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Abstract
The thermoelectric power and electrical resistance of pure bismuth nanowires
have been measured in longitudinal magnetic fields up to B = 20 T at

temperatures between 4.2 and 26 K. At B = 0, the 200 nm samples exhibit large
values of thermopower (about +110 1V K~! at 25 K), which are dominated by
diffusion with no phonon drag being evident. Both the magnetoresistance and
magnetothermopower show well-pronounced features generated by the diffuse
surface scattering of hole carriers. In particular, the magnetothermopower
offers the possibility of identifying the characteristic magnetic field, where the
diameter of the hole Larmor orbit equals the wire diameter, as an extremum, in
distinction from the magnetoresistance data, where the corresponding feature
manifests as an inflection point. The frequencies of Shubnikov—de Haas
oscillations were found to be consistent with the Fermi-surface parameters of
bulk Bi. The contribution of holes to the charge transport in pure Bi nanowires
is more significant than generally thought.

1. Introduction

Interest in the physical properties of bismuth nanowires has grown considerably in recent
years, mainly due to their technological promise as very efficient thermoelectric elements in
solid-state cooling devices. Theoretical calculations predict that Bi nanowires should have
an enlarged thermoelectric figure-of-merit, which comes as a result of the enhancement in
the thermoelectric power (TEP), S, due to an increase of the electronic density of states
and the lowering of the thermal conductivity due to predominant phonon scattering at the
boundaries [1]. To date, however, there is no reliable experimental evidence showing an
improved thermoelectric efficiency in low-dimensional Bi structures.

Most previous experiments on micron and submicron Bi wires have been focused
on measuring the electrical resistance, R, as a function of temperature, 7, and magnetic
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field, B [2-5]. By analogy with bulk Bi, the partial conductivity of holes was generally
assumed to be small and, therefore, the classical size effects in the resistivity were unequivocally
associated with the diffusive scattering of electrons at the wire boundaries. Comparatively little
attention has been given to the study of the thermopower in Bi nanowires. To our knowledge,
the first thermopower measurements on single glass-coated Bi wires were performed by Bodiul
etal [6]at80K < T <300Kand B =0. At T ~ 80 K, the TEP was found to be positive
for wires with diameter d < 800 nm and negative for thicker samples. The change of the
TEP sign was explained as being caused by a phonon drag mechanism in a wire with the size-
induced quantized energy spectrum. The experimental results of [7] are similar and show that
the nanowires with d = 500, 300 and 100 nm have increasing thermopower values of about
+10,+30 and +40 uV K~ at T ~ 79 K. By changing the band structure upon application
of tensile strains, the TEP of these wires changes sign to negative and reaches values from
—45 to about —85 .V K~'. On the other hand, the TEP of 65 and 40 nm Bi/Al,O3 nanowire
arrays is negative from room to liquid-helium temperatures with values between —20 and
—25 VK=l at T ~ 80 K [8]. In a pure crystal of semimetal bismuth, the density of
electrons N, is naturally equal to the density of holes NV,. Analyses of the Shubnikov—de Haas
(SdH) effect [9], however, have shown that the 200 nm Bi nanowires embedded in porous
anodic alumina are distinctly n-type with N./N, =~ 3 due to the presence of uncontrolled
donor impurities. For these nanowires, the TEP was found to be positive below 30 K with
a maximum of +5 ©V K~! around 10 K and negative above 30 K. Both the low-temperature
TEP of Bi whiskers with d =~ 1 um [10], which is of the order of a few uV K~!, and the
giant Seebeck effect observed in 9—15 nm Bi nanocomposites [11] have a strange feature: the
sign of § varies from sample to sample. These facts would imply that besides classical and/or
quantum size effects, other factors such as structural defects, impurity- and/or strain-induced
alteration of the energy spectrum must also be considered for the understanding of various
anomalies found in the transport properties of small diameter Bi wires.

In this work, we have studied the magnetic-field dependence of the thermopower and
resistance of glass-coated Bi wires with d = 200 nm at temperatures below 26 K. These
nanowires have anomalously large values of the thermopower (~+ 100 1V K~!) and relatively
high effective resistivities (p ~ 100 w2 cm), but their frequencies of SdH oscillations remain
those of bulk Bi. The TEP stays positive in longitudinal magnetic fields up to 20 T, where
the surface scattering of charge carriers is negligible. Our analysis shows that the anomalous
thermopower has a diffusion origin and is a consequence of the microstructure rather than the
result of the strong scattering of electrons by the wire walls. The intensities of field at which
the size-effect features appear on the magnetothermopower and magnetoresistance curves are
essentially the same and correspond to a value at which the diameter of the hole cyclotron orbit
equals d. The contribution of the phonon-drag effect was observed in a wire withd = 1.1 um
and p < 10 u2 cm. The hole carriers play a more important role in determining the low-
temperature transport properties of pure Bi nanowires than for their bulk counterparts.

2. Experimental results

Long Pyrex-coated Bi wires were fabricated using the same improved variant of the Taylor
method as in [4—7]. This method, which is presently known as the glass-coated melt spinning
method [12], consists in the melting of a metal in a glass tube by rf induction heating
and drawing a glass capillary in which the molten metal is entrapped. We prepared two
high-resistivity wire (HRW) samples with a nominal diameter of 200 £ 50 nm. The first
sample (HRW-1) has a length between the ends of L = 4.0 mm and a residual resistance
ratio RRR = R(0, 300 K)/R(0,4.2 K) = 4.1. For this sample, the measurements were
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Figure 1. Resistance of the 200 nm nanowire sample
HRW-1 as a function of longitudinal magnetic field at a
fixed dc current of 0.1 pA and different temperatures.
The vertical arrows denote the maxima points, and the
vertical dashed line connects the inflection points. The
inset shows the magnitude of the AR(B,T)/R(0,T)
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Figure 2. Thermopower of the 200 nm nanowire sample
HRW-1 as a function of longitudinal magnetic field at
various temperatures. The vertical dashed lines point
to the thermopower maxima positions. The inset shows
the B-dependence of the S(3.6 T, T)/S(B, T) ratio at
T =8.7,16.2,and 25.6 K.

ratio for B = 12 T at various values of temperature.

performed using a variable-temperature insert and a 20 T Bitter magnet at the High Magnetic
Field Laboratory in Grenoble. For the second sample (HRW-2) with L = 2.9 mm and
RRR = 2.5, the measurements were performed in the vicinity of liquid-helium temperature
in a superconducting magnet up to 17 T at the NHMFL, Tallahassee. The cylindrical core of
both samples has grown in a crystalline direction that makes an angle of about 19° with the C,
axis in the bisector-trigonal plane C; C3 and so the binary axis C; is at right angles to the long
wire axis. This orientation is the same as that observed in single Bi nanowires by Bodiul ez al
[6]. For comparison, we also studied a low-resistivity wire (LRW) sample with d = 1.1 pum,
L = 3.2 mm and RRR = 30. This RRR value is probably the largest among the Bi wires with
d < 2 pm on which the transport measurements were ever performed and is comparable with
the residual resistance ratios for some bulk Bi crystals, which were used for thermoelectric
measurements [13]. For the LRW sample, the long axis was located in the C|C; plane at an
angle of about 12° with the C; axis [14]. The wire ends were wetted with liquid In—Ga eutectic
and then accurately soldered with Wood’s alloy to the two well-separated copper strips, which
connect the sample to the current and voltage leads. Low dc currents (0.1 pA < I < 1 nA)
were used to make sure that the voltage on the sample was a linear function of the applied
current at any B. The thermopower was measured by a steady-state technique using a RuO,
heater and two miniature RuO, thermometers. To have a reasonable signal-to-noise ratio, we
were compelled to apply a relatively large temperature difference, 0.4 K < AT < 0.8 K. The
magnetic-field-dependences of the TEP (B | VT) and electrical resistance (B | I) were
taken in separate runs within the same heating procedure.

The magnetoresistance and magnetothermopower data for sample HRW-1 are
demonstrated in figures 1 and 2, respectively. Our MR results are qualitatively consistent
with previous reports [3—-5, 14—16]. At a certain field value, B = By,, the resistance reaches its
maximum magnitude; in still higher fields R drops rapidly and then tends to saturation. As is
shown in figure 1, the position of the resistance maximum shifts with temperature from By, =
0.34Tat4.2Kto By, = 1.56 Tat25.4 K. The T-dependence of By, is remarkably similar to that
reported previously for Bi wires with d = 3—4 um [14]. For the sample HRW-2, which has a
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Figure 3. Longitudinal magnetoresistance and magnetothermopower of the 200 nm nanowire
sample HRW-2 at T = 4.2 and 6.0 K, respectively, as a function of magnetic field. The bottom
curve with an unspecified ordinate shows the negative derivative of the resistance with respect to
B. The vertical dashed line indicates the magnetic field at which the cyclotron hole orbit equals
the wire diameter.

lower value of RRR, By,(4.2 K) = 0.48 T (figure 3). The emergence of the MR maximum can
be associated with the manifestation of the classical size effect, when! > d, where [ is the mean
free path of charge carriers due to bulk scattering processes [17]. The decreasing resistance
at B > By, is attributed to the suppression of the wire boundary scattering due to the focusing
action of a longitudinal magnetic field. Consequently, the resistance in strong magnetic fields
(2r < d, where r is the Larmor radius) is smaller than its zero-field value, giving rise to
a negative magnetoresistance, AR(B,T)/R(0,T) = [R(B,T) — R(0,T)]/R(0,T) < O.
Another important factor contributing to the appearance of negative longitudinal MR in Bi
nanowires is the magnetic field dependence of the carrier density N(B) o B [18]. This effect
is of quantum nature and can be stronger than the classical one in fields where all electrons
have fallen in the lowest level, i.e. the so-called the quantum limit state.

At B > 0.5T, the R(B) curves exhibited an oscillatory behaviour due to the Shubnikov-de
Hass (SdH) effect. The SAH peaks are observed as the resistance maxima. As can be seen in
figure 1, the largest SdH peak occurs around 3 T and is detected even at 7 ~ 16 K. However, it
is very difficult to distinguish unambiguously the other SdH peaks against a rapid variation of
the non-oscillatory part. Twofold differentiation of R with respect to B essentially eliminates
disturbing background curvature and allows a detailed resolution in the quantum oscillations.

Figure 4 shows the second derivative 3> R/d B? as a function of 1/B for the curve shown
in figure 1 taken at 7 = 4.2 K. The frequency of oscillations, F, has been obtained from the
slope of the peak number n against the reciprocal field (1/B) at which the nth peak occurs. The
straight line shown in figure 4 gives for the heavy electrons from two equivalent pockets B and
C a frequency of Fgc = 2.7+ 0.1 T. Since the spin-splitting factor for these electrons is close
to unity, their field of quantum limit Bggc practically coincides with Fgc. Several hole peaks
can be detected at B > 4 T (not visible in figure 1 because of the scale used), but they have
deviations from periodicity in 1/B due to the field-induced increase in the Fermi energy [18].
For this reason, the quasi-classical frequency of hole oscillations Fj, should be determined at
fields below 4 T, where, however, the condition 2r < d is violated (see below) and, therefore,
the possible quantum oscillations will also be non-periodic because of the truncated extreme
hole orbits [16]. From the MR measurements on a thicker wire, d ~ 650 nm and RRR ~ 12,
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Figure 4. Second derivative of the resistance of the 200 nm nanowire sample HRW-1 at 7 = 4.2 K
as a function of 1/B. The straight line (right y-axis) is a fit to the plot of values of the peak number
n versus the values of 1/B at the respective minima of 92R /B2 for the heavy (B, C)-electrons
and indicates a frequency of 2.7 T.

with the same crystallographic orientation of the long axis, we obtained F;, ~ 16 T and a
value of the spin-splitting factor of about 1.7 for the range 1 T < B < 3 T. The trace of the
presence of light A-electrons with a frequency of F4 ~ 1.3 T is related to some modulation
of the amplitude of heavy-electron oscillations (Fgc ~ 2F,) visible in figure 4. For sample
HRW-2 (figure 3), we were able to resolve only one frequency: Fpc & 2.8 T. Within the limits
of experimental error, the frequencies and phases of the observed oscillations are in good
agreement with the accepted values for bulk bismuth crystals: Fy = 1.26 T; Fgc = 2.73 T
and Fy, = 14.9 T [18, 19]. Presumably, our 200 nm nanowires are too defective and/or thick
to allow for a direct observation of quantum-size effects [1], which are predicted to decrease
the frequencies of magnetic quantum oscillations.

On the other hand, it is natural to expect that the expansion of bismuth (3.32%) upon
crystallization as well as the differences in thermoelastic properties of materials used in the
fabrication of Bi/Pyrex composites will generate stresses at the interfaces and inside the wires.
The presence of stresses should induce changes in the band-structure parameters, however, our
results show that the influence of these stresses is negligible. This may be in the case when
the Bi core and glass shell are not perfectly bonded and contracted separately with decreasing
temperature or when a relief of these strains takes place. Nonetheless, as compared with
quantum oscillations in the longitudinal magnetoresistance of good-quality bulk crystals [20],
the SdH peaks are much broader with small relative amplitude at any field. Most probably,
the significantly broadened Landau levels are due to the small-scale sample inhomogeneities
created by stress relaxation.

As is shown in figure 1, both the zero- and high-field resistances have a monotonic
metallic-like temperature dependence (dR/dT > 0). On the other hand, the high-field
AR(B, T)/R(0, T)ratio reaches its maximal value (about —0.7 for B > 10 T) at atemperature
above 4.2 K and close to 7* = 8 £ 1 K, where a crossover from quadratic to quasilinear 7'-
dependence of the zero-field resistance for micron Bi wires was observed previously [14].
The inset of figure 1 shows the non-monotonic 7-dependence of the negative MR ratio for
B = 12 T. An analysis of our previous MR data obtained on Bi wires withd = 4.1 and 3.6 um
at 2r « d [14] yields the same value for 7*. As yet we do not know if the observed extremum
arises accidentally or due to physical origin. Simple estimations, however, show that the
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position of this feature can be correlated with the condition 7" = py's/kg [21], where py' is the
maximum momentum of the hole Fermi surface, s is the sound velocity and kg is Boltzmann’s
constant. Using pf = 4.9 x 1072 gcm sT'[18]ands =2 x 10°cm s~ ! (s || C3) [1, 21], we
conclude that 7,* ~ 7 K. The condition given above suggests that the temperature dependence
of R should correlate with the change of the hole—phonon scattering probability as well
as behaving linearly above 7 K. In our experiments between 8 and 25 K, the zero-field
resistance increases almost linearly R(0, 7)/R (0,300 K) o £T, where £ = 2.2 x 1072
and 1.6 x 102 K~! for the 200 nm and 1.1 yum samples, respectively. It is surprising that the
coefficient £ is larger for the thinner wire with a smaller RRR. By comparing the resistivity
data for 200 nm and 2 pm single Bi wires at B = 0 and T < 50 K, Gurvitch [2] observed a
similar qualitative behaviour.

Figure 2 shows the magnetic field dependence of the TEP for the same sample whose
resistance data are shown in figure 1. For 5 K < T < 26 K, the TEP is positive at all magnetic
fields. At low fields (B < 0.5 T), there are one or two weak peculiarities seen at different
temperatures, but are poorly resolved owing to their small amplitude commensurate with the
noise level in our experiments. At B > 0.5 T, the non-oscillatory part of the TEP increases
with B, and then there is a relatively narrow range of fields (roughly 1.5 T < B < 4 T)
where it tends to saturate to a limiting value, particularly at T ~ 25 K. At this temperature,
the magnitude of the ‘saturated’ TEP is about +135 £V K~!. Closer examination of the S
versus B curves reveals that the TEP passes through a local maximum at Bgs = 1.7 £ 0.1 T,
a minimum and reaches a maximum again at Bqs = 3.6 & 0.1 T. These two maxima yield a
frequency of 3.7 T, which is absent in the MR data. An important feature in figures 2 and 3 is
the strong drop in thermopower starting near the temperature-independent critical field Bpg,
which is somewhat higher than Bggc. This observation is elucidated in the inset of figure 2
by plotting S(3.6 T, T)/S(B, T) versus B at three temperatures. At B > Bpg, where the
quantum limit for all the electrons has already been reached, the holes are still in the quasi-
classical range of magnetic fields, and one can observe weak oscillations of § resulting from
the quantization of their spectrum. At 7 &~ 16 K and above, the thermal smearing makes these
high-field hole oscillations unobservable, unlike the above-mentioned two maxima located at
lower fields, which have a distinct amplitude even at T =~ 25 K. As shown in the inset of
figure 2, the high-field non-oscillatory part of S(Bps, 7)/S(B, T') is almost independent of
T, and this may mean that the observed decrease in S above Bpg is strongly affected by the
magnetic field dependence of the density of states [18]. Note that at fields higher than 8 T, the
non-oscillatory TEP decreases almost exponentially with B and, in contrast to the MR, does
not show saturation up to 20 T.

When the TEP is plotted versus temperature (figure 5(a)), the corresponding data show a
quasi-linear behaviour with a positive slope (3S/d7 > 0) both in the low (2r > d) and high
(2r < d) field regimes:

S:oz+,3T, (1)

where B8 ~ +3.8,+4.8, and +2.0 uV K2atB = 0,3.6and 20 T, respectively, while the
parameter « changes from about +10 uV K~' at B = 0 T to about zero at B = 20 T.
It is interesting to note that 8 varies non-monotonically with B. Taking into account the
uncertainty in the fitting procedure (£0.2 £V K~2) as well as the accuracy of the thermopower
measurements, the values of « cannot be considered as conclusive.

For comparison, we report in figure 5(b) the TEP values at B = 0 and 15 T for the 1.1 um
Biwire. For this sample, the zero-field TEP decreases from about +45 ©V K~!at6.6 K to about
+19 1V K~ ! at 25.4 K. Athigh magnetic fields, the TEP also stays positive. The T dependence
of S is non-linear with a negative slope (dS/dT < 0) at B = 0, i.e. is qualitatively similar
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Figure 5. Change in the thermopower with temperature at various values of longitudinal magnetic
field for the 200 nm nanowire sample HRW-1 (a) and 1.1 m wire sample LRW (b).

to that found for bulk Bi crystals in the same temperature range, where the magnitude of the
phonon-drag thermopower S, exceeds or is comparable to the diffusion thermopower Sq [22].

3. Discussion

The most surprising aspect of our measurements is the fact that the TEP of the 200 nm Bi
nanowires can be very large at relatively low temperatures. For example, S(0,25 K) =~
+110 ©V K~', which exceeds the thermopower (negative) of bulk Bi by a factor of ~7 for
VT L C; and by a factor of ~3 for VT || C; at the same temperature [23]. Considering the
quasi-linear S(B, T) o T dependence of the type, indicated by straight lines in figure 5(a)
and fitted by equation (1), we may tentatively associate the observed TEP with a diffusion
transport mechanism.

Standard explanations of the diffusion thermoelectric power rely on the Mott
expression [24]

Sy = kAT (dIno/IE)/3e = BT, )

where e is the charge of the carriers, o is the electrical conductivity, and E is the carrier energy.
Theoretical calculations show than an enhancement in the density of states due to the quantum
size effect may generate large contributions to the thermopower of bismuth through the term
(@Ino/0E) [1]. For our samples, however, no dependence of the SdH frequencies on wire
diameter is observed and, therefore, the size quantization of the electron energy spectrum does
not appear to represent a significant effect.

In a two band model of a semimetal with N, = N, the thermopower may be written
rather generally as

Sa = (VSge + San)/ (v + 1), 3)

where v = pe/mn; e and uy are the mobilities of the electrons and holes, respectively,
and Sgc = B.T and Sgn = PnT are the partial thermopowers of the electrons and holes,
respectively. At temperatures below 50-70 K, the zero-field TEP of bulk Bi single-crystals
does indeed show a standard diffusion behaviour Sy = BT with 8 ~ —0.66 uV K=2 for
VT || C; [25]. In pure Bi, |Sqn/Sqe] ~ 2-2.5 and the negative sign of 8 may arise only
from the difference in electron and hole mobilities. Since the diffusion TEP cannot exceed a
few 'V K~! at liquid-helium temperatures, the large values of positive TEP (< +70uV K1),
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which were observed experimentally in bulk Bi between 2 and 4 K, are considered to be a
direct manifestation of the phonon drag effect [22].

The thermopower of our Bi/Pyrex nanowires, however, has large positive values at
temperatures about one order of magnitude higher and, as mentioned in the introduction, the
positive sign of S(0, T') persists up to liquid-nitrogen temperatures, where the manifestation of
the phonon drag effect in semimetals is unlikely. According to equation (3), the large positive
values of Sg ~ Sgn can be expected only if v < 1. For an isotropic parabolic spectrum and
an energy-independent relaxation time, the logarithmic derivative in equation (1) is simply
(2EF/3)’1, leading to the expression [24]

Sy = n*kiT/2eEr. )

Using this equation and the Fermi energy for hole carriers, Er &~ 11 meV for B = 0 [25], we
can roughly estimate the quantity B, = Sq/T ~ +3.3 £V K~2. This value is surprisingly close
to the slope of the zero-field data shown in figure 5(a), suggesting that the electron component
of the total TEP is very small in our 200 nm Bi nanowires. We consider the measured slope
of S(0, T') as being close to the upper bound for the positive diffusion TEP in pure nanowires
having the same band structure parameters as those in bulk bismuth. The value of g for a
particular sample will depend on v. However, the physical reason for the different changes
in the electron and hole mobilities under the influence of wire diameter and/or quality is not
obvious.

At the same time, the above formulae for the diffusion contribution cannot be applied to
the 1.1 um wire sample, which has a non-linear temperature dependence of the thermopower
with 0S/0T < 0 at B = 0 (figure 5(b)). In standard low-temperature measurements of bulk
Bi crystals [22] such behaviour is associated with the phonon drag effect whereby the phonon
flux from the hot end of the sample to the cold end drags additional charge carriers to the cold
end of the sample. To a first approximation, the data can be described by assuming

S=8a+S;=pT+y/T, %)

where S, = y/T is the phonon drag term, which is valid only for the high-temperature
side of the so-called ‘phonon drag’ peak, where anharmonic scattering limits the phonon
lifetime [24]. Over the range 5-25 K, the fit yields y ~ +270 uV and 8 ~ +0.9 uV K2
Thus even for the low-resistivity wire the linear diffusion term coefficient g is positive, though
it has a significantly smaller magnitude than that obtained for the 200 nm wire. Generally
speaking, these wires have different crystalline orientations along the sample length and a direct
comparison between their transport properties cannot be made. However, the trend observed
for the Sq values is reasonable when compared to the TEP data obtained on submicron Bi
nanowires near liquid-nitrogen temperature [6]. According to equation (3), the decrease of
might be attributed to an increase in the ratio of electrons to hole mobility, which in turn can
be accounted for by either an increase in wire diameter (due to a diminished influence of the
surface scattering of electrons) or a decrease in the concentration of structural imperfections;
a more definite conclusion requires an analysis of the galvanomagnetic data (see below). As
shown in figure 5(b), the S versus T curves have different shapes at B = 0 and 15 T. The
observed change from 9S/07 < 0 to dS/0T > 0 suggests that increasing the magnetic
field enhances the relative contribution of the diffusion TEP and decreases the phonon drag
contribution.

Some parameters for the 200 nm wire samples can be estimated using the size-effect
features of resistance in the longitudinal magnetic field and the energy-spectrum parameters
of bulk Bi. It has been shown in [14] that the magnetoresistance curves contain a maximum at

Bm ~ cpg/e(d)'? (6)



Positive thermopower of single bismuth nanowires 6515

and an inflection point at
Bpr ~ 2cpr/ed, (7

which allows us to extract information on the Fermi momentum prin the plane perpendicular to
B and the bulk mean free path of the charge carrier group / that undergoes the most intensive
incoherent (diffusive) surface scattering in Bi wires with d < [. The major advantages of
measurements using Bi wires with micron diameters, compared with measurements made
on nanowires, are that the size-induced feature appears in quasiclassical magnetic fields
(B < Bggc) [5, 14], when the interpretation of the experimental data is not complicated by
the field-induced changes of the energy-spectrum parameters [18], and smaller relative errors
in the determination of the current-carrying core diameter of composite samples are made [2].
The dependence of By, on [ in equation (6) agrees well with the theory of the galvanomagnetic
size effect for thin films [17], while the conclusion that the hole carriers dominate the electrical
conductivity in micron Bi wires [14] was confirmed independently for the present nanowire
samples by the thermopower measurements. For both 200 nm wires, the MR curves display
an inflection point (a minimum on dR/9B) at Bpg = 3.7 £ 0.1 T (figures 1 and 3). This
feature is well-resolved even at T &~ 25 K, where the SdH oscillations disappear. Since the
Fermi-surface parameters for bulk Bi are known with a high degree of accuracy, we can use
formula (7) for an estimation of the effective wire diameter. For the holes in our experimental
configuration, pr ~ 4.5 x 1072! g cm s~! [18], and, consequently, d ~ 150 nm, in fairly good
agreement with the 200 &= 50 nm derived from R(0, 300 K) = (4L /md*)p(0, 300 K), where
(0,300 K) = 120-200 1«2 cm [2]. Substituting the values for pg, d and B, in equation (6)
yields [, (4.2 K) =~ 3.4 and 2.3 um for samples HRW-1 and HRW-2, respectively. These values
of hole mean free path are about two orders of magnitude smaller than those in high-quality
bulk crystals [26]. For Bi wires withd = 1-4 um and RRR = 20-30, having B;, = 0.04-0.1T
and different crystalline orientations [5, 14], we estimate /;, (4.2 K) ~ 10-20 pm.

It should also be stated that for 200 nm nanowires, the condition 2r ~ d is satisfied in
fields somewhat higher than Bg, where the volume of the hole pocket begins to increase in
size. Assuming that pg(Bpr) = pr[Nn(Bpr)/Nn]'/? and by using N, (Bpr)/N, ~ 1.3 for
B || C,[18],0nefinds pr(Bpr) ~ 4.9x 1072 g cm s~!, which leadstod ~ 170 nm according
to equation (5). Thus, the field-induced error in the above estimation of d is 10—15%, however,
in the case of thinner nanowires it may be much more important to take into account the B
dependence of pg.

As can be seen from figures 2 and 3, the increase in the value of the positive TEP takes place
in the field region, where the condition (I,d)'/?> > r > d /2 is satisfied, and, therefore, may be
a reflection of the classical size effect in a longitudinal magnetic field, when the suppression
of the boundary scattering would be stronger for holes than for electrons. The bottom curve
in figure 3 shows that the negative derivative of the resistance with respect to the magnetic
field resembles (but does not coincide with) the behaviour of S-versus-B curve, in accordance
with the more general expression for the diffusion thermopower (equation (2)). Unlike the
first peak (near 0.8 T at 4.2 K) on this derivative, the positions of the other two maxima at
B ~ 1.8 and 3.7 T show no temperature dependence up to 7 =~ 25 K. Since Bps ~ Bpg, we
can conclude that the high-field TEP peak reflects the transition from 2r > d to 2r < d. Thus,
the B-dependence of the diffusion TEP offers the possibility of identifying the characteristic
field, where 2r & d, as an extremum, in distinction from the magnetoresistance data, where
this feature manifests as an inflection point. This type of size-induced feature can be observed
only if the reflection of holes at the wire walls is not totally specular. To the best of our
knowledge, this is the first observation of the size effects in the magnetothermopower of Bi
nanowires.
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Since Bps/Bgs & 2, the low-field TEP hump can be regarded as another size-induced
feature, where r ~ d. However, the status of this ‘characteristic feature’ is somewhat
uncertain [16], and additional experiments are needed to obtain conclusive evidence that the
magnetotransport properties of Bi nanowires undergo substantial changes at r =~ d. For
the light and heavy electrons, the condition 2r ~ 150-200 nm is satisfied at fields 0.5-0.7 T
(pr=0.8x10"2' gcm s 1) and 0.7-0.9T (pg = 1.1 x 1072 g cm s7!), respectively. Atthese
values of field, however, the amplitude of supposed electron-generated features (figure 2) is
practically indistinguishable from the measurement noise. It follows thence that, in distinction
from the holes, the electrons should exhibit nearly specular scattering from a Bi/Pyrex interface
and, therefore, do not contribute essentially to classical size effects in the thermopower and
electric resistivity. This also implies that the apparent small conductivity of electrons is a
consequence of bulk structural disorder rather than the result of rough surfaces. A significant
influence of the ordinary diffuse reflection [27] may be expected in the case when the linear
dimensions of the surface roughness or shell-induced damages are of the order of the Fermi
wavelength Ar o< (pg)~!, which is about 10 nm for holes and a few tens of nanometres for
electrons. We should stress the point that the specular scattering is an important condition for
the quantum-size effect to manifest, a regime where the electronic transport in nearly perfect Bi
nanowires is well theoretically understood [1]. In this regime, the Fermi wavelength increases
with decreasing d and, therefore, even the influence of diffuse surface scattering of holes on
the magnetotransport properties of quantum Bi nanowires may be suppressed appreciably.

A very strong specular scattering of electrons also follows from the experiments of Tsoi
and co-workers [28, 29] on bulk single-crystals of Bi and Sb. Using a technique based on
the focusing of the charge carriers by a transverse magnetic field, these authors obtained the
direct observation of a large difference between the probabilities of specular reflection for
electrons, W, ~ 0.8, and holes, W}, &~ 0.2, falling at normal incidence to the free surface (for
a Bi/silica interface, W, &~ 0.90-0.95). In our experiments, a similar difference between W,
and W, explains the absence of well-defined size-effect features corresponding to electrons,
but does not explain the positive sign of the diffusion TEP, which we consider to be an explicit
demonstration of the unusual scattering properties of the conduction charges in glass-coated
Bi nanowires. At this stage we can only speculate on the nature of the physical mechanism
that might plausibly produce the inequality p, >> 1t under such conditions that Wy, < 1 and
W, — 1.

In compensated semimetals, any type of surface or bulk defects that scatter electrons more
effectively than holes is likely to enhance the positive contribution to the total S (equation (3)).
Since the TEP remains hole-like in strong magnetic fields, where all the electrons moves
quasi-one-dimensionally parallel to the wire axis, the surface scattering is probably not a
mechanism determinative of the S sign. The suppression of the electron contribution seems to
be related to the complexity of the wire microstructure. A possible mechanism responsible for
the enhanced values of the positive TEP and resistivity may be based on the model of selective
carrier scattering by potential barriers [30]. Such barriers usually arise at grain boundaries,
where some changes in the potential occur due to the enhanced degree of disorder (dangling
bonds, local stresses, etc). In this context, our Bi nanowires can be regarded as consisting of
a number of elongated crystallites separated by ‘transverse’ boundaries, which act as energy
barriers with charge-selective properties: the electrons are scattered much stronger than holes.
Note that the hole character of the charge carriers was also seen in bulk Bi crystals after
plastic deformation [31] and in mosaic Bi films with thicknesses varying between 130 and
300 nm [32]. After heat-treatment procedures, these films become ‘homogeneous’, a medium
of well-connected micron-size grains, which exhibit the positive Hall coefficient and detectable
SdH oscillations.
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It is interesting to note that to explain the dramatic difference between W, and W, for a
free surface of bulk Sb crystal, Tsoi and co-workers [28, 29] used the concept of ‘electron-
reflecting hole-transmitting’ potential barriers originating from surface states and band bending
effects. Since W, > Wy, the donor-type surface states (negatively charged) are considered to
be responsible for the band bending, which creates a barrier reflecting electrons and, at the
same time, provides conditions favourable for holes to be scattered by the surface roughness.
In order to interpret our experiments, one has to assume that the potential barriers with the
similar charge-selective scattering properties are present not only at the Bi/Pyrex interface,
where they suppress almost completely the diffuse surface scattering of electron carriers, but
also near the crystallite boundaries within the nanowire, where they cause backscattering of
electrons, producing a large contribution to the residual resistivity. Note that the presence of
internal electron-reflecting hole-transmitting barriers may lead to a localization-like behaviour
for the electrons and a metallic behaviour for the holes. A similar scenario in the sense of
localized electrons and delocalized holes has been invoked by Azbel [33] to interpret the
metallic conductivity observed in the experiments on high-resistivity Bi and Bi-6 at.% Sb
whiskers with d = 140-210 nm from 77 = 20 K down to 0.4 K [34]. The influence of
potential disorder induced by crystallite boundaries may also provide an explanation to the
observed substantial quantitative and qualitative differences in thermopower measurements in
different wire samples (figure 5), since any change in sample preparation and heat-treatment
history can give rise to totally different crystallite-boundary structures and properties.

Finally, the above information allows us to conclude that the SdH oscillations in Bi
nanowires originate from the crystallites with bulk-like carrier densities, while the large values
of the thermopower and resistivity are determined by the boundaries between crystallites,
which reduce the mobility of electrons to such an extent that the majority of the conductivity
comes from holes. The strong scattering of electrons by internal boundaries is superimposed
on the smaller classical size effect produced by the diffuse scattering of holes at the wire walls.

4. Summary

We have demonstrated that the hole carriers dominate the charge transport in pure Bi
nanowires at temperatures below 26 K. The diffuse boundary scattering of holes generates
various types of size-effect features both in the longitudinal magnetoresistance and diffusion
magnetothermopower. At 4.2 K, the hole mean free path was found to be larger than the wire
diameter, but about two orders of magnitude less than that in the high-quality single crystals.
This result is consistent with the diffusion origin of the TEP and the small amplitude of SdH
oscillations in high-resistivity 200 nm samples. The absence of well-defined size-effect features
corresponding to electrons indicates that the reflections of the majority of these carriers at wire
boundary are specular. The large positive TEP values are attributed to the presence of bulk
structural defects, which strongly diminish the electron contribution without affecting the band
structure inside the nanowire crystallites. We have observed the phonon-drageffect (S o« 1/7)
in the 1.1 um wire that has a higher crystalline perfection as compared with the 200 nm
samples. More work is needed to elucidate the precise nature of the defects responsible for the
enhancement of TEP at low temperatures as well as to establish if the structural imperfections
may be exploited to improve the efficiency of thermoelectric nanowires.
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