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We present a study of the electrical transport properties of 270-nm-diameter bismuth nanowire arrays
embedded in an alumina matrix which are capped with layers of bulk Bi to produce a very low contact
resistance. The resistance of the Bi nanowires has been measured over a wide range of temde8atG0s
K) and magnetic fieldé—8-8 T) for the longitudinal and transverse orientation. At low magnetic fields, the
longitudinal magnetoresistance exhibits field-periodic modulations whose periods are consistent with theoret-
ical predictions for the Aharonov-Bohm “whispering gallery” modes of electrons with long mean free path. At
high magnetic fields, as the carrier cyclotron radius becomes smaller than the wire diameter, we observe
Shubnikov—de Haas oscillations associated with both holes and electrons. These represent a detailed study of
magnetoquantum oscillations in high-density nanowire arrays. Overall, the hole periods are increased by 5%
and the carrier density is decreased by 13% from the values for bulk Bi, which is consistent with recent
theoretical estimates of the effect of confinement on the carrier’s Fermi surface.
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I. INTRODUCTION resistance in a series of magnetic fields; k®4/S, wherex

assumes a set of values between about 0.9 and Pt2

Bi is a semimetal with unusual transport properties. Thessecond type of oscillation, with a perioAB=®,/S, is

properties derive from its highly anisotropic Fermi surface,caused by electrons undergoing continuous grazing incidence

low carrier densities, small carrier effective masses, and longt the wire walls. These are termed “whispering gallery”

carrier mean free path. The elongated Fermi surfaces arf#odes in an analogy to the acoustical p_henomérﬁmndt
small effective masses lead to a long Fermi wavelenyt) (€t al- discovered AB oscillations of this type in single
of about 600 A, as opposed to a few A in most metarhe ~ Nanowires grown by the Ulitovskii technique with diameters

carrier mean free path in single-crystal Bi can be as long as 85 Small as 200 nhThe oscillation period as a function of
millimeter at 4.2 K, which is several orders of magnitudethe angle between the magnetic field and the wire was inves-

larger than the carrier mean free path for most métae- tigated for wires with diameters between 560 and 800 nm

cause of these long characteristic lengths, Bi has been exteﬁggt;laioffwhﬁsﬁegﬁéng‘;ﬁ;e/mnfgég;_'m;hsetu%?piﬁﬁggg ex
s:\Z/er flf“'t'“tzedgorrl tht?n stt:dz Ofl qltja(;'itum :f?:sf ?Izt a;ir;d f:;i':e'oscillations is important because they offer insight about the
size eflects. tarly theoretical studies of metaflic Tine esIow-energy excitations of the electronic ground state of

focused on classical size effects that appear when the eleﬁhantum wires.
tron mean free pathe is limited at Iow_temperatur.es by the A different type of oscillations, Shubnikov—de Haas
carrier's scattering at walls and grain boundgﬁds.was (SdH) oscillations, results from the quantization of closed
observed .thaF the resistance of.flne metal wires decreas@gectronic orbits of diameted,<d, with d being the wire
upon application of a magnetic field, and Chambers’ theoryjiameter, in a strong magnetic field, i.e., Landau levels; the
was introduced to account for this efféct. oscillation period isA (1/B)=e/(cAe), whereA, is any ex-
Theoretical study has shown that when charge carriergernal cross-sectional area of the Fermi surfadéie SdH
pass through a cylindrical electrical conductor aligned with aoscillations can reveal detailed information about the struc-
magnetic field, their wavelike nature manifests itself throughture of the Fermi surface, and since confinement causes dras-
oscillatory behavior in the resistance as a function of theic modifications of the Fermi surface, the study of these
applied magnetic field. There are two types of quantum-siz@scillations can be of great potential in understanding
effects in normal conductors of long carrier's mean free paththe properties of the nanowires. Brandtal.” observed
that cause an oscillation of the magnetoresistance with a pe&sdH oscillations in their single nanowires and reported no
riod (AB) that is proportional tab,/S, whereSis the wire  deviations of the peak positions from the bulk Bi values,
cross section and,=hc/e is the flux quantum, and which even for 200-nm wires. SdH oscillations also have been ob-
we collectively designated the Aharonov-BoltAB) effect.  served in high quality, 50-nm-thick Bi films, and the results
The first effect, Dingle oscillations, results from quantizationhave been interpreted in terms of an increase of the carrier
of the electron energy spectrum. As the magnetic field islensity°
varied, the discrete energy levels cross the Fermi energy The difficulty of fabricating fine Bi nanowires has been a
(Eg) of the electron gas and thereby cause oscillations of thenajor hindrance for these studies. Arrays of Bi nanowire
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have been fabricated by a nonlithographic approach by usingot of the Bessel function of order J{,=3.83). The sec-
either vacuum impregnation or high-pressure injection ofond term is due to the increase of the lowegioint electron
molten Bi into insulating nanochannel templatéand long  subbandEg is the electron energy gafkg, =15 meV), and
wires as small as 6 nm in diameter have beemm is the cyclotron effective mass of electrons. Values for
synthesized?~** Clearly, the fabrication of Bi nanowire ar- mg, andm,are dependent upon the crystalline orientation of
rays is a stepping stone toward the fabrication of single Bthe Bi in the nanowires. For very small diametefs,
nanowires of the same diameter. In contrast, the Ulitovskichanges sign and the semimetal-to-semiconductor transition
technique has not progressed below the 100-—200-nm barrigs predicted to occur. The critical wire diameter for Bi
in 25 years. However, the characterization of Bi wire arraysnanowires oriented along the trigonal direction is around 33
is still preliminary, and it is not clear if one can produce nm within the cyclotron mass approximation. Quantum con-
arrays of sufficient uniformity and quality to allow a detailed finement provides a practical way to manipulate the elec-
study of the magneto-oscillatory behavior. Measurements ofronic properties by changing the electronic density of states.
the transverse magnetoresistafd@IR=R(T,B)/R(T,0)]  This leads to a wide range of opportunities for utilizing the
of 200-nm-diameter wire arrays have been presented, and tlegectronic properties of the resulting one-dimensional system
results have been interpreted in terms of size efféct€.  for various practical device applications. Bi nanowires are of
The longitudinal magnetoresistand®MR) and TMR of wire  special interest for thermoelectric applications, as Bi and its
arrays with wire diameters between 60 and 110 nm have alsalloys have the largest figure of merit of any material at 100
been measured, and the results have been interpreted in terl£® Theoretical studies show a one-dimensional material to
of a classical size effect and weak localization theoltdhe  potentially exhibit a significant increase of the thermoelectric
LMR of Bi wire arrays with diameters ranging from 7 to 200 figures of merit*

nm prepared using vacuum impregnation has been inter- In this work, we present our results for the magnetotrans-
preted in terms of the interplay between the electron cycloport on Bi nanowire arrays with average wire diameters of
tron radii, electron scattering at the wire’s walls, size-induced70 nm, a size comparable to that of wires used in Brandt's
energy level quantization, and the transfer of carriers beearly work. Our polycrystalline nanowires have a high de-
tween the different carrier pockets of the Fermi surfice. gree of orientation along the trigonal axis, and these nanow-
The effect of impurities on the transport properties of Biires are terminated in bulk Bi to minimize contact resistance
nanowires has been studied also, particularly the case eafffects. We clearly observed magnetoquantum oscillations, a
Te® an electron acceptor. The effect of Cu impurities intro-fact which points to the high quality and high degree of
duced through the contact material has also beemniformity of our nanowires. At high fields, when the cyclo-
investigated* Electrochemical growth has also been em-tron radius ¢.) is smaller than the wire diameteid),
ployed to grow nanowire arrays in templates of variousShubnikov—de Haas oscillations are evident, and modifica-
types!’ So far, these studies of nanowire arrays have yieldedions of the SdH periods from their bulk values result from
evidence for size effects, but there have been no detailespatial confinement effects. These modifications are consis-
studies regarding SdH oscillatidisand AB effects have not tent with the proposed semimetal-semiconductor transition
been previously observed. As we will show, magnetoquanexpected in Bi for sufficiently small wire diameters. At lower
tum oscillations are also observable in high quality Bi nano-ields, whenr.>d/2, we see indications of AB whispering-

wire arrays. gallery modes.
The small effective masses and large spatial extent of the In Sec. II, we describe the sample fabrication and charac-
electron wave function makes confinement of the electronerization. In Sec. lll, the experimental procedures for the

gas in the directions transverse to the wire’s length apparentansport measurements are described and the magnetoresis-
in wires with diameters in the tens and hundreds of nanomtance data are presented. We discuss the magnetoresistance
eters. There is interest in the semimetal-semiconductor trarresults in Sec. IV and summarize the paper in Sec. V. In the
sition of very thin Bi films® and wires}® which is proposed Appendix, we discuss the four-contact probe method as it
to result from quantum confinement. Since the electron moapplies to Bi-capped nanowire arrays.

tion in the quantum wires is restricted in directions normal to

the wire axis, the quantum confinement causes the energies

associated with the transverse motion to be quantized, andj- SAMPLE PREPARATION AND CHARACTERIZATION

the electron and hole energy levels are shifted. The effective The Bj nanowire arrays are fabricated by the template
band overlap energyH,) between the lowest-point elec-  jnjection technique as described in detail elsewRern
tron subband and the highéspoint hole subband is 37 meV st cases, molten metals do not wet glass or alumina, and
for bulk Bi. In nanowires of diameted, E, is decreaséd  an external pressure is required to force impregnation of the
and the shiftAE, is given by insulating perform with a liquid metal. The Washburn equa-
b 2 > s tion (P=—2v,, cosé/R) describes this pressure, whdrds
2h°X70 \/EgL 2h°x10 EgL ;) the pore radiusg is the contact angle between the liquid
med? 4 FaL Medl? T @ metal and the insulator surface, and 66<ys,— )/ Vv »
with ys,, vg, and vy, representing the solid-vapor, solid-
The first term in Eq(1) reflects the parabolic approxima- liquid, and liquid-vapor surface energies, respectively. The
tion used to describe the highdspoint hole subband, where wetting behavior, which is characterized by the contact angle
men iS the cyclotron effective mass of holeg,q is the first  between the liquid metal and the solid surface, determines

AEOZ -
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the value of the impregnation pressure. Bor90°, the sys-
tem is nonwetting. Since values for the surface tensigy) ( ‘
of liquid metals and semiconductors span the range from 100 §
to 600 dyne/cm, the processing pressure is typically in the
range of a kilobar. Conversely, a minimum pore size exists
for impregnation assisted by a finite applied pressBieFor

Bi, it is found that an externally applied hydrostatic pressure
is needed to overcome the surface tension effects, indicating
that, for molten Bi on alumina#>90°. The surface tension

of liquid Bi, v,,, has been measured by the bubble pressure &
method, and has been found to be 380 dyne/cm at its melting §#
point (270 °Q. The surface tension decreases slightly for in- §
creasing temperatures with a linear temperature coefficient of §
—0.14 dyne cm*C L. Assuming the least favorable case of
complete nonwettingd=180°), Washburn’s equation gives
d=15.2P, whereP is measured in kilobars arttiis the pore
diameter in nanometers. Thus, for a modest applied pressure
of 0.1 kbar, all channels larger than 152 nm in diameter will
be filled with liquid Bi.

The alumina templates used in this work are sold comdation was not a concern, and the repeatability of the mea-
mercially for microfiltration under the trade name Anagdre surements between different runs for the same sample was
and are made by the anodization of aluminum; they are soléxcellent.
with a nominal 200-nm channel diameter. The template con- The structure of the nanowire arrays was examined by
sists of an alumina plate that is 25 mm in diameter and abougcanning electron microscogsEM) and x-ray diffraction
55 um thick, which supports an array of parallel, largely (XRD). An SEM image of the Bi wire arrays is shown in Fig.
noninterconnected, cylindrical channels running perpendicul; it was obtained with a Cameca Electron Microprobe,
lar to the plate surface. We performed a careful study of thénodel MBX, and taken using secondary electron imaging.
morphology of the channels in the template. The Channel}/l_l(_:roprobe elemental composition analysis |nd|ca_tes j[hat the
structure is slightly asymmetric, with the channels tapering®' 'S free of common impurities. Qur SEM examination of
toward the plate surface that was originally in contact withth€ interface between the nanowire array and the Bi caps
the aluminum metal. The channel ends are also irregular oﬁhows that this interface layer is continuous. Therefore we

o ... ~assumed that we were making electrical contact to all the
this side, over a length of abo“t@“ from_th(_a surface; this nanowires through these caps. We also examined the crystal-
defect was removed by mechanical polishing. The averag

Ifine structure of the arrays of nanowires with the Bi caps
. moved by etching. The XRD spectra peaks were very nar-
plate, after removal of the surface layer, is 2380 nm and  ,\y \hich indicated a long-range periodicity of the structure
310=40 nm. Note that the channels have the shape of a fungong the wire lengtf® The positions of the observed peaks
nel and that the error bars indicate that the funnels are veryorresponded within the experimental resolutior2°) with
similar to each other in size and shdfe. those for the bulk, indicating that the rhombohedral crystal
For our injection process, the nanochannel alumina wastructure of bulk Bi is preserved in the nanowires. The ap-
cleaned by boiling in solutions of 30%,8,, rinsing in  pearance of only a few peaks of the rhombohedral structure
boiling deionized water, and drying at 150 °C in a vacuum.suggested that individual wires are composed of highly ori-
The alumina plates and the Biurity, 99.999% were packed ented crystalline grains. The prominence of (663), (006),
in a thin-wall metal tube with a quartz liner sealed at theand (009 peaks relative to th€l02) peak indicated that the
bottom. The metal ampoule was then inserted into the react@rystal grains are oriented with the trigonal axis along the
of a high-temperature/high-pressure injection apparatus andgire length, since the scattering geometry employed probes
was vacuum dried at 200 °C for a half hour. The Bi injectiononly interplanar distances along the wire length. There were
was done at 340 °C and 2 kbar. When the injection was comd0 shifts in the peak positions, and we estimate that any
plete, the reactor was cooled slowly over a periéd & and Changfs in the lattice parametersafa) would be <1.7
the impregnant solidified inside the channels; the pressur& 10 °. By comparison, the majority of the Bi nanowire
was then released. We believe that this slow cooldown acts 8/7@Ys in all cases in Refs. 13 and 16 were oriented along a
anneal the Bi. The sample was extracted from the ampoulé:rySt&?I d're.Ct"_)n perpendlcylar to ”.@@02) _Iatt|ce plane, i.e.,
and standard abrasion techniques were used to remove t £ Wire axis lies alqng atngonal—blsectn?( plane and close to
surrounding excess impregnant. The composite is easil € bisectrix. The Q|ﬁerent grovvth. technl_ques .USEd may ac-
distinguished from the surrounding Bi because it is not a ount for the d_|fferent crystalline - orientations  among
shiny. This processing was performed in such a way that théamples from various sources.
layers of bulk Bi that are adjacent to the template surfaces
were left undisturbed. The Bi caps are typically a few hun-
dred microns thick. Samples for this study were exposed to Measurements of the zero-field resistance and of the mag-
ambient air for several months; we found that sample degranetoresistance of the polycrystalline bulk Bi material sur-

FIG. 1. SEM cross section of a 200-nmomina) wire array.
e wires appear as the light areas; the dark areas are the insulating
matrix.

I1l. EXPERIMENTAL RESULTS
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35 T T which has a large magnetic-field dependence. At first sight, it
a0k o would appear thaRg;, exhibits no oscillations with the mag-
g netic field because the produyet, is largely independent of
v&‘ 25 10§ magnetic field in the ordinary Drude approximation. How-
) 2ok g ever, the expression fdRg, as given above has to be modi-
ra g fied to account for the modification of the electronic density
€ 15w 2 of states with magnetic field and for diffraction effettg’
B 5 2 Contact resistance issues are also relevant in other small-size
8 10 3 i i
¥ T n systems such as carbon nanotulids. view of these various
05 Array g effects arising at the contacts, it is apparent that every pre-
' I- k’( V- = caution should be taken to minimize contact resistance. The
0.0 1 0 contact resistance is undoubtedly reduced if the Bi nanowires
0 100 200 are terminated in a bulk Bi layefi.e., the cajp since the
Temperature (K) scattering at the contact is minimized on account of the con-

) tinuation of the lattice structure at the interface between the
FIG. 2. Temperature dependence of the resistance of the 200-ngyq\ire and contact. This is the approach taken here with
(noml_nab ere_array and of the reS|stPV|ty of the Bi contact layer the following added benefitsi) the contact between a Bi
?ﬁézgadg defo'pfﬁ; f;%vg's;tsrzzzgj‘rgngnge arrangement of elegi, o vire and bulk Bi can be considered a standard of con-
P ) tact resistance to Bi nanowires, in comparison to the contact
resistance between pairs of dissimilar materig@dsy., Bi
rounding the nanowire samples and of the nanowires themrmanowires and bulk silvérand (ii) the contact area is very
selves were made in #e gas-flow cryostat operating in a close to the diameter of the nanowire. Clearly, progress in the
temperature range of 1.8—300 K and for a magnetic fieldscience and in the application of nanowires to, for example,
range of—8-8 T. We employed both direct currefoic) and  thermoelectricity, is closely associated with the issue of con-
17-Hz alternating currentac techniques where current is tact resistance. Our nanowires are capped with a layer of Bi
injected between two silver epoxy electrodes lying on oppoas shown in the inset of Fig. 2; in this way, the number of
site sides of the wire array, and the voltage was measuredires contacted is maximized and the contact resistance to
between the other pair of electrodes which are also on oppdhe individual nanowires is minimized. We find that the re-
site sides of the wire array. Both dc and ac techniquesidual (low-temperaturecontact resistance of our samples is
yielded equivalent results. The inset of Fig. 2 shows a schdess than 10* (). This is consistent with the single-
matic of the electrode arrangement. The measuring current isanowire results, considering that the array consists of 5
typically 10 mA. Variation of the excitation amplitude x10® wires in parallel. In comparison, the resistance of
showed that there was no self-heating of the samples. samples with contacts prepared through other approaches
Transport measurements on the actual Bi nanowire arraymnges from 19to 10* Q, which indicates that the contact to
are essentially two-point measurements, and the measurede electrodes is not continuddg®and that a small number
resistance contains a contribution from the resistance at thef nanowires is contacted.
boundary between the contact material and the Bi nanowires In order to leave the Bi layer cap intact, we abraded the
which is due to the contact resistance of the individualsample in the form of a parallelepiped using alumina pow-
nanowires and the contact area and also effectively dependter; the four sides parallel to the wires in the array were
upon the number of wires that are contacted. The contagiolished to expose the nanowire template. The two sides
resistance between nanowires and a bulk material and ifserpendicular to the wires in the array, of lengthnd width
dependence with magnetic field has been studied in th@/ (both dimensions, 1 mjmare abraded enough to leave the
past:® including the case of nanowires of copper and alumi-smooth layer of bulk Bi or cap attached to the wire array.
num on bulk Bi at low temperatures. The resistance of arhe thickness of the bulk Bi cap on either side of the nano-
point contact of diameted can be thought of as a series wire array is over 30Qum. Two copper wireggauge 36
resistance of a ballistic component, the Sharvin resistanceere then attached to each Bi layer at each side of the nano-
(Re=4plJ/37d?), wherep is the resistivity of bulk BiJ.is  wire array using silver epoXy (see Fig. 2 inset Low-
the mean free path, and a diffusive component, the Maxwellemperature solder, such as Woods’ metal, was avoided since
resistance Ry;), which is p/2d. These two expressions are it becomes superconductive at low temperatures<(@8 K)
the limiting cases for a pure contadi,td),?® and a dirty and shields the nanowire array from magnetic fields smaller
contact (,<d), respectively. The Maxwell contribution is than its critical field. Direct bonding of Bi to Cu electrodes at
negligible at low temperatures and in the absence of a madiigh temperatures leads to other shortcomings because Cu
netic field because the resistivity of pure Bi is very small.readily diffuses in Bit* The contact resistances between the
However, the Sharvin term is significant—for a single nano-copper wires and the Bi layer is about @Xlover a contact
wire, we determined that the value Bfy, was 10Q) for a  area of 0.15 mim The distance between contacts is between
diameter of 200 nm and that, had a value of 108 Q cn?. 0.3 and 0.5 mm. The resistance is calculatedRoy (V*
Both contributions to the contact resistance increase with-V~)/I, where ¥ —V ™) is the voltage difference between
applied magnetic field, particularly the Maxwell term since it the contacts antlis the current injected as shown in the inset
is proportional to the bulk resistivitynot the producpl,),  of Fig. 2. This resistance is very small, around 180 at the
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of the data points immediately below and aboveB;.
/ x40 The 100-K data display two broad maxima: a high-field
oOF C ] maximum located at 5 T and a low-field maximum located

at 0.12 T. The latter is believed to be a contact effect,
as discussed in the Appendix. At low temperatures, 2 and
BM 4.6 K, we found a broad maximum &.=3.8 T that is

rated with several ks that i later, w -
FG. 5. Loniucinal magntreisanceof e 200w 520100 D Severd peake (ot a8 dscussed ater, e as
nal) Bi wire array as a function of magnetic field at various tem- Shubnikov—de Haas resonances BorB.. . A broad maxi-
peratures. For clarity, the 2- and 4.6-K “as measured” curves have . ¢ 16 ;
been displaced by 5 and 10. The 2- and 4.6-K symmetrized dat um in th_e LMR was also observed by Heremanal. n
have been displaced by 45 and 50. OO—nm—dlamgter wire arrays :_jlt 3T gnd 70 K,_the maximum

temperature in that study; this maximum shifted to lower

fields, 2 T at 20 K, and gradually disappeared at lower tem-

lowest temperatures in this study and forBavalue of 0 geratures.

compared to the contact resistance between the copper wires Figure 4 shows a typical curve for the nanowires’ trans-

and the Bi layer. This arr'angement of electrodes has thSerse magnetoresistance with the field perpendicular to the
drawback that the current injected by the current eIectrode\%ire axis (TMR) at T=1.8 K. The TMR is larger than the

can be inhomogeneous across the nanowire array. This effeEMR at the same magnetic field. The transverse magnetore-

is similar to the phenpmenon of current jetting in .homOge'sistanceR is a quadratic function of the magnetic fieldat
neous sample®. The inhomogeneity is magnetic-field de- low magnetic fields;

pendent since the layer material, which is polycrystalline Bi,
has no longitudinal magnetoresistance and substantial trans- R(T,B)—R(T,0)
verse magnetoresistance and Hall effect. These effects and MR(T)= R(T.0) =
the details of the measurement of the magnetoresistance of '
the layer materialpolycrystalline Bj are discussed in the where the coefficienf is temperature dependent. A charac-
Appendix. terizes the carrier mobility, with a higher value indicating
Figure 3 shows the longitudinal magnetoresistaihdéR ) higher mobility.
at various temperatures between 1.8 and 100 K for fields At 2 K, we find thatA=50 T 2 for B<0.2 T. At higher
between—1 and 8 T. The field is swept continuously through magnetic fields (02B<3T), we find that MR
0 via a bipolar current supply. The LMR contains an anti-=580BY4*%1 |n Bj single crystals at low temperatures, the
symmetric contribution likely resulting from a Hall compo- quadratic dependence applies only at very low fieles (
nent due to current in the Bi caps that is not parallel to the<10 # T) and aB*® dependence is found for higher mag-
field, and it also has a symmetric contribution that representsetic fields>*? The extended range for the validity of Eq.
the actual magnetoresistance. The LMR observed is highly2) can be understood in terms of reduced mean free path. If
asymmetricl MR(B)<MR(—B) for B>0]. Figure 3 dis- the carrier mean free path at 4.2 K in single-crystal Bi is on
plays the “as measured” LMR for 2 and 4.6 K and the sym-the order of 0.4 mm and is on the order of the wire diameter
metric contribution LMR,,, for 2, 4.6, and 100 K. The sym- (270 nm for the nanowires of this study, the quadratic field
metric LMR is obtained from the discrete sequence ofdependence range of the wires’ TMR is expected to be larger
experimental points by an interpolation algorithm by about 1500, which compares favorably with our observa-
[LMRgy(B;) =LMR(B;) + LMR;(—B;)] for all the experi-  tions. In comparison to our nanowires, the 200-nm-diameter
mental points, where the latter term is a linear interpolatiorsample in previous studi#shadA=0.1 T"2, indicating that

AB?, 2
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0.4 06 0.8 1.0 12 cyclotron radius equals half the diametar.£€d/2). Any

1/B(T") misalignment would also result in a positive contribution to
the magnetoresistance since the nanowires have a very large
TMR.

The cyclotron masses for the trigonal orientation, found
experimentally from studies of single-crystal bulk B8i®®
are aroundn..=0.065m, for electrons andn.=0.067m,
our samples have much higher mobility. The polycrystallinefor holes withm, being the free-electron mass. We can esti-
Bi caps can potentially cause the quadratic coefficient of thenate the “cyclotron” Fermi wave vector in Chambers’ ex-
TMR of the sample to be very large. This artifact was evalu-pression as k. p=2m(2mgeye)¥4h, where yp=Eg(1
ated but comparison of the magnetic-field-dependent TMR+Er/Eg) with Er being the Fermi energygg being the
of the nanowiregFig. 4) with the TMR of a polycrystalline gap energy, and with an average cyclotron mass of 0.066.
Bi sample(these measurements are discussed in the Appersince Er=26 meV and Eg=15meV, we find that
dix) shows that the TMR of the nanowires lacks the pro-ye=71 meV andk.g=3.2X 10¥/m. Thus, for an average
nounced SdH oscillatory structure shown by the cap matewire diametere.g.,d=270 nm), we estimate that Chambers’
rial. A single feature, or “bump,” at about 4 T is observed in peak for electrons should appear B&=1.6 T, a value
the transverse magnetoresistance curve. This bump was aladich is about 2.5 times lower than our experimental
observed in Ref. 16 and is presumably connected to thebservation. For comparison, in Ref. 16, the theoretical
broad local maximum observed in the LMR at the sameestimate o8, for d=200 nm is between three and ten times
magnetic field. lower than their experimental value. Also, we find that

The bump in the symmetric LMR at around 4 T can bethe LMR maximum at 3.8 T in our samples becomes broader
understood in terms of Chambers’ efféche carrier cyclo- and shifts to higher magnetic fields with increasing tempera-
tron radius is given by.=h kr/27eB, whereh is Planck’s  tures, which may explain why the peak observed in Ref.
constant,kg is the carrier Fermi wave vector, ardis the 16 appears at a magnetic field higher than the theoretical
electron charge. At low fields such that>d/2, carrier scat- estimate since, in that case, it was observed only at high
tering at the wire walls dominates and the resistance is highemperatures.
As the field increases and the cyclotron radius is less than We now discuss our observation of magnetoquantum os-
half the diameterr.<d/2), scattering by the walls becomes cillations. Shubnikov—de Haa$dH) oscillations are due to
ineffective and the resistance decreases. The magnetoresibe quantization of closed orbitd andau levels As the
tance is therefore negative, and the effect is more promagnetic field is increased, the energy of the Landau level
nounced for high-mobility carriers. However, if the bulk increases, and when its minimum value becomes equal to the
nanowire material has a small, but not zero, positive LMR,Fermi energy, it is suddenly depopulated. The relaxation time
the resulting LMR shows a mixed behavior with a maximumfor electron scattering is temporarily increased at this field
occurring, very roughly, for a magnetic fieR}. such that the value, giving rise to a dip in the magnetoresistance. The SdH

FIG. 5. Derivatives of the symmetrized longitudinal magnetore-
sistance of the 200-nitmomina) Bi nanowire array aT =2 and 4.6
K as a function of 1. The lines and arrows indicate the various
peaks discussed in the text.
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FIG. 8. Symmetric contribution to the longitudinal magnetore-
sistance aroun8= 0. Full triangles correspond to a temperature of
100 K. The quadratic fit to the 100-K data, MAVMIR,+A B?, is
shown with dashed lines. The symmetric contributions to the lon-

BT ’ ' gitudinal magnetoresistance at 1.8, 4.6, and 20 K are represented
with open squares, filled circles, and filled squares, respectively.

FIG. 7. Symmetrized longitudinal magnetoresistance of the
200-nm (nomina) Bi wire array at low magnetic fields and low by using the de Haas—van Alphen metﬁédznd cyclotron

temperatures. The peaks from AB oscillations are indicated with
resonance measurements have been perfofEdelman

dashed lines. The inset shows the derivative minimum index as a_ . . - .
function of magnetic field. Indicates tha_t while the el_ectr_on period for nanowires e_xactly
along the trigonal direction is 0.08 T, the period varies
oscillations are periodic in B. Figures 5 and 6 show the strongly with orientation: the effective mass changes by a
derivative of the LMR and the TMR, respectively, versuB 1/ factor of 2 for every 10° of separation from the trigonal
for our 270-nm Bi nanowires. Figure 5 presents the data fodirection. However, there are theoretically three branches of
B>1.3T at various temperatures and shows a number dhe electron-period curves that convergetonearly parallel
minima and a number of short-period oscillations. Theto the trigonal axis. Presumably, the resulting mixing and the
SdH minima in the LMR for hole carriers in a bulk Bi single presence of strong hole peaks made electrons very difficult to
crystal (which are split by spin-orbit interaction with ~ observe in SdH experiments in contrast to holes. Mixing be-
the magnetic field parallel to the trigonal axis, were observedween the electron and hole oscillations have also been
by Smith etal®® and by Bhargav¥ via de Haas—van reported®®In the experiments reported here, the short period
Alphen measurements. More recent cyclotron resonancean be followed over a wide range of inverse magnetic fields.
measurements have been reviewed by Edeffhamhe The oscillation is indicated with full vertical lines in
accepted value for the SdH period for hole carriers in bulkthe cases where it is possible to make a clear identification.
Biis 0.1575 T 'X. The LMR of Bi nanowires at 1.8 K, shown The period is found to be 0.063.002 T 1. The Dingle
in Fig. 5, shows evidence for holes. There is fair agreementemperature of the short period features appears to be higher
between our peaks and the hole peaks in bulk Bi thathan aroud 4 K because they overcome the hole features at
are indicated in the figure. We note that our hole peak# and 4.6 K. It is not possible to ascribe the short-period
become sharper for the lowest temperatures studied herescillations to electrons with certainty. Another possible ori-
in the range 0.25B<0.5 T !, indicating that the Dingle gin for the short period is hole SdH from wires that are
temperature Tp) is less than 2 K. Two of the prominent misoriented.
spin-split pairs of hole peaks are located at 0.42 and 0:84 T The intensity of the dips corresponding to the, " and
(labeled in the figure as “3, 1+” and “6—, 4+”) at 47, 27 labels in Fig. 5 is much larger than that of the,3
high magnetic fields and low temperatures. The spacind ™ levels. This trend continues at high temperatures and low
of the hole peaks is 0.1350.01 T'!, smaller than the magnetic fields where the hole SdH oscillation continues as a
corresponding SdH spacing for holes in bulk Bi of sequence of peaks with a period of approximately 0.31
0.157 T L +0.02 T 1. This sequence is more clearly observed Tor
Having identified the hole peaks, it is then possible to=4.6 K and forB~1>0.6 T 1. One explanation for this un-
identify a number of short-perio@) oscillations between the dertone is that the density of states of Landau levels with odd
hole peaks, which is suggestive of electrons. The electron is larger than those of evem but we know of no theoret-
oscillations are indicated with dashed lines. The measurdeal justification for such an effect. A more plausible origin
ment of SdH oscillations corresponding to electrons in bulkfor an SdH period of 0.3 T* may be that our nanowires have
Bi for Blltrigonal axis has proven to be very elusive. Precisea distribution of angles relative to the Anapore surface nor-
measurements of the SdH electron periods have been mad®l and therefore with respect to the magnetic field. If the
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degree of misalignment is as high as 20°, new electron SdH 6
oscillations which have a reported periécf 0.30 T

should then be observable. This is consistent with the degree 5
of misalignment of the nanowires as shown in Fig. 1;

the misalignment is probably compounded by the difficulty 4
in exactly aligning our small samples in the applied magnetic ¢
field. Assuming that we have a distribution of orientations, & 3
we can correct our estimate of the confinement-induced &
decrease of the SdH hole period. The angular variation 2
of the hole periods in the binary plane has been meastred,

and for a distribution of angles between 20° ar@®0° 1
around the trigonal direction, the average hole period is
0.152 T L. Therefore, since the observed holes’ SdH period 0
is 0.135 T, we find a decrease in the hole SdH period 0.00 0.02 0.04 0.06 0.08 010

AP, of —0.017+0.01 T'! from the expected value for B(T)
bulk Bi.
Figure 6 presents the derivative of the TMR data Bor FIG. 9. Magnetic-field-dependent transVerﬁBQ) resistance of

>1.3T at 1.8 K and shows a number of short-period oscilthe Bi contact layer material at various temperatures as indicated.
lations (sp) that are indicated with arrows. We also indicate The sample length is 0.3 cm and its cross section is*X0r’.
the peaks that arise from a lower-frequency SdH oscillation.
The SdH minima in the LMR for hole carriers in a bulk Bi SdH data provide further confirmation for tf@3 trigonal
single crystal, with the magnetic field perpendicular to theorientation of our nanowires as determined through XRD
trigonal axis, were observed by Smitatal®® and by measurement$,
Bhargava® The accepted value for the SdH spacing for In Fig. 7, we show the magnetic field derivative of the
hole carriers in bulk Bi is 0.046 T. The data shown in LMR versus magnetic field for temperatures of 2 and 4 K.
Fig. 6 show evidence for holes with a period of 0.055We observe a number of inflections and peaks in the low-
+0.004 T'*. The hole SdH period foB near the perpen- field (B<1 T) LMR. The peak aB=0 can be understood in
dicular to the trigonal axis is not a sensitive function of terms of a contact effect and will be discussed in the Appen-
angle because spin splitting increases for orientations awayix. As shown in the inset of Fig. 7, the positions of the
from the binary-bisectrix plane. Therefore the observedminima in the range 0.2—1 T and 2 K suggest oscillations
hole period is larger than the expected value for bulk Biwhich are periodic inB, with a periodicity (AB,g) of
(AP, =0.009-0.004 T1). We find no evidence for 0.045-0.003 T. The oscillations were strongly damped at 4
possible electron SdH oscillations in the nanowires in theK and were not observed at 100 K. The 2-K results are
TMR data. consistent with Brandt's observation of AB whispering-
We do not believe that the observed oscillations resulallery oscillations in the LMR of Bi nanowires with a
from a contribution from the Bi caps. A simple discrete cir- magnetic-field periodicity corresponding to a field fldx
cuit element model of our device, which includes resistive~®,. The authors’ identification of the oscillations was
contributions from the longitudinal and transverse magnebhased on a Fourier transform deconvolution of the data over
toresistance of the Bi caps, has been used to estimate tl@ extensive range of magnetic fields<(B<1.5T for d
contribution of the TMR of our Bi caps to the observed SdH =210 nm), as the oscillations are strongly damped for such
oscillations in our LMR capssee the Appendix Assuming  small wire diameters. Additional work with wires that were
that the bulk LMR is negligible, it is found that the measureds60 and 800 nm in diameter showed that the AB oscillations
logaritmic field derivative of our device resistanBe= (V* appear as a well-defined train of peaks over an extended
—V7)/1 has two contributions: range of magnetic field, and a study was made as a function
of the angle between the nanowire and the magnetic field.
The intensity of the peaks was observed to increase for de-
(dR/DB) (dRywa/dB) (dR,/dB) creasing magnetic fields. For a wire cross sectieuf/4,

R =2 Ruwa R, ' (3 where for each of our wires, the diameter was between 235
and 310 nm, such oscillations ought to appear with a period
ranging from 0.043 to 0.075 T, which is to be compared to

whereRywa andR, are the resistive contributions from the our experimental result diB,g=0.045+0.003 T. Thus we
nanowiregwith current parallel to the fiejdand from the Bi  infer that our observed oscillations originate in the large-
cap (with current perpendicular to the fig|drespectively. diameter portion of the funnel and that the contribution from
Our data forR., (see the Appendixshow that our observed the small-diameter portion of the funnels is weak. This effect
SdH oscillations cannot be accounted for by a SdH contribuis consistent with the observation by Brandt that there is an
tion from the caps. increase in the damping of AB oscillations as the Bi nano-
We note that our measured hole periods are inconsistentire diameter is decreased. This would explain both the ob-
with the nanowire orientation along the directi¢202) for servation of AB oscillations over an extended range and the
the samples studied in Refs. 7, 8, 13, and 15. Therefore odow value of AB,g. The regular periodicity, sustained over
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20 periods, suggests that these are not aperiodic DingleMR of the nanowire array, as it can be shown from sym-
oscillations® In contrast to the study of AB oscillation in metry considerations that the LMR for bulk Bi is null along
560- and 800-nm single nanowires, the intensity of our ABthe trigonal direction. This favorable orientation contributes
oscillations is irregulafalthough we note that, on the aver- in part to our ability to observe the very weak AB oscilla-
age, the amplitude decreases with increasing magnetig.fieldtions.

This discrepancy is probably related to the large negative |t should be noted that measurements on nanowire array
magnetoresistance which we observed and is related to CO8amples made of 200-nrtnomina) Anopore without Bi

tact effects, as discussed in the Appendix. Moreover, as thgyns also yield SdH oscillations and that these periods
4-K data in Fig. 7 show, SdH oscillations modulate the AB 554 ingicate confinement effects similar to those presented
amplitude. here. However, due to the large contact resistance associated
with the silver epoxy-nanowire interface which is
several ohms, the data is of lower quality than presented

The hole SdH periods are found to be modified from thehere.
accepted value for bulk Bi. The data in Figs. 5 and 6 on the At low temperatures, we observed a number of
hole Fermi surface can be interpreted in terms of the ellipwhispering-gallery AB oscillations of the LMR at low fields
soidal model. The hole number density for an ellipsoidal(H<1T) with a periodicity AB,g) of 0.045 T. These os-

IV. DISCUSSION

Fermi surface is given by the equatién cillations are interpreted to originate from electron orbits
inscribing magnetic flux loops oAd=d,, where &
- -312 2 - ; .
p—(8/3771/2)‘bo (PniPh1) Y2, (4) =hcl/e. The mean free path is estimated to be longer than

For bulk Bi, P,,=0.157 T! (BIC3) and Py, 1 pwm. This path length is still mu_ch §horter than the
=0.045T! (BLC3), and one finds findsp=3’.0 1000«m mean free_ path of free carriers in pulk Bi at low
X 10t/cm?, while for 270-nm Bi nanowires, we find that temperatures, possibly because grazing orbits involve close
—2.6=0.3x 10"/cm?, an overall decrease in the spatial hole contact between carriers and the wire wall. A theoretical
density (p) of 13%. The substantial decrease of the spatiaftudy of the AB effect by Bogachek and Gogatfzeas
hole density indicates that the effect of confinement is toshown that it is a low-temperature effect and that the reso-
make the wire approach the semiconducting state. Also, outances are stable for temperatur€ less than Tgg
observations indicate that the ellipsoidal shape is modified=h?ke /(27°md), wherem is the carriers’ effective mass.
by confinement to render it more spherical. The SdH periodror our parameters, we estimate that=4 K for electrons
of the hole doublets Fy) are given by Zug/[mM(E, in these Bi nanowires, which is in agreement with our obser-
—Eg)], wheremg, is anisotropic. From Eq(3), we find  vation that the AB oscillations are strongly damped at 4 K
that p~(E,—Eg)*? and that the observed decrease ofand disappear completely far=100 K. We hope that mea-
the spatial charge density of holes can be attributed to 8urements presented here will stimulate further theoretical
decrease of the gap energy with respect to the Fermi energjevelopments.
of 1.05 meV. Overall, neglecting the observed anisotropy
modifications, the hole periods are 5% larger than those in
bulk Bi.

Confinement causes the energies associated with the
transverse motion to be quantized, and the lowest energy We have presented a study of the electrical transport prop-
level is increased, roughly, b E [Eq. (1)]. Evaluation of erties of 270-nm-diameter bismuth nanowire arrays embed-
this expression for the parameters for the trigonal directiorded in an alumina matrix which are capped with layers
and ford=270 nm givesAE,=0.84 meV, which is in very of bulk Bi that have low contact resistance. The results of
good agreement with our measurements. Here, we have agur measurements present evidence for semiclassical and
sumed that the Fermi energy does not change upon confinguantum size effects. Shubnikov—de Haas resonances from
ment because a complete study of this issue is beyond thtbe quantization of the energy of carriers into Landau
scope of this study. levels present evidence for confinement effects, namely

Typically, the crystal structure of individual Bi nanowires shifts on the position of the holes’ Landau levels, and
is rhombohedral, with the same lattice parameters as that slubtle size effects, namely complex orbits involving scatter-
bulk Bi, and the crystalline orientation varies somewhat deing with the nanowire walls and orbits in the bulk of
pending upon growth conditions. In most cases reported tthe wire. At low magnetic fields, the longitudinal magnetore-
date, the nanowires are oriented in a direction close to theistance(LMR) displays pronounced oscillations whose pe-
normal to the(202) lattice plane of the rhombohedral crystal riods and amplitudes are in fair agreement with theoretical
structure of Bi"®*38|n contrast, for our high-pressure in- predictions for the AB effect in whispering-gallery modes of
jection fabrication conditions(pressure and temperature electrons with the long mean free path. The observation of
schedulg the wires in the array were predominantly orientedthese phenomena in nanowire arrays, where the measured
with the trigonal crystal axis along the wire lendthThis  oscillations represent the average response of oveimbi-
orientation is close to being perpendicular to the crystallinevidual nanowires only 270 nm in diameter, suggests that
orientation of the nanowires in Brandt's study. The trigonalsingle nanowires will exhibit even more pronounced quan-
crystalline orientation is well suited for investigation of the tum effects.

V. SUMMARY

245317-9



T. E. HUBER, K. CELESTINE, AND M. J. GRAF PHYSICAL REVIEW B7, 245317 (2003

ACKNOWLEDGMENTS room-temperature resistivity of 1202 cm, which com-
. . . ares favorably with other reported values. We also mea-
We thank Dr. Nikolaeva and Pl‘Of..GItSU of the Institute of gured the Hall gﬁect and the fieﬁd—dependent longitudinal and
Solid State of the Academy of Sciences of Moldavia fory anqyerse resistivitigs; andp, with the magnetic field both
valuable advice. The authors also thank Dr. M. Erwin of theparajiel and perpendicular to the direction of current flow, by
U.S. Army Research Laboratory at Adelphi, MD., for the ysing putley's five-contact arrangeméhtThe value for
SEM measurements. The work was supported by the Diviy, (B)/p(B=0) of the Bi contact material was measured at
sion of Materials Research of the U.S. National SClenCQOW temperatures and was found to be close to 1. Figure 9
Foundation under Grant No. NSF-0072847, the NSF granéhows the resistand®, (B) of a rod of the polycrystalline Bi
program “Research in Undergraduate Institution®SF-  contact layer material of length=3 mm and 0.001 cfin
0097733, and by the Division of Materials of the U.S. Army cross section forB<0.1 T at various temperatures. The
Research Office under Grant No. DAAD4006-MS-SAH andtransverse magnetoresistance, M#p, (B)/p(B=0), is
instrumentation Grant No. DAADI9-00-1-0033. large; i.e., for a magnetic field of 0.1 T, MRR1.8 K)=60
and exhibits 8 magnetic-field dependence in the range of
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APPENDIX: FOUR-POINT PROBE METHOD AND + CB® shows that the coefficient increases for decreasing
CURRENT JETTING temperatures. Although still large, the transverse magnetore-
sistance of polycrystalline Bi is smaller than that of Bi single
The peaks atB=0T at low temperatures and @&  crystals due to a reduction of the electronic mean free path.
=0.12 T at 100 K, shown in Figs. 3 and 8, show the sym- For a longitudinal magnetic fieltB parallel to the length
metric contribution to the longitudinal magnetoresistance abf the nanowires we can disregard the resistance of the Bi
low fields and various temperatures. These peaks are beentact layer material in the direction of the magnetic field
lieved to result from the anisotropy of the magnetoresistancand consider only the large changes of the lateral resistance
of the bulk Bi contact material. The phenomenon is calledof this Bi layer. Each set of contacts on each side of the
current jetting in bulk materials and causes anomalous lonsample(as shown in the inset in Fig.) Dccupies roughly
gitudinal magnetoresistance as measured with four alignedne-half the area of the nanowire array. This assumption is
point contacts when the current contact is nonuniformly dis<consistent with the size of our contacts and the size of our
tributed on the sample cross sectiSriThe nanowire array sample. The resistance of the silver epoxy contacts them-
magnetoresistance is obtained from the calculatiofi ( selves is neglected on account of their thickness (@mel-
—V7)/1, whereV* andV~ are the potentials at the voltage sured negligible magnetoresistance. The effective resistance
contacts and is the current injected in the current contacts between the current and voltage contacts at each side of the
as indicated in the inset of Fig. 2. If the resistance of the Biarray, R,, is determined by the resistance of the 0.3-mm-
layer is negligible, ¥*—V7)/1=Rywa . WhereRywa is the  long layer of polycrystalline Bi material that bridges the gap
resistance of the nanowire array and includes the contadtetween the current and voltage contaBisis in series with
resistance of the nanowires to the bulk Bi layer. Howeverthe resistance of the nanowire array; it is a function of tem-
even though the resistivity of the bulk Bi layer material at perature and increases manyfold with application of the lon-
B=0 is very small at low temperatures, in the presence of gitudinal magnetic field since it is effectively oriented per-
magnetic field, the resistivity in the direction perpendicularpendicular to the magnetic field. FOR,<Rywa, the
to the magnetic fieldd, ) increases by many orders of mag- measured resistance i/{—V~)/I=Rywa. However, if
nitude (the resistivity in the direction of the magnetic figid ~ R,>Rywa, the measured resistance isV(—V7)/I
remains negligible The effective lateral resistance between =2 (Rywa)?/Ra<Rnwa . **! because the current in the
the voltage and current contacts increases rapidly with ananowires is larger in the section of the nanowire array di-
applied magnetic field. Consequently, the current flows un¥ectly between the current contacts and smaller in the section
evenly across the nanowire array: as the magnetic field ibetween the voltage contacts. SinBg=R, o+ Ra,OCBl-G,
increased, the current in the nanowires will become larger inve find that & —V™)/1=2(Rywa) [ Ra0+ Ra,cCB¢ 2,
the section of the nanowire array directly between the currenivhich explains the LMR peak which appearsBat0 and
contacts and smaller in the section between the voltage comdso at the sharpening of the peak at low temperatures since
tacts. In order to correctly model this effect, we have studiedhe coefficientC) of the contact layer magnetoresistance in-
the magnetoresistance of a sample of bulk Bi from the areareases for decreasing temperatures.
adjacent to the nanowire array in the injection reactor. This Because of the contact effects, SdH oscillations in the
material has experienced similar time-dependent temperanagnetoresistance of the bulk polycrystalline material are
tures and pressures, and thus its crystalline structure shoufibtentially relevant to the discussion of SdH oscillations of
be the same as that of the Bi contact layers at either side ahe nanowire array that were discussed in the study. Our
the nanowire array sample. The temperature-dependent resigeasurements on the bulk polycrystalline material show that
tivity of this material is presented in Fig. 2. We find that our its transverse magnetoresistance presents oscillations in the
results for the resistivity are consistent with those obtainedange 0.1-1.3 T, that is, in the range presented in Fig. 5.
for similar materials in the literatur€. For example, the re- However, since these oscillations have a periodicity of
sidual resistivity of our Bi contact layer material is 1.86 0.137+0.01 T ! and their breadth is equal to the period, the
n cm, while the reported residual resistivities of polycrys- SdH oscillations of the bulk polycrystalline material do not
talline Bi range between 2 and 1QX)cm. We measure a cause the peaks displayed in Fig. 5.
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