnet,
and the resistances were measured by a low-frequency ac
SAMPLE PREPARATION AND EXPERIMENT impedance bridgéLinear Instruments LR-700 The results
i ) are independent of excitation voltage, which was varied from
Porous anodic 'alumma templa‘ie/sere used as hF’St Ma- 2 to 600uV. Resistance data were taken from 1.4 to 300 K,

terials for the fabrication of Sb nanowire arrays. Briefly, po-\yhile results of the magnetoresistance are reported only from
rous alumina was produced by anodizing pure aluminumy 44 70 K because the magnet cannot be activated above 80
films in 20 wt% sulfuric acid, resulting in an array of hex- k Both the longitudinal magnetoresistarfoeagnetic fields

agonally packed pores. Prior to the vapor deposition, theyaraliel to currentand the transverse magnetoresistafie
residual aluminum film and the barrier layer are etched away,qrmal to currentwere measured.

by 0.2M HgCl, and 5 wt% HPO,, respectively, leaving a

free-standing alumina template with pores that are open on

both sides. The removal of the barrier layer is essential for ZERO-FIELD TEMPERATURE-DEPENDENT

the following vapor deposition of Sb nanowires and subse- RESISTANCE

quent transport measurements. The pore diameters of the

samples used in this work aré,=200, 486, and 10

+2 nm, with an average interpore distance of 400,66 Figure 2 shows the temperature dependence of the resis-

and 50 nm, respectively. The pores were filled with Sb usingance of the Sb nanowires, normalized to the resistance at

the same vapor-phase filling apparatus as described in Ref. 800 K, in the absence of a magnetic field. The results for the

but with a higher operating temperature. No special care wakirger-diameter wires are reproducible from sample to

used during the sample cool-down. An x-ray diffraction sample. One sample of the 10 nm wire shows less tempera-

spectrum of the 200 nm wire sample is shown in Fig. 1,ture variation that the other, probably due to a different dis-

along with the diffraction peaks for a polycrystalline Sb stan-tribution in wire diameter or in impurity content. TH(T)

dard. The inset shows the schematic diagram of the samplef Sb nanowires exhibits a rather different trend from those

setup. Since no peaks are observed in our sample, we cofer Bi nanowires as the wire diameter varies. Contrasting

clude that the Sb nanowires are either amorphous or consisig. 2 with Fig. 3 of Ref. 6, one notices that the clear signa-

of a very fine-grained polycrystalline material. ture of the semimetal-to-semiconductor transition observed
The resistance and magnetoresistance data were taken ionBi nanowire§ is absent in Sb nanowires for the measured

arrays of Sb nanowires using a two-contact technitjéh diameter range. For Bi nanowires with diametéysranging

used to explain the measured temperature-dependent res
tance for Sb nanowire arrays. The experimental data for th
magnetoresistance measurements are interpreted quali
tively by analogy with those for Bi nanowire arrays.

Experimental results
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TABLE I. Calculated subband structure parameters for Sb nanowires oriented along the three major axes.
The parameters;, andz, (in units of meV nm) and M3 (in units of the free-electron massan be used in
Egs.(3) and(4) to derive the first-subband-edge energies and the transport effective masses of the charge
carriers. The hole transport masg is also given in units of the free-electron mass.

Bisectrix Binary
Orientation Trigonal Group | Group Il Group | Group Il
% 9.70x 10° 1.25x 10° 9.88x 10° 8.78x 10° 1.17x 10
my; 0.340 0.630 0.209 0.068 0.490
Fe 1.08x 10* 2.13x 10 1.41x 104 1.14x 104 1.89x 10*
my 0.043 0.525 0.163 0.043 0.404
from 10 to 200 nm, the measured resistance changes from a h2K2
monotonicT dependence to a nonmonotonic dependence as Enm(Kz)=&nm™* Pyt 2
Z

dyy increases, whil®(T) of Sb nanowire arrays in this range
of dyy exhibits less variation ifT. Qualitatively, the gross wheree,,, is the band-edge energy of the,tn) subband
features of F|g 2 can be eXplaiI’led in terms of the relatiVQ:ak:u'ated to include nonparabo”c effectS, and;‘
importance of electron-phonon scattering, which increases- ;. 3-1.7 is the transport effective mass along the wire
with temperature, and electron-boundary scattering, which igyis16 Since the dispersion energy is small, a parabolic ap-
relatively T independent. Since the Sb nanowires are exproximation is sufficient to describe the dependence. Us-
pected to remain metallic for the measured diameter ranggg the band structure parameters of bulk Sh, the energy
(as will be shown later the carrier density is & weak func- ghjfts of the first subband edges of each electron and hole

tion of T, and theR(T) is mainly determined by th& de-  pocket with respect to the corresponding band edges in bulk
pendence of the various scattering mechanisms. At high tensy gre given bif

peratures T>100K), the phonon scattering dominates and
the resistance rises with increasifigAs the temperature is DE(dy)
lowered, the boundary scattering becomes dominant, giving

rise to a lessT-dependent resistance far<2100K, which ~Zh/dg,  (meV) for holes

explains the general features of the meadr(&) for the Tl e+ m (meV) for electrons

various Sb nanowire arrays shown in Fig. 2. As the wire g g eTeTw '
diameter decreases, the boundary scattering becomes rela- 3

tively more important than for larger-diameter wires, since Ayhered, is the wire diameter in nanometers ahdandz,,

larger portion of the carriers are located near the wire bou”dére parameters calculated numerically using the cylindrical

ary. Therefore, smaller-diameter wires exhibit less temperag, ngary conditions. It is noted that due to the anisotropic
ture variation than larger-diameter wires. carriers in Sb the subband-edge energigs and the trans-
) . port effective massn; are both highly dependent on the
Theoretical modeling wire orientation. Values for the calculatéd, z,,, and trans-
In order to quantitatively explain the experimental resultsport effective massesi; are given in Table | for Sb nano-
in Fig. 2, a semiclassical transport model for the Sb nanowires oriented along the three major axes. As in Bi, the trans-
wires is developed, based on the detailed band structure gbort effective massn; of the L-point carriers in Sb is a
Sbh nanowires. The band structure of Sb nanowires is deriveflinction of the subband-edge energy,, due to the
from a model developed recently for Bi nanowire systems tmonparabolicity®® The effective masses of these nonpara-
determine the subband structure of anisotropic carriers corbolic carriers are then determined by the curvature of the
fined within a cylindrical wire of infinite length® In addi-  dispersion relation at the subband edge, which is givefi by
tion, due to the coupling between the holes and electrons at

the L points of the Brillouin zone of Sh, the following non- m; =\1+48,,/E4- M7, (4)
parabolic dispersion relation is used for tHepoint . . ,
carrierst wherefm; are the values given in Table I. We note that, for

trigonal Sb wires, the three electron pockets and the six hole

Eq . — pockets are degenerate. However, for wires oriented along
Elk)=—5= VES+2E4h%k- G-k, (1) the binary and bisectrix directions, the carrier pockets are
divided into two groups, based on symmetry considerations.
whereE4~100 meV is the direct band gap at thepoint’  The carrier pockets with their major axes lying in the plane
and & is the inverse effective-mass tensor at the band edgepanned by the wire axis and the trigonal axis for bisectrix
The subbands formed by carriers confined in an infinite cywires or in the plane perpendicular to the wire axis for binary
lindrical quantum wire, with the wire axis denoted by the wires are denoted as group |, while other pockets that pos-

direction, have arE(k) dispersion relation of the forth sess different symmetries are denoted as group Il. Therefore,
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FIG. 3. Calculated band overlap between the electrons and holes FIG. 4. Calculated total carrier density as a function of tempera-
as a function of wire diameter for the three major crystalline orien-ture for Sb nanowires with various diameters, compared to that of
tations of the Sb nanowires. The critical wire diameters at which thédulk antimony.
band overlap vanishes are about 9 nm.

due to a les§-dependent band structure and a much larger
for binary and bisectrix wires, the two groups of pocketsphand overlap in bulk Sb as compared to Bi. The carrier den-
form two sets of subbands with different transport effectivesity of 10 nm Sb wires exhibits a slightly strongidepen-
masses along the wire axisee Table)l dence than other larger-diameter wires in Fig. 4, since 10 nm

Due to quantum confinement effects, the subband edges close to the critical wire diameter for the semimetal-
of the electrons and holes shift in opposite directions, desemiconductor transition. Figure 5 shows the calculated
creasing the band overlap between theoint conduction  R(T) for 10 and 48 nm trigonal Sb nanowire arrays, display-
and theH-point valence bands. Ay, continues to decrease, ing trends qualitatively consistent with the experimental re-
the band overlap will eventually vanish, leading to asults shown in Fig. 2. In the semiclassical transport model,

semimetal-semiconductor transition in Sb nanowires. Figur@he Conductivity of the one_dimensionﬁj]D) systems is de-
3 shows the calculated band overlap for Sb nanowires as @ed by'®

function of dy for the three major crystalline orientations

along the nanowire axis. The critical wire diametégsfor pocketssubbands N
the semimetal-semiconductor transition at which the band 2 2 4eiMinm dk( ——)v(k)v(k)
overlap is predicted to vanish are 9.6, 10.0, and 9.3 nm for | am wzdwz

Sb wire axes oriented along the trigonal, bisectrix, and bi- (5)
nary directions, respectively. These calculation show that the
critical wire diametersl. are much smaller than those of Bi
nanowires, which are predicted to be between 40 and 55 nm
at 77 K18 depending on the wire orientation. These smaller
values for the critical wire diameter are consistent with the
much larger band overlap and higher carrier effective masses
of Sb relative to Bi.

Since the samples used here did not show any preferreé 08 |
crystallographic orientatiofsee Fig. 1 and the band param- g
eters of Sb wires are not very different from each other forg”
wires oriented along the three major orientati¢eee Fig. 3, |_>_: 0.6
we choose the trigonal wire orientation, as an example, foiF
the following transport modeling. Figure 4 shows the calcu-
lated total carrier density in Sb nanowires for various wire g4 | 48 nm
diameters. We note that the carrier densities in Sb nanowires
are lower than those of bulk Sb and the carrier densities
decrease adyy decreases, because of a smaller band overlap (2 ‘
for narrower wires. However, the temperature dependence of 10 100
the carrier density for Sb wires did not change significantly T (K)
as the wire diameter was varied down to 10 nm, in contrast
to that of Bi nanowires, which shows a strong diameter de- FIG. 5. Calculated temperature dependence of the resistance for
pendence in this diameter rantjeThis different behavior is 48 and 10 nm Sb nanowires, normalized to the resistance at 300 K.

10 nm
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wherem(; , . is the transport effective mass of the, fn) — 1 1 T T T 1
subband in théth pocket,y; is the carrier mobilityp is the ™ diameter = 200 nm T=70.5K
carrier group velocity, andl(E) is the Fermi-Dirac distribu- - B/
tion function. In addition to the dominant electron-phonon 1.05 |~ —
scattering in bulk Sb, the expected carrier scattering at the L 504 K J
wire boundary and at grain boundaries in nanowires is taken B i
into consideration by Matthiesen’s rutg: S

60.5 K |

B 403K

1 -1 1
Mtoti = Mpulki T Mbound (6) 1,00 ]

R(T,B)/R(T,0

where upy is the carrier mobility of theth pocket along
the wire axis in bulk crystalline Sb, ang,.,.4is the contri- - 3
bution to the total scattering rate from boundary scattering. - -
Since the mobility of each carrier pocket in Sh is anisotropic, L 201K |
we haveupi =2 fZ; -2, where; is the mobility tensor 0.95 152K .
of theith carrier pocket. The mobility tensor components of
[t; are highly temperature dependent, and empirical relations N T T S D R
from the literaturé® for single-crystal Sb are used here. On 0 1 2 3 4 5
the other hand, the band structure parameters of Sb, unlike B (T)
Bi, are relatively temperature independ@ntfor 4<T
<300 K, and are assumed to be constant in the calculations. 2.0 T I T I T I T I T
The curve ofR(T) normalized to the room-temperature re- - diameter = 200 nm y
sistance for the 10-nm Sb nanowire arrays in Fig. 5 is fitted 19—BLlI T=14K
by pouns=6.67X 102 m?/V s and the carrier density contri-
bution due to the uncontrolled impurities is fitted bl
=4x10"® cm 3 The data for the 48-nm Sb nanowires are
fitted by mpoune1.0<10"1 m?/Vs. Since 48-nm Sb
nanowires are still semimetallic with a large band overlap
(~168 meV, the carrier density contribution due g, can
be neglected. We note that thg,,qcalculated here is about
two orders of magnitude smaller than for the case of highly
crystalline Bi nanowires gpound= 33 n?/Vs for 36-nm Bi
nanowire arrays® Since the Sb nanowires used here are
polycrystalline with many grain boundarieg,q,qg IS €x-
pected to be more dominant and to have a lower value than
in single-crystal wires. In addition, the larger carrier effective
masses in Sb may also contribute to the lower value of
Mpound- The fact that the measured(T) of Sb and Bi
nanowires can be explained by the same transport model B (T)
suggests that the different temperature dependence of the re-
sistance in nanowires from that of the bulk materials is a FIG. 6. Experimental longitudinal§((1) and transverseBL |)
consequence of both quantum and classical finite-size efmagnetoresistance of 200 nm Sb nanowires, as a function of mag-
fects. The classical finite-size effect decreases the carrier maetic field, for the various temperatures indicated. The resistance at
bility by limiting the carrier mean free path, while the quan- each field is normalized to the resistance at zero field at the same
tum confinement effect alters the band structure, especialliemperature.
for semimetals, and changes the carrier density significantly.
The two factors together determine the temperature deperthe measurement noise is much more visible in Fig. 8.
dence of the resistance in the nanowire system. At low magnetic fields, the magnetoresistance of most
samples can be described by a parabolic relation:

R(T,B)/R(T,0)

MAGNETORESISTANCE
R(B,T)/R(0,T)—1=AB?, 7
The measured longitudinal and transverse magnetoresis-

tance of the 200, 48, and 10 nm Sb nanowires as a functiowhereA is the magnetoresistance coefficient. In a multicar-
of magnetic fieldB are shown in Figs. 6, 7, and 8, respec-rier system with anisotropic Fermi surfacésjs essentially
tively. The magnetic-field dependence of the resistance atlated to the mobility tensor elemerisThe temperature
each temperature is normalized to the resistance at zero fiettependence oA is shown in Fig. 9. The 200 and 48 nm Sb
at the same temperature. Note that the amplitude of the nonanowires show essentially a monotonic decreas& with
malized magnetoresistance is two orders of magnitudéncreasingT (with the exception of a few data points in the
smaller in the 10 nm wires than in the 200 nm wires, so thatongitudinal magnetoresistance of the 200 nm sample above
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FIG. 7. Magnetic-field dependence of the longitudiriill) and FIG. 8. Magnetic-field dependence of the longitudirill) and

transverse B ) magnetoresistance of the 48 nm Sb nanowires, adransverse BL ) magnetoresistance of the 10 nm Sb nanowires,
in Fig. 6. sample 1 in Fig. 2.

50 K), _consistent with a su_t_)stantial contribution of phonon\,\,herevZ is the carrier group velocity along the wire axis
scattering to the total mobilityso;. The case of 10-nm Sb  jrectionz, w, is the cyclotron frequencyB, is the longitu-
wires is discussed later in this text. dinal magnetic field, anl, ¢ is the carrier Fermi wave vector
along thez axis. When the magnetic field is lower than the
critical field at which the cyclotron orbit can fit within a

It is noted that the low-temperatu(&.4—10 K longitudi- nanowire, the transport phenomena are dominated by the
nal magnetoresistance of the 200 nm Sb wires has a maxgcattering at the wire surfaces. The mobility is then relatively
mum atB~1.2 T (see Fig. 3 As in the case of semimetallic low; the resistance increases whsince the magnetic field
Bi nanowires, we attribute this maximum to the condition deflects the carrier trajectories and increases the scattering at
where the cyclotron radiuR, equals the wire radius, which the wire boundary. At high fields wheréRg<d,y, the trans-
is consistent with the theory of ChambéfsThe cyclotron  port phenomena become closer to those in bulk Sb. In this
radiusR; is given by high-field regime, the mobility is limited less by the wire

surface than by phonon and grain-boundary scattering

— (8) mechanisms. Thus, at fieldB>B.,, where R.(B)

w; eB’ =dy, the wire resistance starts decreasing because the ra-

200 nm diameter wires

_UF _ fikze

C
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ization effect in Bi nanowires are also present in the Sb
nanowires at the same values of the magnetic field. For ex-
ample, the magnetic fiel8. at which the magnetic length
[Eq. (10) in Ref. 23 Ly equals the wire diameted,, is
indicated as an arrow in Figs. 7 and 8:

f
Lu(Be)=\/ E= dy - 9

As was the case for Bi nanowirés steplike increase in
the longitudinal magnetoresistance of the 48-nm wires is
readily observed aB,. at 1.4 K(see Fig. 7, which becomes
weaker &5 K and is absent for >10 K. The same feature is
weakly visible in the transverse magnetoresistance but it is
masked by the much larger quadratic background. The 10
nm Sb wires exhibit a somewhat different behaviB(B)
has a maximum located neBg for T~=25-30 K. Below 20
K, the resistance decreases monotonically with increasing
magnetic field and increases monotonically above 40 K. In
analogy to previous studies on Bi nanowifese suggest
that the steplike behavior in Fig. 7 and the maximum in Fig.
8 are related to the transition from a 1D localization system
at low magnetic fields to a 3D localization system at high
fields. As suggested by Beutler and Giorddhthe system
becomes essentially three dimensional wher<d,y, while
at low magnetic fields 1D localization dominates.

0.015

0.010

A (1/12)

0.005

0.000

0.25

0.20

0.15

SUMMARY

A (1T2)

0.10 . . o
In summary, antimony nanowires were prepared with di-

ameters down to 10 nm in porous anodic alumina by the
vapor-phase technique. In contrast to the case of Bi nano-
wires, the Sb nanowires are fine-grained polycrystals or
amorphous. They remain metallic as the diameter is de-
10 nm creased down to 10 nm, and do not exhibit the semimetal-to-

S E—aa——— S—S—S-Saasa= semiconductor transition that has been observed in Bi
10 100 nanowires. This is consistent with the calculated band struc-

T (K) ture for Sb nanowires, which predicts the transition to occur

below 10 nm due to the much larger values of the electron
FIG. 9. Experimental temperature dependence of the longitudieffective masses and larger band overlap between the elec-
nal (BIIl) and transverseH(L 1) magnetoresistance coefficie®®f  rons and holes in Sh. A semiclassical transport model for

the Sb nanowires with the diameters indicated. nanowires gives calculated zero-fieR{T) results that are

consistent with the experimental measurements, showing that
both quantum and classical confinement effects play impor-
i : . X o nt roles in determining the temperature dependence of the
wires with the long axis oriented along the trigonal d'reCt'O”'resistance in Sb nanowires. From magnetoresistance mea-
the calqulatech_y 1S 3.0 a_md 22T f_or el_ectrons and_ holes_, surements, it appears that the localization effects that are
respectively. This is the field range in which the maximum ing ;e 4y observed in Bi nanowires are similarly present in Sb

the longitudinal magnetoresistance is observed in Fig. §,nqyjires, consistent with a definition of the magnetic

(BI). However, it should be noted that the observed fieldyg o, that is independent of band structure parameters.
strength for the resistance maximum depends on the relative

intensity of the phonon scattering, grain-boundary scattering,
and surface scattering, and therefore is temperature depen- ACKNOWLEDGMENTS
dent and somewhat sample dependent.
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-
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