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We studied trigonal Bi nanowires �30 nm�diameter�200 nm� via low-temperature magnetotransport for
fields up to 14 T in order to investigate the role of their surfaces. A two-dimensional behavior was expected;
we found instead a three-dimensional behavior, with a rich spectrum of Landau levels in a nearly spherical
Fermi surface. We show that recent observations of sharp peaks in the bulk-Bi Nernst thermopower near the 9
T quantum limit attributed to charge fractionalization, can be more plausibly interpreted in terms of surface
states. Bismuth has a true quantum limit at around 70 T.
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Bi has a Fermi surface �FS� consisting of small hole and
electron pockets at T and L points, respectively, �Fig. 1�a��,
and therefore the Fermi wavelength �F is very long �about 50
nm�. The magnetic energy, which is inversely proportional to
�F, is sufficiently large in comparison with the Fermi ener-
gies to depopulate Bi of holes in magnetic fields �H� as small
as 9 T. The high-H state has been studied experimentally1

and the results were well described by the model of holes
and Dirac electrons with strong spin-orbit interaction.2

Therefore, the interpretation by Behnia et al.3 of their mea-
surements of Nernst thermopower and Hall effect of bulk Bi
in terms of charge fractionalization �a collective quantum
state� was unexpected because it would involve new quasi-
particles. Subsequently, Li et al.4 presented a study of the
magnetic properties that was largely confirmatory of Ref. 3
in this regard. Clearly, the observation in bulk Bi of two-
dimensional �2D� quantum phenomena,5 as observed in 2D
electron gases, is very exciting.6 But Refs. 3 and 4 do not
address the main issues raised by their interpretation, that is,
what is the nature of the quasiparticles and the origin and
dimensionality of the phase underlying the effect.

Because electrons and holes in bulk Bi exhibit very long
relaxation times, the electronic mean-free path in bulk Bi is
several millimeters long,7 significantly longer than the size of
the samples in the experiments. The diffusion thermopower
expressions do not apply, rather it can be presumed that the
boundary plays an important role in the energy relaxation of
the charge carriers. Since the thermoelectric potentials, as
well as the electric potentials associated with wrapping �sur-
face� currents, are determined by relaxation processes,8 sur-
face relaxation effects will play a key role in low-
temperature experiments involving Bi, and, in particular, in
the experiments in Refs. 3 and 4. Direct observations via
angle-resolved photoemission spectroscopy �ARPES� show
that semi-infinite Bi surfaces support a large density of
surface states that are populated by electrons of density
��2–5�1012 cm−2, effective mass m��0.2.9 By applying
ARPES to ultrathin Bi films, Hirahara et al.10 provided evi-
dence of the bulklike �BL� states and boundary states in Bi
and argued that they are hybridized. Hybridization could be a

primary mechanism for energy relaxation of bulk carriers.
However, ARPES measurements in Ref. 10 did not measure
transport properties or the effect of magnetic fields, and
therefore the connection between relaxation processes and
the results of Refs. 3 and 4 is not clear. Here, we report
magnetotransport measurements in high mobility 30-, 50-,
and 200-nm-diameter Bi nanowire arrays, for which we ob-
serve a spectrum of resonances of bulklike quasiparticles and
surface carriers as a function of magnetic field up to 16 T.
Our results directly address the role of the boundary in the
transport properties of solid samples. Preliminary studies
have been presented.11,12 Because of their special periodicity
in 1 /H, we argue that we observe resonances that are caused
by Landau states �LSs� in a spherical Fermi surface formed
in the body of the nanowires from the penetrating surface

FIG. 1. �Color� Fermi surfaces of the bulk and the boundary
layer of bismuth. Bulk: it shows the spatial distribution, with re-
spect to the Brillouin zone, of the wave vectors of L electrons and T
holes whose energies are at the Fermi level. The crystalline orien-
tation of the trigonal nanowires is shown. In these nanowires, the
three electron pockets are crystallographically equivalent. Boundary
layer: the spherical Fermi surface of the boundary charges in the
present Rapid Communication.

PHYSICAL REVIEW B 79, 201304�R� �2009�

RAPID COMMUNICATIONS

1098-0121/2009/79�20�/201304�4� ©2009 The American Physical Society201304-1

http://dx.doi.org/10.1103/PhysRevB.79.201304


states in the nanowire boundary. We contend that the nano-
wires still exhibit the same physics that semi-infinite surfaces
do because our observed spectrum of resonances �the loca-
tion of the peaks as a function of 1 /H� of the boundary’s LS
and the resonances observed by Behnia are remarkably simi-
lar. This then calls into question the interpretation of results
in terms of fractionalization presented in Ref. 3.

Depending upon the diameter d, nanowires may present
extreme behaviors because of quantum confinement effects13

and their large surface-to-volume ratio. While the LS spec-
trum of electrons and holes in the large-diameter
nanowires—apart from small quantum confinement
shifts—is analogous to that for bulk Bi, and the electrons and
holes are the majority carriers, the very small-diameter nano-
wires �d��F� realize the quantum limit without magnetic
fields. For these nanowires, the quantum confinement energy
Ec=�2�2 /2m�med

2, where me is the electron mass and m� is
the effective mass in units of me, exceeds the electron-hole
overlap energy E0. Therefore, electron n and hole p densities
are decreased critically below the bulk equilibrium values
�n0= p0=3�1017 cm3�, resulting in a semimetal�SM�-to-
semiconductor �SC� �SMSC� transition.14 The SMSC critical
diameter for holes and electrons for our nanowires
�m�=0.065� is around 50 nm. Accordingly, it is expected that
30 nm wires are SC, 200 nm wires are SM, and 50 nm wires
are at the SMSC. The argument for the SMSC neglects sur-
face states. Given the reduction in the bulk electron n and
hole p densities relative to the surface carrier concentration
�, one expects the surface carriers to become a clear major-
ity in nanowires with diameters below 100 nm at low tem-
peratures; for example, the ratio of surface carriers per unit
length to bulk electrons or holes per unit length is 15 for 50
nm wires. This ratio is even larger for nanowires on the SC
side of the SMSC transition.

We employ high mobility intrinsic nanowire samples,
namely, arrays of trigonal nanowires �the orientation is
shown in Fig. 1�a�� of diameters ranging between 30 and 200
nm prepared by the high-pressure infiltration of pure Bi
�99.999%� into nanochannel alumina templates.11 Our two-
probe electrical contact technique consists of attaching Cu
wire electrodes to both sides of the Bi nanowire composite
by using silver epoxy contacts. We will show below that
these samples support LS. The LS levels inverse-field oscil-
latory period is ��1 /H�=e / �cAe�, where Ae is any extremal
cross-sectional area of the Fermi surface perpendicular to the
magnetic field.15 For an ellipsoidal FS, the carrier density is
p= �1 /3��A�A�

1/2 where � and � refer to the directions along
the major and minor axes. The effective mass m� �dA /dH�
and relaxation time can be extracted from the oscillatory
magnetoresistance �MR�. 1.8-K-MR measurements were
made in two separate laboratories: �i� Boston College for
H�9 T and �ii� International Laboratory of High Magnetic
Fields and Low Temperatures �Wroclaw, Poland� for
H�14 T, employing a cryostat which allowed for in situ
sample rotation around two axes. This made possible the
measurement of the longitudinal MR �LMR�, transverse MR
�TMR�, and measurements at intermediate orientations 	 of
the nanowires with respect to the magnetic field; the mesh
was limited to 15° due to magnet time limitations. In order to
successfully interpret LS data for small-diameter nanowires,

one needs to consider the electronic transport regime �ballis-
tic versus diffusive� and Chambers’s effect.16 The Chambers
magnetic field Hc is that for which the Larmor radius
rL=�ckF / �e�H is less than d /2. Here, kF is the actual Fermi
wave vector, � is Planck’s constant, c is the speed of light,
and e is the electronic charge. For high-purity samples, it is
expected that LMR�TMR when H
Hc because at high
magnetic fields, the carriers avoid collision with the walls
when the magnetic field is oriented along the wire direction.
Our samples indeed satisfy this condition.

Figure 2 �top� shows the high-H, d�MR� /dH versus 1 /H
for the nanowires in our study at low temperatures at some

(a)

(b)

FIG. 2. Top: angle-dependent derivative of the magnetoresis-
tance of Bi wire array samples of various diameters as indicated.
Inset: schematic view of the nanowire array sample with silver ep-
oxy contact; the magnetic field is represented as an arrow at an
angle 	 with respect to the wire lengths. Bottom: polar plot of the
SdH periods of holes �circles� in bulk Bi and assigned to S �squares�
and BL �circles� quasiparticles in 200-nm, 50-nm, and 30-nm-
nanowire samples. The dotted arcs are provided as guide for the
eyes where appropriate. The symmetry, spherical, or ellipsoidal of
these plots reflects the symmetry of the corresponding Fermi
surfaces.
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illustrative orientations. The sequences indicated by S and
BL are the main motivation for the present Rapid Commu-
nication. The short-period S sequence was not observed in
bulk-Bi resistance but was observable in 200 nm wires and
was strong in the finer nanowires. Also, the period of the S
sequence is roughly independent of diameter. These facts
suggest that S states have a surface origin. However, the S
sequence is observed in the LMR case, where the magnetic
field is perpendicular to the boundaries. A planar �2D� elec-
tron gas simply would not have Landau states in this case
because the orbits enclose no flux. In 200 nm nanowires, the
S peaks occur together with electrons and holes peaks. The
strong LMR peaks at 0.125 T−1, at the end of our observa-
tion range �9 T� is the h1

−, the singlet at the hole quantum
limit �there are no hole LS eigenstates at higher magnetic
fields�. The peak indexed h2

− is the 2− ,0+ hole doublet. It is
observed at 0.255 T−1 in 200-nm-Bi nanowires and at
0.22 T−1 in bulk Bi.17 The modest shift of 0.02 T−1 can be
interpreted in terms of quantum confinement; m� is observed
not to be modified by confinement. Electron features are also
observed as seen in the figure. g is not modified substantially
for electrons and holes; i.e., it is observed that the hole spin
splitting is almost twice the Landau-level spacing as in the
bulk. Results are summarized in Fig. 2, at the bottom, show-
ing that the FS of holes in 200 nm nanowires displays the
characteristic ellipsoidal anisotropy of bulk Bi but with an
eccentricity A� /A� that is less than that in the bulk. In the 50
and 30 nm wires, the sharp �h� hole features are not observed
and the S sequence is instead paired with the long-period
sequence that we identify as BL states. The values of the
effective masses confirm our assignment. For the 30 nm S
states and BL states, we find mS

��0.3 and mBL
� �0.06, re-

spectively. Our observation of a large effective mass for the
S sequence, comparable to the surface-states effective mass
m�, leads us to conclude that it is associated with the surface
states observed with ARPES. In contrast, the small effective
mass extracted for the BL sequence is consistent with bulk-
like carriers that have been modified by quantum confine-
ment effects.

In 30 nm wires, the S sequences show an isotropic
Shubnikov-de Haas �SdH� period of 0.025 T−1, consistent
with spherical pockets of the Fermi surface of density nS
= �1.3�0.2��1018 /cm3. LS extend over the rL=17 nm
when B=5 T. Therefore, the S states in 30 nm nanowires fill
a very significant fraction of the 30-nm-diameter wire which
can no longer be considered a 2D cylindrical conductor cov-
ered by boundary charges. This three-dimensional �3D� be-
havior contrasts with the 2D behavior related to the short
penetration length of surface states observed in binary nano-
wires, whose crystalline orientation is perpendicular to the
trigonal axis.18

A number of semi-infinite surfaces was studied using
ARPES. States that have relatively high-effective masses and
similar carrier densities are found on all low-index surfaces
studied so far.9 ARPES measurements also show that the
surface states are essentially 2D; however the penetration
length, is very anisotropic. “It is known that the �100� sur-
face supports deeply penetrating states in contrast to trigonal
surfaces, where the surface states are shallow.” It is conceiv-
able that the deeply penetrating surface states form a base for

the LS. The surface charge per unit area �
can be estimated as nS�rL, which we find to be
�=2.2�1012 /cm2 in rough agreement with the � deter-
mined via ARPES measurements.9 We also find that
nBL= �1.0�0.5��1017 /cm3. Therefore, nBL�1 /3n0 even
though the 30 nm nanowires are on the SC side of the SMSC
transition �Ec
E0�. We will address this result below. As is
shown by the polar plots of the SdH periods, 30 nm nano-
wires show isotropic FSs. In contrast, in the 50 nm wires, the
periods for both the S and BL sequences are highly aniso-
tropic. This is shown in Fig. 2; i.e., for 50 nm wires, the
LMR �	=0°� does not exhibit oscillations while the MR for
	=15° does. The existence of BL states and the observation
of a large MR anisotropy in the 50-nm case, where �F�d, is
consistent with the observations, using infrared-absorption
�IR� spectroscopy, of low-effective-mass electrons and holes
molded by quantum confinement including quantum interfer-
ence around the wire.14

Consistent with our identification of the observed reso-
nances with 3D Landau-level crossings through the Fermi
level, it is appropriate to consider them as quasiparticles and
we index the S and BL peaks with the integers NS and NBL
that represent tentative occupation numbers �Fig. 3�. Beh-
nia’s resonances data were also included in Fig. 3. The data
are roughly consistent with an expectation of constant slopes.
Remarkably, we find that the nanowires data for the S se-
quences and Behnia results are similar in slope and therefore
in FS cross-sectional area, strongly suggesting a commonal-
ity for the Fermi surface of the boundary layers from which
the peaks originate.

We next considered whether the presence of surface car-
riers as observed in the present Rapid Communication for
nanowires is responsible for the unusual results observed via
the Nernst coefficient measurements3 for bulk Bi. It is al-
ready known that the mean-free path of holes is long, prob-
ably exceeding the lateral dimension of the sample. The re-

FIG. 3. Circles. Points in Behnia et al. �Ref. 3� that were inter-
preted in terms of fractionalization; the fractions are indicated. In-
stead of designating the points as fractional, we assign them a se-
quential integral index NS. The dashed line shows the extrapolation
that gives a surface-states quantum limit of 70 T. Up triangles:
boundary Landau states data of 30-nm-Bi nanowires. Inset: bulklike
Landau states data �down triangles� of 30 nm nanowires.
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sults in Fig. 3 suggest that the carriers in the bulk, whose
current is measured at the end of the sample, experience
significant energy relaxation by interaction with surface
states. In that case, the thermoelectric potentials would ex-
hibit resonances in magnetic fields where the surface states
cross the Fermi level.

Our data extend only to 0.07 T−1. Assuming that Behnia’s
data arose from surface-state LS, the range of observation is
smoothly extended to 0.03 T−1. The true quantum limit is
reached when the extrapolation of data in Fig. 3 crosses the
abscissa which can be estimated to be 0.015 T−1 or �70 T.
The quantum limit for the 30-nm-BL sequence is found to be
8.3 T, which is not very different from the quantum limit of
the holes in bulk Bi.

The periods in Fig. 3 are significant considering that Bi is
a compensated conductor where—because of charge
neutrality—the sum of densities of positive and negative
charges is zero for all values of H. This effect causes Fermi-
level dependences upon H near the quantum limits.17 If we
consider our interpretation of Behnia’s data as evidence of
surface-state LS, it is not surprising that period changes are
observed near the S quantum limit �NS→0�. This is evidence
that the Fermi energy in the surface layer has shifted to a
position significantly lower than that in the bulk. The exis-
tence of this Fermi-level bending makes it less surprising
that period changes are not observed near the hole, or BL for
that matter, quantum limit and that nBL�1 /3n0, even though
30 nm nanowires are on the SC side of the SMSC transition
�Ec
E0�. Charge neutrality may even play a role in place of
or in addition to the quantum-mechanical hybridization for
bulk carriers-surface-states energy relaxation in Bi. Further
analysis of the LS spectroscopic results and theoretical study
is required to gain deeper understanding.19

Our interpretation may explain the results by A. Banerjee
et al.20 They report observing no sharp resonances in BiSb
alloys. Because BiSb has a much shorter electronic mean
free path than Bi, the thermopower of BiSb is diffusive in
origin and is therefore much less dependent upon surface
state dynamics than that of Bi.

To summarize, we investigated electronic magnetotrans-
port in small-diameter trigonal Bi wires. Landau states con-
sistent with high-effective-mass quasiparticles �S� formed
from the surface states in a boundary layer tens of nanom-
eters thick are observed to be associated with a 3D Fermi
surface. In the finer wires that are on the semiconductor side
of the SMSC transition, low-effective-mass bulklike �BL�
quasiparticles are observed with densities comparable to the
densities of electrons and holes in the bulk. The BL proper-
ties are reminiscent of those observed with IR. In the large-
diameter nanowires, holes, Dirac electrons, and S quasipar-
ticles coexist. Our assignments are made by comparing
properties that we observe with those of the BL and S fea-
tures as observed with IR in nanowires and ARPES in films.
We conclude that the unusual resonances that are observed in
the Nernst coefficient of bulk Bi at high magnetic fields are
evidence of energy relaxation between S quasiparticles and
ballistic holes rather than a signature of charge fractionaliza-
tion. It is anticipated that S quasiparticles will become as
essential as Dirac electrons and holes in describing the state
of Bi between the hole quantum limit at 9 T and the S quan-
tum limit at around 70 T.
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