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Electronic transport in a three-dimensional network of one-dimensional bismuth quantum wires
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The resistanc® of a high-density network of 6-nm-diam Bi wires in porous Vycor glass is studied in order
to observe its expected semiconductor behawadncreases from 300 K down to 0.3 K. Below 4 K, whd®e
varies approximately as In(L), 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
guantum Bi wires[S0163-182@09)03447-5

[. INTRODUCTION alternative view, that the SMSC does not occur because the
boundary condition of vanishing electron wave function is
The latest experimental advances in the preparation o§poiled by disorder, also has proponeéhEsperiments, how-
nanowires have given give rise to both new applications anever, are lacking. Gurtvichand Brandtet al® have shown
fundamental science. One of the most exciting prospects ithat 200-nm-diam Bi wires display metallic behavior down
that of an ideal quantum wire of diametdrless than the to 2 K and exhibit quantum size effects. More recently, Liu,
Fermi wavelength\. Profound changes in the density of Chien, and Searson presented electrical transport measure-
states(DOS) and deep modifications of the transport proper-ments on thick wires d>200 nn#>d.,\¢).° There is re-
ties are expected, as seen, for example, in single-wall carbamewed interest in the electronic properties of quantum wires
nanotubes. Enormous effort has been applied to the study of diameterd where d<Ag, and where\r is the Fermi
carbon nanotubes since their discovery in 1991 with considwavelength equal to 25 nm for electrofsnm for hole$ in
erable successComparatively little attention has been given bulk Bi, because theory indicates that they may have out-
to the semimetal Bi, which has the smallest effective masstanding thermoelectric properti¥st! Recently, Zhang
among all known materials. Due to this property, quantumet al*? reported a reversal of the magnetoresistance tempera-
confinement in Bi can be observed in nanowires of diameteture dependence for Bi wires with 65 nm diameter relative to
larger than those of any other material. Here we present those with 110 nm diameter. The phenomenon is due to the
study of the electronic transport in a network of Bi wires of quantization of the transverse momentum of the carriers
6 nm diameter, much smaller than the bulk electronic Fermivhich results in the SMSC transition. A nanowire of diam-
wavelength\r of 25 nm, and we are able to confirm some eterd<<d, the critical diameter, is a simpler case. However,
theoretical predictions. to our knowledge the electronic transport of a wire cf
The quantum-confinement-driven semimetal-to-semi<<d;,Ag has not been addressed experimentally. One ap-
conductor(SMSQ transition has been studied recently in proach is that of confining Bi in a microporous solid insula-
carbon nanotube&sBulk Bi is also a semimetal whose three tor. In this study we take such an approach and we use po-
conduction-band minima at tHepoints overlap the valence- rous Vycor glassS(PVG) because it is a unique prototype
band maximum at th& point by about 40 meV, and a SMSC monolithic nanoscale porous material. The use of PVG as a
transition has also been predicted for Bi. Sandomitskii confining host has been particularly fruitful, for example, in
pointed out that as a result of the electrons’ zero-point enstudying the properties of superfluid helidfin a restricted
ergy, the band overlap decreases for thin films, and if thegeometry. The characterization of PVG, particularly the sur-
film is thin enough a gap is formed and the semimetal turndace, is intrinsically difficult but the basic network structure
into a semiconductor. The critical thicknegsfor this tran-  is reasonably well known from adsorption isotherm and
sition for Bi is expected to be 30 nm. Despite many transporsmall-anglex-ray scattering studie’$. Many aspects of the
and optical investigations of quantum phenomena in thimetwork structure have been clarified by studying the tem-
films the experimental evidence is not conclusive. The resisperature dependence of the the critical field of In injected in
tivity of these films is weaklyT dependent, unlike a typical PVGZ®
intrinsic semiconductor that exhibits a thermally activated Confinement introduces scattering and it is known that
behavior. This has been interpreted in terms of a very shorlectronic transport in disordered conductors can be ballistic,
effective mean free path~t and a surface-enhanced carrier diffusive or in a localized regime. Relevant lengthscales are
density*® Since the majority-carrier concentration then be-set by the carriers’ elasti and inelastic path lengthy, . In
comes insensitive to the introduction of an energy gap, onelisordered systemk, can exceed. by several orders of
should expect no abrupt changes at the transition point. Themagnitude. The coherent superposition of the scattered elec-
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tron waves causes a weak localization correction to the clas-
sical resistance, which is composed of the Drude and
electron-phonon contributions. Such corrections appear in
many metallic systems of restricted geomefwires and
films) that showdp/dT<<0 at low enough temperatures. The
resistance rise can be expressed®BsR~ A/L, wherel is
the length of a conductor having the characteristic quantum
resistancé/(2e?)=12.9 K). A has been derived in the case
of localization!® where A=1, for H=0, and also for
electron-electron interactidh theories. The application of
these ideas to Bi two-dimensional and three-dimensional
films® is well known. Bi, being a heavier metal, has a large
spin-orbit interaction, characterized by a length sdalg
which can change the character of the low-temperature cor-
rection to one of “antilocalization” §p/dT>0). We show
for the first time that 6-nm-diam Bi wires exhibit only weak  FIG. 1. Scanning electron micrograph of the Bi-PVG composite.
localization and only at the lowest temperaturgs<@ K). Dark areas correspond to silica.

Progress in the study of true one-dimensiofid)) quan-
tum wire systems has been slow due to the difficulty of fab-shrinkage of its unit cell. For example, tti#02 planes in
ricating such materials. On the other hand, the quasi-1D casfie hexagonal indexing system, which are separated by 0.328
has been around for 20 yearS and is well within the realm Oﬁm in bulk B|, are Separated by 0.320 nm in the Composite'
microelectronic technology. Mohanty, Jariwala, and Webb This corresponds to a lattice linear contraction of approxi-

have reviewed many studies of this type. All papers citedyately 2.50%. This is likely a result of the injection process

consider theguasi-1Dcasexp<W<I, whereWis the wire  gince Bj expands on solidification by 3.3%. An estimate for

; ; ;120
width. A more recent case is presented by Khaatiml™ In o average Bi crystallite sizB can be obtained from the

this casek=10nm andWis 50 nm. Also, a common tech- g of the XRD peaks through Scherrer's equaffoA

nique of confining the two-dimensional electron gas is tovalueD=9 nm was determined from the 0.017 FWHM of

pattern a gate. Applying a negative voltage to the gate with ?; .
) . Ihe peak corresponding to th&02 planes, comparable to
split gate geometry depletes the electron gas beneath it r e PVG average pore diameiée6 nm. A scanning elec-

sults of a narrow conducting channel; the conducting width . ) o T
can be tuned down to zero by making the gate voltage moriO" micrograph image of the composite is shown in Fig. 1.
negative. However, the actual induced potential is not knowr] N€ Bi in the composite was exposed by etching with HF.
directly, and theoretical studies indicate that it has a saddi¥/e have observed that these samples are not very stable and
shape. In the constriction, electrons are confined in the laterdfat samples larger than a few millimeters crumble when
direction and also retarded by the presence of a potentiﬁubject to stress. St|”, we were able to select SampIeS that
barrier in the wire directio”* As we will show, our experi- were robust and therefore suitable for our experiments.
ment presents th@eal) 1D case, a network of wires of di- The sample resistance was measured using four terminal
ameterd<\g<I,. In our experiment the confinement is dc and ac full =100 Hz) techniques. Electrical contact was
well defined by the wire geometry and the network structuremade via brass wires attached with silver epoxy to gold pads
The physics underlying the two experimental cases shouldeposited in a vacuum evaporator. At 300 K the resistivity of
not be confused. the composite is roughly 21 éhcm, and cooling to 4 K
The plan of the paper is as follows. In Sec. Il we discussncreases this to 27 fhcm. The ratio of the room-
briefly the sample preparation method, sample characterizaemperature resistivity of the composite to that of the bulk is
tion, and other experimental issues. In Sec. Il we analyzg = p,. o\ /ppu=175. A simplified structural model of the
the experimental results. composite is that of a 3D simple-cubic lattice of 6-nm-diam
nanowires where the periodicity of the network latticesis
~26 nm, roughly the size of the silica particles. A value of
r~12 is estimated by considering that Bi occupies 80% of
The samples are prepared by melting puréd.9999%  the pore volume and that abogtof the metal wires are
and injecting it into PVG by applying hydrostatic pressuresoriented along the current flow. For examptejs 20 for
of 5 kbars. We have used this technique previously for Inin-filled Vycor at room temperature, where the electronic
and other materials. The PVG used has an average poremean free path.<d and surface scattering is not very
diameterd of 6 nm. The interconnected network of poresimportant®® Thereforey for Bi-PVG is roughly one order of
occupies approximately 30% of the total volume. The shinymagnitude larger than expected from structural consider-
black samples have approximately 80% of the pore volumetions, indicating that the resistivity is much larger than the
filled with Bi. While the silica backbone structure is complex bulk at room temperaturéRT). Accordingly, the RT resis-
and interconnected, one can consider it being made up divity, pgi, of Bi in the nanowires is estimated to be 1.8
silica particles of a characteristic size of 26 nm, and thismQ cm. We will show later that this value is consistent with
structure is unchanged by the injection proc&sX:ray dif- results obtained for thin Bi films.
fraction (XRD) from the Bi-PVG composite shows that the Itis obvious that Bi is subject to large stresses in the pores
Bi retains its rhombohedraltrigona) structure but with of PVG and that these might induce a phase change. A hy-

Il. SAMPLE PREPARATION AND CHARACTERIZATION
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Temperature (K) FIG. 3. Low temperature resistivity of Bi-injected PVG.

FIG. 2. The resistivity from 0.3 K to room temperature.

nanowires with regard to the temperature dependence of the
drostatic pressure of 20 kbar induces the transition fronresistivity we expect that the two subjects will develop in
semimetal Bil) to the metallic B{ll). We can calculate the close association.
stresses present in our samples in the following manner: Superimposed on the slowly risind T) asT decreases, a
from a linear contraction of 2.5% in tH402] direction and much sharper temperature rise takes place at temperatures
taking Young’s modulu® to be 5< 10**dyn/cn?, we find a  below 4 K. This is the main focus of this paper and is shown
stress of 1.% 10° dyn/cn? or 13 kbar. This pressure is insuf- in more detail in Fig. 3. The variation is seen to be approxi-
ficient to promote the Bi)-(I1) transition?® Also, the effect mately logarithmic although the data are also roughly con-
of compression in thick500-nm) Bi films has been investi- sistent with aT~ 2 dependence. This particular temperature
gated and is known that a pressure of 10 kbar increases tlteependence is indicative of one-dimensional weak localiza-
film resistivity by roughly 7%. Therefore, we believe the tion in wires. It is useful to compare the order of magnitude
stresses in our samples are not directly relevant to the higbf our results with those of other workers. Williams and

resistivity of Bi in the composite. Giordand” studied Au wires of 8 nm diameter and found
that the resistance fractional rigeR(1.5K)/R(4 K)]—1) is
. RESULTS 1.5x10 2 and had ar Y2 temperature dependence. If this

number is multiplied by the factor 64/36 to take into account

The temperature-dependent resistivity of Bi-PVG isthe smaller diameter of our wires, the extrapolated tempera-
shown in Fig. 2. The inset displays the resistivity over a widetyre rise is 2.6 102, in numerical agreement with our re-
temperature range, exhibiting a negative temperature coeffsult which is 1.% 10 2. This suggests that our composite
cient. In comparison, the bulk Bi resistivity obey3 alaw at sample closely resembles a network of nearly one-
low temperatures and is roughly proportional Tofor T dimensional wires. It is interesting that if a simple-cubic
>100K.*® The expected semiconductor activation energythree-dimensional lattice of wires is assumed, the resistance
can be obtained as follows. The presumed thin film's gamwf each 30-nm-long section of 6-nm-diam wire is Q kat 4
dependence was found theoreticaland experimentalfyto K. This estimate is consistent with the characteristic quantum
obey roughlyA =40 meV (t./t)?—1]. Assuming the behav- resistancér/(2e?)~12.9 k) for which weak localization ef-
ior of a nanowire ofd=6 nm to be that of a thin film of the fects are expected to be importaftAlternatively, we can
same thickness we obtaih=1 eV. Clearly the Bi wire net- ook at the low temperature anomaly as a manifestation of
work fails to display the thermally activated behavior ex-disorder in a 3D sample. The Yoffe-Regel-Mott critefidn
pected for an intrinsic semiconductor with such a large bandor localization in 3D indicates that the Drude theory is in-
gap. This can indeed be understood in terms of a surfacexppropriate for samples wii>2 mQ \¢ (in nm). Since the
enhanced carrier density. In thin filf¥4,it was found that Eermi wavelength\ ¢ can be estimated to be 25 nm for elec-
p=p;+ps/t wherep; is the effective carrier intrinsic con- trons and 7 nm for holes, our sample resistivity of 20 om
centration resulting from band overlap;&2.5<10'/cm® s clearly problematic.
for thick films) and ps=3x 10*?cn? is the effective density Williams and Giordan®/ and also Whiteet al?° observed
per unit film area. At low temperatureskdT<<A) the that their metallic wires exhibit negligible magnetoresistance
majority-carrier concentration becomes temperature indeperfMR). In contrast, our samples show a sizable (Fig. 4). It
dent. For our nanowires, considering the number of surfacehould be noted that the MR is positive and that it increases
states is proportional to the surface area, the effective bulkor decreasing temperatures. The transvEiER of the Bi-
concentration can be estimated to be B0'%cm?®. This con-  PVG is quite different from that of the bulk Bi, which ex-
centration is consistent with our results. Fromyg; hibits a B2 dependence at low magnetic fields and®®
=(ngu) ! we obtainu=10°cm’/(secV), in good agree- dependenct in the high-magnetic-field range. The behavior
ment with thin Bi film results fort=20nm. More study is shown by Bi-PVG is reminiscent to that of thin Bi films
needed to understand this issue and, in particular, the impauathere the Coulomb anomaly and the weak localization
of the surface states on the expected thermoelectrianomaly occur simultaneousiy?®
properties-® In order to exhibit the intrinsic regime, the Bi The MR of quasi-1D wires is well studied. Altshuler and
samples should have lower net doping levels, which may béronov*? calculated the localization contribution to the mag-
obtained by doping or surface modification. Due to the closenetoresistance of wires by treating the magnetic field as
analogy between the phenomena exhibited by Bi films and perturbation. This approximation actually improves
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that the sample is becoming more “granular,” and consist-
ing of thinner wires, upon aging. This is expected since such
changes would minimize the surface energy of the compos-
ite. We have observed that, upon aging, the magnetoresis-
tance becomes larger. For exam@d?/R is 0.05 43 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 wires
would tend to increase the magnetoresistafick.is ob-
served that the room-temperature resistance changes very
little in this process, actually decreasing for older samples. In
a first approximation, the shortened mean free path-@)

FIG. 4. Magnetoresistance of Bi-injected PVG at 0.3 K. Thein smaller wires is compensated by an increased number of
solid line is a fit to the theory of Ref. 33. majority carriers a~d~%).

Weitzel and Micklit?® have studied granular systems
for decreasing wire diameter. Taking spin-orbit effectsbuilt of well-defined rhombohedral Bi nanoclustersl (
into_accourt® AR(T,H)=3(I/15+1/12+1/12)"¥2=(1/13  ~4nm) in a variety of matriceéGe, O, Hp, and Xe. They
+ |/|§|)*1/2, wherel, is the magnetic field dephasing length found that many of these composites exhibit superconductiv-
which is roughly 1.73,/H and ¢,=2whc/2e. The best fit ity at low temperaturesT.~4 K). This behavior contrasts
of the MR data at 2.3 K is shown in Fig. 4, usirg with the localization behavior of our sample. However, the
=80nm andlg,=30nm. In comparisonl,, is 100 nm for onset of superconductivity may be related to the bump ob-
thin Bi films at the same temperatufeThese parameters Served by usta2 K in “aged” or granular samples.
satisfy the conditiort,,| ,>d, whered is the wire diameter.

However, since our wires are short ahg,l ,>s=26nm, IV. SUMMARY
the magnetoresistance may also be modulated by the meso-
scopic network structure. For example, quantum interferencg

in the electronic path around a silica particle should lead to etwork of 6-nm-diam Bi wires wherd<\r. The wire di-

magnetoreglstance oscillation ~with ~a  periodH —,meter is much smaller than the critical diameter for the
=4¢o/(ms")~3 T. The effect of the network in shaping the gy15- transition, estimated to be 30 nm. However, we do
magnetoresistance, the relative orientation between wire arWot observe the expected thermally-activated behavior typi-

magn_etic field, as_well_as the_evaluation of the va_\rious phasec-al of an intrinsic semiconductor in the temperature range
breaking mechanisrisis outS|de.the. scope of this paper. It investigated. This can be interpreted in terms of surface-
should be noted that weak localization effects were not cong, v~ ~od carriers. Also, we do not observe strong localiza-

s!dtered in the mterprettatt:onthof the E" nanov{lr;ej Magnetoresinn and the composite is a basically a good conductor. The
sistance measurements by the previous wor ecause - spserved temperature rise at low temperature and associated

these studies were for larger diameter wires at higher ter"]iwagnetoresistance are interpreted in terms of weak localiza-

peratures we can infer that weak localization effects appegf, " effects due to disorder. The 80-nm dephasing length
in Bi at low temperatures and only for very small diameter

: scale as inferred from the data is somewhat larger than the
WIres. network periodicity and the wirelengthand, therefore, the

We now discuss some §tructura| considerations. We hay, agnetoresistance could be modulated by the network me-
already noted that large Bi-PVG samples are not stable angoscopic structure. Undoubtedly, further study of long,

crumble under severe stress. The cracks fill with bulk Bi. We raight nanowires will help us to better understand the role
have also observed that samples that appear to be whole w, localization in electronic transport in networks of 1D

undergo small changes from one experimental run to Myires; we are currently undertaking such studies, utilizing

other. Upon aging of several months the composite res'slgarallel nanochannels insulating host materi@ls.
tance becomes slightly smaller, i.e., the resistance at 4

changes from 26 to 25.2 thcm. This decrease is accompa-
nied by a shoulder at 2 K in the temperature dependence of
the resistivity. Thd (V) curve is nonlinear near the bump as  The work of T. E. H. was supported by the Army Re-
indicated by differenR(T) readings under dc and ac excita- search Office through Grant No. DAA H04-95-1-0117 and
tion. In comparison, the low temperaturé{4 K) I=1(V) by the National Science Foundation through Grant No.
curve of “new” samples is linear up to a current density of DMR-9632819. M. J. G. is supported in part through Re-
0.6 Alcnt. This contrast is consistent with the expectationsearch Corporation Grant No. RA0246.

100AR/R

B(Tesla)

We present results of an experimental study of the tem-
erature and magnetic-field dependence of the resistivity of a
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