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Finite-size effects in bismuth nanowires
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Arrays of semimetallic Bi nanowires, fabricated by electrodeposition, exhibit strong finite-size effects in
transport properties as the carrier mean-free path is limited by the wire dimensions. We have observed a
resistivity enhancement, a very large positive magnetoresistance, and a resistance maximum that depends on
the strength and orientation of the magnetic field and the nanowire diameter. These results demonstrate
electrodeposited Bi nanowires as a new medium for studying the intricate physics in Bi nanostructures.
[S0163-182698)52246-1

Magnetic nanostructures, such as multilayéesy., Co/ to fabricate micron and submicron-size Bi wif€s’ The
Cu) (Refs. 1-3 and granular solid¢e.g., Co-Ag (Refs. 4  electrodeposited Bi nanowires we fabricated offer a new me-
and 5 with metallic constituents, have attracted a great deatlium for studying the intricate physics as well as applica-
of attention, due to the realization of new phenomena such asons in Bi nanostructures.
negative giant magnetoresistan¢&MR) and interlayer The Bi nanowires were electrodeposited into nanometer-
coupling® The effect size of GMR in magnetic nanostruc- size cylindrical pores in polycarbonate membratfeShey
tures is generally on the order of a few to a few tens ofare typically 10um in length, arranged in a parallel manner.
percent, except in nearly perfect superlattices which showbetailed electrodeposition conditions of the Bi nanowires
the largest GMR effect of about 150% at 4.2 Ko date, the have been published elsewhérén this work, nanowires
constituent materials in the overwhelming majority of mag-with diameter of 2um, 1 um, 400 nm, and 200 nm were
netic nanostructures include transition metals, alloys, andabricated, with a corresponding wire density ok 20°,
noble metal elements. 2x10°, 1x10°, and 3x 10° wires/mn¥, respectively. Struc-

Recently, we have successfully fabricated arrays of semitural characterizations by x-ray diffraction, TEM and elec-
metallic Bi nanowires by electrodepositibrin a new at- tron diffraction confirmed a polycrystalline rhombohedral
tempt to explore nanostructured semimetals. Semimetallistructure. Typical Bi grains in the wires are elongated in
bismuth (Bi) is a material that exhibits interesting magne-shape, with the width comparable to, and the length up to
toresistance(MR) characteristics and finite-size effects. 2-4 times, the wire diameter.
Pure bulk Bi is known to exhibit a large positive MR with a  For transport measurements, two Au strip layers were pat-
prescribed field dependence. The electronic properties of Berned on the top and bottom surfaces of the membrane in
are fundamentally different from those of common metalsorder to make electrical contact to a smaller number of Bi
due to the complex and highly anisotropic Fermi surfacenanowires® A quasi-four-probe geometry was achieved by
The elongated pockets of holes and electrons with small efattaching a voltage lead and a current lead to each Au strip
fective masses lead to a large Fermi wavelength of about 40@yer. The measured resistance is the sum of the Bi nanowire
A, as opposed to a few A in most metafsThe carrier mean- resistance and the contact resistance, the latter of which is
free path in Bi can be as much as a millimeter at 4.2 K,negligible due to the much larger area in the current path.
several orders of magnitude larger than those for mosThis method allows us to estimate the resistance of a single
metals!! Due to the unusual electronic structure, Bi has beerBi wire from a group of wires connected in parallel.
used to study both classical and quantum finite-size effects, Assuming all the Bi wires in the selected area contribute
for which the characteristic lengths are the carrier mean-freequally to the total resistance, then the resistance of a single
path and Fermi wavelength, respectively. The pursuit oBi nanowire is rather large. For the case of 400-nm wires, the
guantum size effects, initiated by the observation of resistiviesistance per wire is over 10@D in the temperature range
ity oscillations in Bi thin films as the thickness is varf¥d, of 5-300 K. This is much larger than the value of about
has continued to attract attention since the 198037°  100-2000) expected using the resistivity of 1382 cm for
Most of these studies involve Bi thin films, for which film bulk Bi at 300 K, or the value of 20@.Q) cm for electrode-
thickness is a convenient variable. posited 1um-thick polycrystalline Bi film at 300 K. Electron

To date, the fabrication of high quality Bi thin films has microscopy shows that the vast majority of the nanowires
been limited to molecular beam epitaxy. Other traditionalhave protruded above the membrane surface and are ex-
deposition techniques, such as sputtering, have been unsyzected to make electrical contact with the Au layer. There-
cessful in preserving the intrinsic Bi properties in thin films, fore there is an enhancement of 5—10 times in the resistivity
such as the large MR effect, due to the inferior film quality.due to the nanowire geometry. Previously, similarly large
There have also been early studies using the Taylor processsistivity enhancement has also been reported in multilay-
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_ FIG. 2. Temperature dependence of resistafmemalized to
FIG. 1. Temperature dependence(af resistance anth) mag-  the value at 5 Kof the 400-nm Bi wires showing resistance maxi-

netoresistance of the 400-nm Bi nanowires, with and without anum atT,,,, for various values ofa) transverse an¢b) longitudi-
magnetic field of 50 kOe applied perpendicular and parallel to theyal magnetic field.

wires.
nature of the material, and the smaller wire diameter in com-

ered Co/Cu nanowires. Since the mean-free paths of Co parison with the mean-free path, the TCR is generally nega-
and Cu are much smaller than the wire dimensions, the adive.
ditional resistance is due mainly to scattering at the numer- Upon the application of a magnetic fiet] the resistance
ous Co/Cu interfaces, and, to a lesser extent, boundary scaxf the Bi wires increases for both field paral{@ngitudina)
tering at the wire surface. In the present case of Bi wiresand perpendiculatransversgto the wires, as shown in Fig.
scattering at the wire surface and particularly grain boundi(a) for H=50 kOe. It is noted that the transverse MR in Bi
aries is expected to be strong since the wire dimensions amanowire is always larger than the longitudinal MR. Further-
much less than the bulk Bi mean-free path, which couldmore, the temperature dependence of the resistance shows a
reach mm scale at low temperatures. Therefore, the enhanceraximum atT ., at about 40 K. The resistance maximum
ment of resistivity in Bi nanowires can be ascribed to clas-under a magnetic field observed in Bi wires resembles the
sical finite-size effects, as the mean-free path is effectivelyesistance maximum in zero magnetic field in very thin
limited by the wire diameter. Further evidence of strongsingle crystal-like Bi films(<60 nm.1%*3n those previous
finite-size effect will be illustrated later. studies, the value of 5 was found to shift to higher tem-

We next describe the temperature and field dependence pkratures as the film thickness was reduced. In the Bi nano-
the transport properties. The temperature dependence of théres, such a maximum does not occur until a sufficiently
resistance of 400-nm Bi nanowires is shown in Figg)lin large magnetic field is applied. The temperature dependence
zero magnetic field, the resistance increases gradually withf the MR effect size is shown in Fig.(d). Because the
decreasing temperature. The ratio of resistarice K and  resistanceR(0) at H=0 is weakly temperature dependent,
293 K, R(5 K)/R(293 K), is about 1.5. This negative tem- the temperature dependence of the MR is essentially that of
perature coefficienfTCR) is observed in all the Bi nanowire the resistance in the fielB(H), also exhibiting a maximum
samples with different diameters. The TCR of Bi is deter-at low temperatures. In the case of 400-nm wires, the trans-
mined by the relative contributions due to the carrier con-verse and longitudinal MR are about 70% and 40% at room
centration and mobility, which have opposite temperaturéemperature, respectively, increasing to about 300% and
dependence. With increasing temperatures, the carrier conb0% at around 40 K.
centration increases, whereas the carrier mobility decreases, We have further examined the resistance maximum at low
leading to respectively a negative and a positive TCR. Wheemperatures. Figure 2 shows the development of such a re-
the temperature dependence of the carrier mobility is supsistance maximum in transverse and longitudinal magnetic
pressed by structural imperfections or finite-size effects, thafields for the 400-nm wires. To illustrate this effect more
of the carrier concentration dominates the TCR. In theclearly, the resistance has been normalized to the value at 5
present case of Bi nanowires, because of the polycrystalling. In the transverse geometf¥ig. 2(a)], the maximum is
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FIG. 4. Representative magnetic field dependende@)ahagne-
FIG. 3. The dependence of resistance maxiniijg, on mag-  toresistance anth) d(MR)/dH for 400-nm Bi nanowires, with the
netic field for various wire diameters, where solid and open sym-deviation fieldH, indicated.
bols stand for transvers@ ) and longitudinal(ll) field geometry,

respectively. effect, which is the curving of the electron trajectory by a

not appreciable until the applied field is above 20 kOe, bemagnetic field. The characteristic quantityagr, inversely
yond whichT,,. is shifted to higher temperatures. A similar Proportional to the carrier density, whesg is the cyclotron
trend is observed in the longitudinal geomeffig. 2(b)],  frequency and is the relaxation timé.The ordinary MR in
except that the threshold of the applied field is larger, aboufnost metals is usually very small, less than a few percent,
30 kOe, in order to induce a maximum. The maximum in theowing to the very small values ab.7. However, in semi-
transverse geometry always occurs at a higher temperatureetallic Bi, due to the very low carrier concentration, several
than that in the longitudinal case. The value Bf,, also  orders of magnitude smaller than those in most metals, the
depends on the wire diameter. When the same magnetic fieRharacteristic termw.r is much larger, leading to a large

is applied in the same geometry, the valueTgf,, increases  POsitive magnetoresistance. The fact that Bi is a compen-
with decreasing wire diameter. The dependencd gf, on  sated metal also enhances the MR because the Hall field
field strength, field orientation, and wire diameter is summa<cannot be set up to completely balance out the Lorentz force
rized in Fig. 3. as in common metals.

In very thin Bi films, the appearance @f,,, was attrib- The magnetic field dependence of the MR is represented
uted to the rapid increase of mobility at low temperatures, dn Fig. 4 for the 400-nm wires. At all temperatures, the MR
mechanism originated from the quantum size effécthe is nonhysteretic, quadratic at low fields, and becomes linear
size quantization decreases the number of available stated! higher fields. The solution of the Boltzmann equation
therefore restricts the electron-phonon scattering. Further€adily gives aH? dependence of MR for small fields. At
more, at very low temperatures, there are no phonons cdugher fields, deviation from thel2 dependence occurs at a
pable of transferring electrons between the size-quantizegertain field valueHp, defined as the deviation field. The
sub-bands. The suppression of electron-phonon scattering dfcation ofHp can be demonstrated in the derivative of MR,
fectively increased the mobility. In the present Bi nanowires,as shown in Fig. 4, where th#® dependence of the MR at
the size quantization may have come into play as the small=Hp<H<Hp and theH dependence gH|>H are evi-
est wire diameter is already comparable to the Fermi wavedent. It is more insightful to examine the deviation from the
length. It was estimated that for 200-nm Bi wires, the quan+H? dependence in terms of the intrinsic quantityr, which
tum size effect should take place <30-40K!’ This dictates the field dependence of MR. This term can also be
effect results in the dependenceTof,, on the wire diameter. expressed agH/c~IH, wherep is the carrier mobility and
The fact that no resistance maximum is observed in zerd is the carrier mean-free path. When deviation occurs, the
magnetic field, as in the case of thin single crystallike Bivalue ofHp may vary from one Bi sample to another. How-
films,1>is due to the polycrystalline nature of the nanow- ever, the intrinsic quantity.Hp /c~IHp is the same for all
ires. Application of a strong magnetic field can introduceBi samples, and thus serves as a reference point to gauge the
magnetic quantization. The phonon scattering processes agarrier mobility or mean-free path in various Bi sample$?
also impeded in the similar fashion by magnetic quantization We have determined the valueldf, at different tempera-
at low temperature$,especially in strong magnetic fields tures for various nanowires, as shown in Fig. 5. In the
where the energy difference in adjacent magnetically quard00-nm wiresHp is 11 kOe at 300 K, and decreases to 9
tized sub-bands becomes larger. The resultant increase kPe at 200 K and 5 kOe at 40 K. The reductiontbf, at
mobility at low temperatures gives rise to the resistancdower temperature corresponds to an increasing carrier mean-
maximum. The dependence @f,,, on field orientation is free path and mobility. Sinckly only decreases by a factor
essentially a geometrical effect of the Lorentz force, wherof 2.2 from 300-40 K, the carrier mobility increases by the
the magnetic field is applied parallel and perpendicular to theame factor. This is consistent with the suppression of the
current. temperature dependence of the mobility discussed earlier. At

The positive MR of Bi originates from the ordinary MR the same temperature, narrower wires show a larer or
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25 e T T T indicate a reduction of mean-free path by over three orders of
[ —5—200nm magnitude, to less thanAm, on the same scale as that of the
20 f —*—400nm ] nanowire diameter. As a crude estimate, relating a mean-free
o 1pum path of 1 mm to a deviation field of 4 Oe as in bulk Bi, one
2 15F m 2um . obtains a reduced mean-free path of 200 nm for the 200-nm
g wires, 360 nm for the 400-nm wires, 550 nm for theud
£ 10 F 3 wires, and 670 nm for the g2m wires. This estimate agrees
[ . very well with the simple argument made earlier of restrict-
5L n ] ing the mean-free path to the nanowire diameter. It gives
further credence to the conclusion that the enhanced resistiv-
0 [ . L . T ity in Bi nanowires is indeed due to the finite-size effects.
0 100 200 300 In summary, we have demonstrated that electrodeposited

T (K)

FIG. 5. Temperature dependence of the deviation figjdfor
various wire diameters.

Bi nanowires provide a means for studying quasi-one-
dimensional Bi nanostructures. Because of the unusual elec-
tronic properties of the semimetallic Bi and the nanowire
geometry, we have observed strong finite-size effects in the
transport properties, such as the resistivity enhancement, the
resistance maximum, and the specific field dependence of the

smaller mean-free path and mobility. For example, at 300 Kpyir - | arge positive magnetoresistance, 300% at low tem-
Hp is 20 kOe in 200-nm wires, 11 kOe in 400-nm wires, 7.3 peratures and 70% at room temperature, have also been ob-

kOe in 1.um wires, and 6 kOe in 2sm wires. In compari-

served. The one-dimensional nanostructures of semimetals

son, in bulk Bi single crystals, deviation from the quadraticspow promise of a medium for fruitful explorations of inter-
field dependence occurs at a very small field of only 4 Oe aésting phenomena and technological applications.
4.2 K, relating to a very long mean-free path of about a

millimeter?® In our Bi nanowiresHp is several thousand
Oe, even at very low temperatures. The large valueld of
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