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Shubnikov—de Haas (SdH) oscillations have been investigated in an individual Bi nanowire grown
by on-film formation of nanowires that is a growth method producing extremely high-quality
single-crystalline nanowires. The variation of observed SdH oscillations with transverse and
longitudinal magnetic fields to the axis of the Bi nanowire is qualitatively consistent with the
geometry of the highly anisotropic Fermi surfaces of Bi, and in turn, reveals the growth direction of
the nanowires and demonstrates the high crystal quality. Our results demonstrate the vast potential
of high-quality single-crystalline Bi nanowires for a variety of device applications and for
fundamental investigations such as quantum transport. © 2009 American Institute of Physics.

[doi:10.1063/1.3267143]

The Shubnikov—de Haas (SdH) effect is an oscillatory
magnetoresistance (MR) due to the profound changes in the
density of state of the conduction electrons induced by the
magnetic quantization of energy levels (Landau level). This
effect has been widely used for investigating the Fermi sur-
faces (FSs) of metals,1 semimetals,2 and semiconductors® as
well as two-dimensional (2D) electron gas4 in heterostruc-
tures. The observation of these oscillations requires that the
thermal energy and the scattering-induced energy broadening
be smaller than the Landau level separation. Therefore, mea-
surements must be performed at low temperatures where the
scattering of electrons by phonons is suppressed, and the
carrier mobility of a material needs to be relatively high. In
this regard, SdH observation acts as an indicator of the crys-
tal quality as well as a tool to provide insight into the geom-
etry of the FS of high purity materials.’

Among the aforementioned materials, bismuth (Bi) is a
semimetal that has been a favorable material for studying
SdH oscillations because of (1) its extremely small FS (oc-
cupying 1075 of the Brillouin zone)’ and (2) a very long
mean-free path (exceeding 2 um at room temperatulre)6 that
enhances the signal in both period and amplitude, respec-
tively. In fact, Bi was the first semimetal (or metal) whose
FS was experimentally identiﬁed,7 and continues to serve as
a matrix to show novel physics that is driving the area of
unexplored condensed matter physics.s’10 Nevertheless,
since the observation of SdH oscillations in bulk Bi,11 SdH
oscillations in Bi thin films (2D)? and one-dimensional (1D)
Bi nanowire '* arrays have been rarely studied. In particular,
difficulties in observing the SdH oscillations in 1D arise
from (1) the inability to grow high-quality single crystalline
Bi nanowires with high aspect ratios and (2) the need for a
reliable route to achieve an electrical Ohmic contact to the
nanowire by removing an oxide layer on the surface of the
nanowire. These limitations are a problem inherent to the
field of nanowire synthesis and device fabrications in gen-
eral. In an effort to overcome the aforementioned limits, Bi

“Present address: Department of Materials Science and Engineering, North-
western University, Evanston, IL 60208-3108, USA.

® Author to whom correspondence should be addressed. Electronic mail:
wooyoung @yonsei.ac.kr.

0003-6951/2009/95(23)/232107/3/$25.00

95, 232107-1

nanowire arrays have been fabricated by filling a porous alu-
mina template with molten Bi (Ref. 13) and vapor-phase
Bi,"? thereby making single crystalline nanowires. However
porous templates are not ideal as a measurement system for
nanowires because it only provides a two-terminal device
that does not allow one to obtain a quantitative picture about
the electronic structures and the transport properties. Very
few methods'® offer the ability to fabricate an individual Bi
nanowire device that allows one to perform a four-terminal
measurement, however, these are limited in measurements of
the absolute resistivity.

On-film formation of nanowires (OFF-ON) is a method
that utilizes the thermal stress in a deposited polycrystalline
thin film for growing single-crystalline nanowires, e.g., Bi
(Ref. 15) and BizTe3,16 as small as a few tens of nanometers
in diameter and several hundreds of micrometers in length.
In our previous studies,ls’17 we have shown that OFF-ON is
capable of forming high-quality single-crystalline Bi nano-
wires through MR measurements in four-terminal devices
fabricated using a plasma etching technique to routinely
make Ohmic contacts. Fabrication of a reliable device based
on an individual single-crystalline nanowire is driven by the
need for a system that can be utilized in a variety of device
applications as well as serves as a platform for fundamental
transport studies. In the present work, we report the observa-
tion of SdH oscillations as well as large ordinary MR in
four-terminal devices based on an individual Bi nanowire
grown by OFF-ON. Plasma-assisted etching method has
been used to achieve Ohmic contacts between electrodes and
a nanowire, thereby demonstrating the utility of the OFF-ON
and plasma etching method to overcome one of the major
challenges in nanotechnology: the fabrication of a reliable
device based on a high crystal quality nanowire. Importantly,
the observed SdH oscillations with transverse and longitudi-
nal magnetic fields to the axis of the Bi nanowire were found
to be consistent with the geometry of the highly anisotropic
FS of Bi. The correlations between the FS and resultant SAH
oscillations are discussed.

In bismuth, the hole FS ellipsoid is aligned with the
trigonal axis (z), while the three-electron FS ellipsoids, ar-
ranged symmetrically around the hole FS, are tilted by a
small angle (~6.5°) out of the plane defined by the bisectrix
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FIG. 1. (Color online) (a) A low-magnification TEM image of a Bi nano-
wire. (b) An ED pattern obtained in the direction perpendicular to the long
axis of the nanowire was indexed to the hexagonal lattice of Bi (a

=4.574, ¢=11.80) with the [110] zone axis. (c) Schematic of the FS of Bi
showing the hole ellipsoid along the trigonal axis and the three electron
ellipsoids in a plane perpendicular to the trigonal axis.

(x) and binary (y) axes. Transmission electron microscopy
(TEM) and electron diffraction (ED) pattern studies show
that a Bi nanowire is single crystalline with a 10-nm-thick
native oxide layer [Fig. 1(a)] and its axis is oriented along
the trigonal direction [001] [Fig. 1(b)]. Therefore, the long
axis of the nanowire is parallel to the hole FS ellipsoid and
tilted to the three-electron FS by 6.5°, as shown in Fig. 1(c).
This geometry of FS in the nanowire makes it a model sys-
tem for investigating the dependence of a magnetic field on
an applied direction for a highly anisotropic FS in 1D: a
magnetic field applied parallel (perpendicular) to the axis of
a nanowire is also parallel (perpendicular) to the hole FS
ellipsoid. In making Ohmic contacts to the Bi nanowire, the
oxide layer on the Bi surface was first sputtered selectively,
where was predefined by electron beam lithography, by Ar
ions, and then Au electrodes was deposited in situ without
breaking vacuum."” A scanning electron microscope (SEM)
image of a device based on a 400-nm-diameter Bi nanowire
prepared using this technique is presented in Fig. 2(a). This
device configuration based on an individual Bi nanowire al-
lowed us to apply both transverse and longitudinal magnetic
fields by rotating the sample with respect to the applied
fields, as depicted in Fig. 2(b).

Figures 3(a) and 3(b) show the variation of the MR ratio
with (a) transverse magnetic fields (T) and (b) longitudinal
magnetic fields (L) to the axis of the 400-nm-diameter Bi
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FIG. 2. (Color online) (a) A SEM image of a four-terminal device based on
an individual Bi nanowire. (b) A schematic representation of two different
device configurations (transverse and longitudinal) with respect to an ap-
plied field. The device is subject to rotate to the # component only in the yz
plane to switch from transverse to longitudinal configuration.
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FIG. 3. (Color online) Ordinary MR ratios of the four-probe individual 400
nm diameter single-crystalline Bi nanowire in (a) transverse and (b) longi-
tudinal geometries. The inset of (a) and (b) show schematics of curved
trajectory of carriers in the magnetic field. SdH oscillations, displayed as
MR (measured)-MR(fitted), vs a magnetic field H in (c) transverse and (d)
longitudinal geometries at 2 K. The SdH oscillations were shown clearly by
subtracting eight order polynomial fit from the T and L-MR. SdH oscilla-
tions of the same sample, shown in (c) and (d), vs an inverse magnetic field
1/H in (e) transverse and (f) longitudinal geometries at 2 K with the order n
indicated. The insets of (e¢) and (f) show schematics of the FS of the Bi
nanowire along the direction of an applied magnetic field.

nanowire in the temperature range 2-300 K. The largest
value of MR ratio of 2496% (110 K) in the T geometry and
—38% (2 K) in the L geometry was observed. The magnitude
of MR is determined by the fundamental quantity of w.7,
where w.=eH/m" and 7 is the cyclotron frequency and re-
laxation time, respectively, and m™ is the effective mass.
Since the value of w, is an intrinsic property of a given
material at a given value of H, the increase in the MR as
temperature (7) decreases, as shown in Figs. 3(a) and 3(b), is
attributable to the increase in 7 due to the reduction in pho-
non scattering. Meanwhile, at low 7, scattering by phonons
is negligible because the amplitudes of phonon oscillation
are very small. In other words, the longer 7 is expected in
materials that have the lower impurity, resulting in the higher
MR at a given T and magnetic field (H). In this work, the
MR of 900% (at 5 K under 5 T) was observed, as shown in
Fig. 3(a). Such a large MR compared to that of 280% (at 5 K
under 5 T)'® in large grain-containing polycrystalline 400-
nm-diameter Bi nanowires indicates a long 7, thereby dem-
onstrating the high-quality of Bi nanowires grown by OFF-
ON. More details elucidating the behavior of MR in Bi
nanowires are extensively discussed in previous works.">!”
Figures 3(c) and 3(d) show SdH oscillations that
were superimposed on the T and L-MR at 2 K. The
amplitude of the SdH oscillations is proportional to
{{Qmm*kgT) I heH]/ sinh[ (27m*kyT)/ fieH]}exp(—m/w.7),"”
where kp is Boltzmann’s constant and 7 is Plank’s constant.
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This relation suggests explains that the larger amplitude is
expected in the lower defect materials at a given 7 and H due
to the larger 7. This suggests that the SdH oscillations can act
as an indicator of a high-quality, single-crystalline Bi nano-
wire. It should also be noted that the amplitude of the SdH
oscillations is geometry dependent, as shown Figs. 3(c) and
3(d), that is, large for the T geometry and small for the L
geometry. This is a reflection of the orientation dependence
of the magnitude of the MR ratio.”

The periods of the transverse SAH (T-SdH) and longitu-
dinal SdH (L-SdH) oscillations are also very different. This
is due to the different extremal cross-sectional area (A) of the
Bi Fermi surface normal to the direction of the magnetic
field. The SdH oscillations are periodic in 1/H with a period
of A(1/H)=2me/hcA, because the separation of the Landau
levels are the same in a given magnetic field. Figures 3(e)
and 3(f) display the T-SdH and L-SdH oscillations versus
1/H at 2 K, respectively. It is clearly observed that the peri-
ods of the T-SdH oscillations are different from the L-SdH
oscillations. However, we assume the possible locations of
SdH minima in Figs. 3(e) and 3(f) according to reference
periods from Bi thin films® and bulk Bi (Ref. 20) because it
is difficult to assure the peak positions due to the small num-
ber and amplitude of the oscillations. With respect to A of the
Fermi surface for the T geometry, it is expected that there are
four extremal cross sections: Az, from the holes, and Az,
A7, and Ag.; from the electrons, where Ay, is nearly
equivalent to Ay 3, as shown in the inset of Fig. 3(e). Their
areas are in the order Ay, >A7 .1 >Ar,,, and hence the order
of the periods is A(1/H)7,<A(1/H)z,;<A(1/H)z,,. The
hole ellipsoid has the shortest period and the electron ellip-
soids of the smaller Az ,, have the longest period. In Fig.
3(e), the estimated minima from Az, (n=2,3,4,5,6,7) and
Ar. (n=[2],[3],[4]) and A7, [n=(1),(2)] are in agree-
ment with that of Bi thin films and bulk Bi, confirming
highly anisotropic FS whose hole ellipsoid is parallel to the
wire axis and tilted to the three-electron FS, as shown Fig.
1(c). In the L geometry, on the other hand, all three electron
ellipsoids are equivalent, as shown in the inset of Fig. 3(f).
Thus, there are only two extremal cross sections A; ; and
Ay, and there can be two different periods of A(1/H), ; and
A(1/H);,. The area of A;;, and A;, are nearly the same,
resulting in only one observed period (n=2,3), as shown in
Fig. 3(f). However, it should be noted that the estimated
minima in the L geometry is not as clear as those observed in
the T geometry.

These difficulties in observing clear oscillations in the
nanowire system may arise from the fact that field-dependent
oscillations are extremely sensitive to the alignment between
the field and the wire axis, especially in the very thin wires.
For example, it was claimed that a tilt in the sample in the
measurement of MR may result in less precise value of cy-
clotron wave vector.”! Yang et al. also suggested that the
difference of the period [A(1/H); ] between Bi thin film
(0.20 T7!) and Bi bulk (0.16 T~!) in is most likely due to a
small misalignment of the thin film sample with respect to
the magnetic field.? In our device based on individual nano-
wire, aligning a magnetic field parallel to the axis of a nano-
wire is difficult because (1) T or L-geometry alignment is
largely dependent on the manual setting of the device with
respect to the magnetic field and (2) the sample holder (ro-
tating puck) rotates to the 6 component only in the yz plane
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[see Fig. 2(b)], leading to further deviations in the L geom-
etry. As a consequence, we assume that the symmetry be-
tween the three electron and hole ellopsoids can be broken
by the inevitable tilt of the nanowire axis in the xz plane.
However, it is worth noting that the field-dependent oscilla-
tion was observed, demonstrating the anisotropic Fermi sur-
face and high crystal quality of an individual Bi nanowire.

In summary, we have observed the oscillatory and
nonoscillatory MR in an individual Bi nanowire with the
transverse and longitudinal magnetic fields along the axis of
the nanowire grown by OFF-ON. Although advances in mak-
ing high-quality nanowires and fabricating the devices were
made, a few aspects of device physics continue to challenge
us. The precise alignment protocol for the nanowire with
respect to an applied field and investigation of transport
properties in sub-50-nm diameter individual Bi nanowire for
quantum size effect must be addressed before the full poten-
tial of techniques is realized. Regardless of these challenges,
our results demonstrate the type of the nanowire growth
method and device fabrication technique that will maximize
the capabilities of making devices for fundamental investiga-
tions and applications.
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