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Electronic transport in a three-dimensional network of one-dimensional bismuth quantum wires
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The resistanceR of a high-density network of 6-nm-diam Bi wires in porous Vycor glass is studied in order
to observe its expected semiconductor behavior.R increases from 300 K down to 0.3 K. Below 4 K, whereR
varies approximately as ln(1/T), the order of magnitude of the resistance rise, as well as the behavior of the
magnetoresistance, is consistent with localization and electron-electron interaction theories of a one-
dimensional disordered conductor in the presence of strong spin-orbit scattering. We show that this behavior
and the surface-enhanced carrier density may mask the proposed semimetal-to-semiconductor transition for
quantum Bi wires.@S0163-1829~99!03447-5#
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I. INTRODUCTION

The latest experimental advances in the preparation
nanowires have given give rise to both new applications
fundamental science. One of the most exciting prospect
that of an ideal quantum wire of diameterd less than the
Fermi wavelengthlF . Profound changes in the density
states~DOS! and deep modifications of the transport prop
ties are expected, as seen, for example, in single-wall ca
nanotubes. Enormous effort has been applied to the stud
carbon nanotubes since their discovery in 1991 with con
erable success.1 Comparatively little attention has been give
to the semimetal Bi, which has the smallest effective m
among all known materials. Due to this property, quant
confinement in Bi can be observed in nanowires of diame
larger than those of any other material. Here we prese
study of the electronic transport in a network of Bi wires
6 nm diameter, much smaller than the bulk electronic Fe
wavelengthlF of 25 nm, and we are able to confirm som
theoretical predictions.

The quantum-confinement-driven semimetal-to-se
conductor~SMSC! transition has been studied recently
carbon nanotubes.2 Bulk Bi is also a semimetal whose thre
conduction-band minima at theL points overlap the valence
band maximum at theT point by about 40 meV, and a SMS
transition has also been predicted for Bi. Sandomirs3

pointed out that as a result of the electrons’ zero-point
ergy, the band overlap decreases for thin films, and if
film is thin enough a gap is formed and the semimetal tu
into a semiconductor. The critical thicknesstc for this tran-
sition for Bi is expected to be 30 nm. Despite many transp
and optical investigations of quantum phenomena in t
films the experimental evidence is not conclusive. The re
tivity of these films is weaklyT dependent, unlike a typica
intrinsic semiconductor that exhibits a thermally activat
behavior. This has been interpreted in terms of a very s
effective mean free pathl;t and a surface-enhanced carri
density.4,5 Since the majority-carrier concentration then b
comes insensitive to the introduction of an energy gap,
should expect no abrupt changes at the transition point.
PRB 600163-1829/99/60~24!/16880~5!/$15.00
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alternative view, that the SMSC does not occur because
boundary condition of vanishing electron wave function
spoiled by disorder, also has proponents.6 Experiments, how-
ever, are lacking. Gurtvich7 and Brandtet al.8 have shown
that 200-nm-diam Bi wires display metallic behavior dow
to 2 K and exhibit quantum size effects. More recently, L
Chien, and Searson presented electrical transport mea
ments on thick wires (d.200 nm@dc ,lF).9 There is re-
newed interest in the electronic properties of quantum w
of diameterd where d,lF , and wherelF is the Fermi
wavelength equal to 25 nm for electrons~7 nm for holes! in
bulk Bi, because theory indicates that they may have o
standing thermoelectric properties.10,11 Recently, Zhang
et al.12 reported a reversal of the magnetoresistance temp
ture dependence for Bi wires with 65 nm diameter relative
those with 110 nm diameter. The phenomenon is due to
quantization of the transverse momentum of the carr
which results in the SMSC transition. A nanowire of diam
eterd!dc , the critical diameter, is a simpler case. Howev
to our knowledge the electronic transport of a wire ofd
,dc ,lF has not been addressed experimentally. One
proach is that of confining Bi in a microporous solid insul
tor. In this study we take such an approach and we use
rous Vycor glass~PVG! because it is a unique prototyp
monolithic nanoscale porous material. The use of PVG a
confining host has been particularly fruitful, for example,
studying the properties of superfluid helium,13 in a restricted
geometry. The characterization of PVG, particularly the s
face, is intrinsically difficult but the basic network structu
is reasonably well known from adsorption isotherm a
small-anglex-ray scattering studies.14 Many aspects of the
network structure have been clarified by studying the te
perature dependence of the the critical field of In injected
PVG.15

Confinement introduces scattering and it is known t
electronic transport in disordered conductors can be ballis
diffusive or in a localized regime. Relevant lengthscales
set by the carriers’ elasticl e and inelastic path lengthl f . In
disordered systemsl f can exceedl e by several orders of
magnitude. The coherent superposition of the scattered e
16 880 ©1999 The American Physical Society
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tron waves causes a weak localization correction to the c
sical resistance, which is composed of the Drude a
electron-phonon contributions. Such corrections appea
many metallic systems of restricted geometry~wires and
films! that showdr/dT,0 at low enough temperatures. Th
resistance rise can be expressed asdR/R;L/L, whereL is
the length of a conductor having the characteristic quan
resistanceh/(2e2)512.9 kV. L has been derived in the cas
of localization,16 where L5 l f for H50, and also for
electron-electron interaction17 theories. The application o
these ideas to Bi two-dimensional and three-dimensio
films18 is well known. Bi, being a heavier metal, has a lar
spin-orbit interaction, characterized by a length scalel so,
which can change the character of the low-temperature
rection to one of ‘‘antilocalization’’ (dr/dT.0). We show
for the first time that 6-nm-diam Bi wires exhibit only wea
localization and only at the lowest temperatures (T,2 K).

Progress in the study of true one-dimensional~1D! quan-
tum wire systems has been slow due to the difficulty of fa
ricating such materials. On the other hand, the quasi-1D c
has been around for 20 years and is well within the realm
microelectronic technology. Mohanty, Jariwala, and Web19

have reviewed many studies of this type. All papers ci
consider thequasi-1DcaselF,W, l w whereW is the wire
width. A more recent case is presented by Khavinet al.20 In
this caselF510 nm andW is 50 nm. Also, a common tech
nique of confining the two-dimensional electron gas is
pattern a gate. Applying a negative voltage to the gate wi
split gate geometry depletes the electron gas beneath i
sults of a narrow conducting channel; the conducting wi
can be tuned down to zero by making the gate voltage m
negative. However, the actual induced potential is not kno
directly, and theoretical studies indicate that it has a sad
shape. In the constriction, electrons are confined in the lat
direction and also retarded by the presence of a pote
barrier in the wire direction.21 As we will show, our experi-
ment presents the~real! 1D case, a network of wires of di
ameterd,lF, l w . In our experiment the confinement
well defined by the wire geometry and the network structu
The physics underlying the two experimental cases sho
not be confused.

The plan of the paper is as follows. In Sec. II we discu
briefly the sample preparation method, sample characte
tion, and other experimental issues. In Sec. III we anal
the experimental results.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The samples are prepared by melting pure Bi~99.9999%!
and injecting it into PVG by applying hydrostatic pressur
of 5 kbars. We have used this technique previously for
and other materials.15 The PVG used has an average po
diameterd of 6 nm. The interconnected network of por
occupies approximately 30% of the total volume. The sh
black samples have approximately 80% of the pore volu
filled with Bi. While the silica backbone structure is comple
and interconnected, one can consider it being made u
silica particles of a characteristic size of 26 nm, and t
structure is unchanged by the injection process.22 X-ray dif-
fraction ~XRD! from the Bi-PVG composite shows that th
Bi retains its rhombohedral~trigonal! structure but with
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shrinkage of its unit cell. For example, the~102! planes in
the hexagonal indexing system, which are separated by 0
nm in bulk Bi, are separated by 0.320 nm in the compos
This corresponds to a lattice linear contraction of appro
mately 2.5%. This is likely a result of the injection proce
since Bi expands on solidification by 3.3%. An estimate
the average Bi crystallite sizeD can be obtained from the
widths of the XRD peaks through Scherrer’s equation.23 A
value D59 nm was determined from the 0.017 FWHM o
the peak corresponding to the~102! planes, comparable to
the PVG average pore diameterd56 nm. A scanning elec-
tron micrograph image of the composite is shown in Fig.
The Bi in the composite was exposed by etching with H
We have observed that these samples are not very stable
that samples larger than a few millimeters crumble wh
subject to stress. Still, we were able to select samples
were robust and therefore suitable for our experiments.

The sample resistance was measured using four term
dc and ac full (f 5100 Hz) techniques. Electrical contact wa
made via brass wires attached with silver epoxy to gold p
deposited in a vacuum evaporator. At 300 K the resistivity
the composite is roughly 21 mV cm, and cooling to 4 K
increases this to 27 mV cm. The ratio of the room-
temperature resistivity of the composite to that of the bulk
r 5rBi-PVG/rbulk5175. A simplified structural model of the
composite is that of a 3D simple-cubic lattice of 6-nm-dia
nanowires where the periodicity of the network lattice iss
;26 nm, roughly the size of the silica particles. A value
r;12 is estimated by considering that Bi occupies 80%
the pore volume and that about1

3 of the metal wires are
oriented along the current flow. For example,r is 20 for
In-filled Vycor at room temperature, where the electron
mean free pathl c!d and surface scattering is not ver
important.15 Therefore,r for Bi-PVG is roughly one order of
magnitude larger than expected from structural consid
ations, indicating that the resistivity is much larger than t
bulk at room temperature~RT!. Accordingly, the RT resis-
tivity, rBi , of Bi in the nanowires is estimated to be 1
mV cm. We will show later that this value is consistent wi
results obtained for thin Bi films.

It is obvious that Bi is subject to large stresses in the po
of PVG and that these might induce a phase change. A

FIG. 1. Scanning electron micrograph of the Bi-PVG compos
Dark areas correspond to silica.
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16 882 PRB 60T. E. HUBER AND M. J. GRAF
drostatic pressure of 20 kbar induces the transition fr
semimetal Bi~I! to the metallic Bi~II !. We can calculate the
stresses present in our samples in the following man
from a linear contraction of 2.5% in the@102# direction and
taking Young’s modulus24 to be 531011dyn/cm2, we find a
stress of 1.33109 dyn/cm2 or 13 kbar. This pressure is insu
ficient to promote the Bi~I!-~II ! transition.25 Also, the effect
of compression in thick~500-nm! Bi films has been investi-
gated and is known that a pressure of 10 kbar increases
film resistivity by roughly 7%. Therefore, we believe th
stresses in our samples are not directly relevant to the
resistivity of Bi in the composite.

III. RESULTS

The temperature-dependent resistivity of Bi-PVG
shown in Fig. 2. The inset displays the resistivity over a w
temperature range, exhibiting a negative temperature co
cient. In comparison, the bulk Bi resistivity obeys aT2 law at
low temperatures and is roughly proportional toT for T
.100 K.26 The expected semiconductor activation ene
can be obtained as follows. The presumed thin film’s g
dependence was found theoretically2 and experimentally4 to
obey roughlyD540 meV@(tc /t)221#. Assuming the behav
ior of a nanowire ofd56 nm to be that of a thin film of the
same thickness we obtainD51 eV. Clearly the Bi wire net-
work fails to display the thermally activated behavior e
pected for an intrinsic semiconductor with such a large b
gap. This can indeed be understood in terms of a surfa
enhanced carrier density. In thin films,3,4 it was found that
p5pi1ps /t wherepi is the effective carrier intrinsic con
centration resulting from band overlap (pi52.531017/cm3

for thick films! andps5331012cm2 is the effective density
per unit film area. At low temperatures (kBT,D) the
majority-carrier concentration becomes temperature indep
dent. For our nanowires, considering the number of surf
states is proportional to the surface area, the effective b
concentration can be estimated to be 531018/cm3. This con-
centration is consistent with our results. FromrBi
5(nqm)21 we obtainm5103 cm3/~sec V!, in good agree-
ment with thin Bi film results fort520 nm. More study is
needed to understand this issue and, in particular, the im
of the surface states on the expected thermoelec
properties.7,8 In order to exhibit the intrinsic regime, the B
samples should have lower net doping levels, which may
obtained by doping or surface modification. Due to the clo
analogy between the phenomena exhibited by Bi films

FIG. 2. The resistivity from 0.3 K to room temperature.
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nanowires with regard to the temperature dependence o
resistivity we expect that the two subjects will develop
close association.

Superimposed on the slowly risingr(T) asT decreases, a
much sharper temperature rise takes place at tempera
below 4 K. This is the main focus of this paper and is sho
in more detail in Fig. 3. The variation is seen to be appro
mately logarithmic although the data are also roughly c
sistent with aT21/2 dependence. This particular temperatu
dependence is indicative of one-dimensional weak local
tion in wires. It is useful to compare the order of magnitu
of our results with those of other workers. Williams an
Giordano27 studied Au wires of 8 nm diameter and foun
that the resistance fractional rise„@R(1.5 K)/R(4 K)#21… is
1.531022 and had aT21/2 temperature dependence. If th
number is multiplied by the factor 64/36 to take into accou
the smaller diameter of our wires, the extrapolated tempe
ture rise is 2.631022, in numerical agreement with our re
sult which is 1.731022. This suggests that our composi
sample closely resembles a network of nearly o
dimensional wires. It is interesting that if a simple-cub
three-dimensional lattice of wires is assumed, the resista
of each 30-nm-long section of 6-nm-diam wire is 9 kV at 4
K. This estimate is consistent with the characteristic quant
resistanceh/(2e2);12.9 kV for which weak localization ef-
fects are expected to be important.16 Alternatively, we can
look at the low temperature anomaly as a manifestation
disorder in a 3D sample. The Yoffe-Regel-Mott criterion28

for localization in 3D indicates that the Drude theory is i
appropriate for samples withr.2 mV lF ~in nm!. Since the
Fermi wavelengthlF can be estimated to be 25 nm for ele
trons and 7 nm for holes, our sample resistivity of 21 mV cm
is clearly problematic.

Williams and Giordano27 and also Whiteet al.29 observed
that their metallic wires exhibit negligible magnetoresistan
~MR!. In contrast, our samples show a sizable one~Fig. 4!. It
should be noted that the MR is positive and that it increa
for decreasing temperatures. The transverse30 MR of the Bi-
PVG is quite different from that of the bulk Bi, which ex
hibits a B2 dependence at low magnetic fields and aB1.6

dependence31 in the high-magnetic-field range. The behavi
shown by Bi-PVG is reminiscent to that of thin Bi film
where the Coulomb anomaly and the weak localizat
anomaly occur simultaneously.4,18

The MR of quasi-1D wires is well studied. Altshuler an
Aronov32 calculated the localization contribution to the ma
netoresistance of wires by treating the magnetic field
a perturbation. This approximation actually improv

FIG. 3. Low temperature resistivity of Bi-injected PVG.
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PRB 60 16 883ELECTRONIC TRANSPORT IN A THREE-DIMENSIONAL . . .
for decreasing wire diameter. Taking spin-orbit effec
into account33 DR(T,H)}3(l / l f

2 1 l / l so
2 1 l / l H

2 )21/22( l / l f
2

1 l / l H
2 )21/2, wherel H is the magnetic field dephasing leng

which is roughly 1.73f0 /H andf052phc/2e. The best fit
of the MR data at 2.3 K is shown in Fig. 4, usingl f
580 nm andl so530 nm. In comparison,l f is 100 nm for
thin Bi films at the same temperature.18 These parameter
satisfy the conditionl so,l f@d, whered is the wire diameter.
However, since our wires are short andl so,l f@s526 nm,
the magnetoresistance may also be modulated by the m
scopic network structure. For example, quantum interfere
in the electronic path around a silica particle should lead
magnetoresistance oscillation with a periodDH
54f0 /(ps2);3 T. The effect of the network in shaping th
magnetoresistance, the relative orientation between wire
magnetic field, as well as the evaluation of the various pha
breaking mechanisms34 is outside the scope of this paper.
should be noted that weak localization effects were not c
sidered in the interpretation of the Bi nanowire magneto
sistance measurements by the previous workers.7–11 Because
these studies were for larger diameter wires at higher t
peratures we can infer that weak localization effects app
in Bi at low temperatures and only for very small diame
wires.

We now discuss some structural considerations. We h
already noted that large Bi-PVG samples are not stable
crumble under severe stress. The cracks fill with bulk Bi. W
have also observed that samples that appear to be whole
undergo small changes from one experimental run to
other. Upon aging of several months the composite re
tance becomes slightly smaller, i.e., the resistance at
changes from 26 to 25.2 mV cm. This decrease is accomp
nied by a shoulder at 2 K in the temperature dependenc
the resistivity. TheI (V) curve is nonlinear near the bump a
indicated by differentR(T) readings under dc and ac excit
tion. In comparison, the low temperature (T;4 K) I 5I (V)
curve of ‘‘new’’ samples is linear up to a current density
0.6 A/cm2. This contrast is consistent with the expectati

FIG. 4. Magnetoresistance of Bi-injected PVG at 0.3 K. T
solid line is a fit to the theory of Ref. 33.
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that the sample is becoming more ‘‘granular,’’ and consi
ing of thinner wires, upon aging. This is expected since s
changes would minimize the surface energy of the comp
ite. We have observed that, upon aging, the magnetore
tance becomes larger. For example,DR/R is 0.05 at 3 T and
0.35 K, while it is 0.02 of the ‘‘new’’ samples. This is con
sistent with weak localization since thinning down of wir
would tend to increase the magnetoresistance.33 It is ob-
served that the room-temperature resistance changes
little in this process, actually decreasing for older samples
a first approximation, the shortened mean free path (l e;d)
in smaller wires is compensated by an increased numbe
majority carriers (n;d21).

Weitzel and Micklitz35 have studied granular system
built of well-defined rhombohedral Bi nanoclusters (d
;4 nm) in a variety of matrices~Ge, O2, H2, and Xe!. They
found that many of these composites exhibit superconduc
ity at low temperatures (Tc;4 K). This behavior contrasts
with the localization behavior of our sample. However, t
onset of superconductivity may be related to the bump
served by us at 2 K in ‘‘aged’’ or granular samples.

IV. SUMMARY

We present results of an experimental study of the te
perature and magnetic-field dependence of the resistivity
network of 6-nm-diam Bi wires whered!lF . The wire di-
ameter is much smaller than the critical diameter for
SMSC transition, estimated to be 30 nm. However, we
not observe the expected thermally-activated behavior t
cal of an intrinsic semiconductor in the temperature ran
investigated. This can be interpreted in terms of surfa
enhanced carriers. Also, we do not observe strong local
tion and the composite is a basically a good conductor. T
observed temperature rise at low temperature and assoc
magnetoresistance are interpreted in terms of weak loca
tion effects due to disorder. The 80-nm dephasing len
scale as inferred from the data is somewhat larger than
network periodicity and the wirelengths and, therefore, the
magnetoresistance could be modulated by the network
soscopic structure. Undoubtedly, further study of lon
straight nanowires will help us to better understand the r
of localization in electronic transport in networks of 1
wires; we are currently undertaking such studies, utilizi
parallel nanochannels insulating host materials.36
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