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Single-Crystal Bi Thin Films
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Trigonal-axis oriented single-crystal Bi thin films have been made by electrodeposition followed
by suitable annealing. Very large magnetoresistance with ratios as much as 1500 at 5 K and 2
at 300 K under 5 T, Shubnikov–de Haas oscillations, and finite-size effects have been observe
[S0031-9007(99)08947-4]

PACS numbers: 73.50.Jt, 61.10.Nz, 72.15.Lh, 81.15.–z
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Magnetic nanostructures, such as multilayers (e.
CoyCu) [1–3] and granular solids (e.g., Co-Ag) [4,5] hav
attracted a great deal of attention, because of the re
ization of negative giant magnetoresistance (GMR) du
to spin-dependent scattering [6]. The largest GMR valu
ever reported has been about 150% at 4.2 K [7] and 80
at room temperature [8]. Most reported GMR values, pa
ticularly those in spin-valve devices, are much smaller,
the range of 10% at room temperature. Certain suitab
doped manganese perovskites, due to an insulator-m
transition, exhibit negative colossal magnetoresistan
(CMR) [9,10]. However, the large effect size of CMR
occurs predominantly at low temperatures. At room tem
perature, the CMR effect is small, precluding most pra
tical applications. In both GMR and CMR materials, th
negative magnetoresistance (MR) saturates at a magn
field of several tesla (T), and the field dependence is t
complex to be useful as wide-range field sensing devic
Since both GMR and CMR involve magnetic materials
the MR is hysteretic.

Bismuth (Bi) is a semimetallic element with unusua
transport properties. The electronic properties of B
diametrically different from those of common metals, ar
due to its highly anisotropic Fermi surface, low carrie
densities, small carrier effective masses, and long carr
mean free path. The elongated Fermi surfaces of ho
and electrons with small effective masses lead to a lar
Fermi wavelengthlF of about 400 Å, as opposed to a
few Å in most metals [11]. The carrier mean free pat
in Bi can be as much as a millimeter at 4.2 K, sever
orders of magnitude larger than those in most metals [1
Because of these large characteristic lengths, Bi has b
extensively pursued for the studies of quantum transp
and finite-size effects. For example, there is a continuin
pursuit of the semimetal to semiconductor transition fo
very thin Bi films [13–15]. Bulk single crystals of Bi
are also known to exhibit a very large magnetoresistan
effect [16,17].

However, the availability of high quality Bi thin films
has been a major hindrance for these pursuits. T
fabrication of high quality Bi thin films has been well
0031-9007y99y82(16)y3328(4)$15.00
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documented to be difficult. Bi thin films made by
traditional vapor deposition methods, such as sputteri
and evaporation, are polycrystalline with small grain
[18,19], which often exhibit small mean free paths with
disappointingly small MR effects and are undesirab
for finite-size studies. Only recently has the method o
molecular beam epitaxy (MBE) been able to fabricat
high quality Bi films on BaF2 substrates [20]. Very
recently, we have demonstrated electrodeposition as
effective technique to fabricate high quality Bi nanowire
in polycarbonate nanopore templates with large M
values [21,22]. In this work, we report on single-
crystal Bi thin films made by electrodeposition followed
by suitable annealing. These high quality trigonal-ax
oriented Bi thin films exhibit very large MR, with MR
ratios as much as 1500 times at low temperature a
2.9 times at room temperature. Finite-size effects an
Shubnikov–de Haas oscillations have also been observ
The single-crystal Bi thin films made by electrodepositio
are attractive for studying the unusual transport properti
of Bi as well as for the exploration of technologica
applications.

The Bi thin films, 1–10mm thick, have been elec-
trodeposited from a solution of bismuth nitrate penta
hydrate [21]. A thin Au layer (,100 Å) was first
sputtered onto a Si (100) wafer with a native SiO2 layer.
It was subsequently patterned and used as the work
electrode in a three-electrode electrodeposition cell. T
other two electrodes are the Pt counter electrode and
Ag1yAgCl reference electrode. The deposition rate
about 0.2mmymin. Some of the electrodeposited B
films, 1 to 10mm thick, have been subsequently anneale
in Ar at a suitable temperature for the formation of singl
crystals.

The x-ray diffraction pattern of an electrodeposite
5-mm thick Bi film is shown in Fig. 1a. The as-deposited
film is polycrystalline, exhibiting a large number of diffrac-
tion lines due to the rhombohedral structure of Bi. Th
diffraction pattern of the same film after annealing a
268±C for 6 hours is shown in Fig. 1b, which exhibits only
the (003), (006), and (009) peaks, demonstrating that t
© 1999 The American Physical Society
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FIG. 1. X-ray diffraction patterns of a 5-mm (a) as-
electrodeposited and (b) annealed Bi film. (c) The pole figu
and (d) the 57.5± tilt F scan of the (012) diffraction from the
annealed Bi film demonstrate its single-crystalline nature.

Bi film is exclusively trigonal-axis oriented. Pole-figure
measurements show that the (012), (116), and (202) pe
have, respectively, threefold, sixfold, and threefold sym
metry, of which the result for (012) is shown in Fig. 1c
A F scan about the Bi (012) peak is shown in Fig. 1d
where three peaks separated by 120± are observed. These
x-ray diffraction results thus conclusively demonstrate th
the as-deposited polycrystalline Bi thin films, after suitab
annealing, become large single-crystalline trigonal-ax
oriented Bi films.

We have used a conventional four-probe method
measure the MR of the Bi films of various thicknesse
in a magnetic field (B) up to 5 T. The lateral dimen-
sions of the samples are about6 mm 3 2 mm with the
current in the long direction. The MR has been measur
in three geometries: perpendicular (P), longitudinal (L
and transverse (T), whereB is, respectively, perpendicu-
lar to the film plane, parallel to the current, and in th
film plane but perpendicular to the current. Represen
tive MR results of the as-deposited polycrystalline and th
annealed single-crystalline 10-mm Bi films at 5 and 300 K
are shown in Fig. 2. Because of the very large MR effec
here we use MR ratiofRsBd 2 RsB  0dgyRsB  0d in-
stead of percent. For example, a MR ratio of 1530 mea
153 000%. The overall sizes of the MR at 5 K of variou
films are shown in Table I.

The magnitude of the MR depends greatly on th
quality of the sample, and, not coincidentally, on th
fabrication method. For example, Bi films made b
sputtering exhibit a very small MR, as small as 1% a
300 K under a 5 T field. In contrast, the as-deposited
films exhibit huge MR effects, with a MR ratio for the
10-mm film of 21.4 at 5 K and 2.4 at 300 K under 5 T
The already very large MR effects in polycrystalline B
films become even larger in the single-crystalline film
The MR ratio of the 10-mm film increases from 21.4
to 1530, illustrating that the MR in Bi depends very
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FIG. 2. Magnetoresistance results of a 10-mm electro-
deposited Bi film: (a) As-deposited polycrystalline film at 5 K
in the perpendicular (P), transverse (T), and longitudinal (L
geometries; (b) as-deposited film at 300 K in the P geometr
(c) annealed single-crystalline film at 5 K in the P, T, and L
geometries; (d) annealed film at 300 K in the P geometry.

sensitively on the quality of materials. The MR ratios o
the single-crystalline films are similar to those grown b
MBE. For example, for the thickest epitaxial Bi film of
2 mm grown by MBE [20], the MR ratio at 5 T is about
400 at 4.2 K, essentially the same as our value of 38
at 5 T and 5 K. The MR values of the as-deposited an
the annealed Bi films are much larger than the GMR
magnetic nanostructures.

From Fig. 2 and Table I, the MR in Bi films exhibits
certain characteristics. The field dependence of MR
generally quasilinear except at small fields, where it
quadratic. The MR effect is nonhysteretic, i.e., the sam
results for both increasing and decreasing fields. The M
effect not only depends on the sample quality (throug
the carrier mean free pathl and relaxation timet) but
also on the measuring geometry (P, L, or T), the thickne
(t) of the thin film due to the finite-size effects, and the
temperature. The perpendicular MR is always the large
and the longitudinal MR is always the smallest. Th

TABLE I. Resistivity at zero field, longitudinal (L), transverse
(T), and perpendicular (P) magnetoresistance (MR) ratio
of polycrystalline and single-crystalline Bi films of various
thicknesses at 5 K.

Thickness Resistivity MR ratio
smmd smV cmd L T P

Polycrystalline
10 183 2.0 21.3 21.4
5 265 2.0 17.0 19.5
2 281 1.4 3.3 3.7
1 425 1.0 2.8 3.5

Single crystalline
10 34 35 690 1530
5 48 30 292 1080
2 65 13 84 381
1 78 8 33 234
3329
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MR ratio decreases with decreasing film thickness a
increasing temperature.

In Bi, one observes the ordinary positive MR, due t
the curving of carrier trajectory by the Lorentz force
Under a magnetic fieldB, the carriers move in cyclotron
orbits perpendicular toB with a radius ofrc  mpyyeB,
where mp is the effective mass of the carriers, andy

is the velocity component perpendicular to the magne
field. The fundamental quantity for MR isvct, the mean
angle turned along the helical path between collision
wherevc  eBympc is the cyclotron frequency. In the
as-deposited polycrystalline Bi films with a shorterl, a
large fraction of scattering events occurs at the gra
boundaries, resulting in a smaller relaxation time, henc
a much smaller MR effect. In single-crystalline Bi films
grain boundary scattering is suppressed, as demonstr
by a reduced resistivity value by about a factor of 5 in th
single-crystalline films, resulting in a much longerl (see
below) and a larger MR effect.

Becausel in Bi can be very large in high quality
samples [12], finite-size effects can be observed in re
tively thick films when l becomes comparable to, o
larger than, the film thickness. We have also measur
the Hall effect of single-crystalline Bi films. From the
Hall coefficient, we obtained the electron density o
3.66 3 1017 cm23, which is in good agreement with those
reported for bulk single crystal Bi [23] and epitaxial B
films [20]. From these results, the value ofl at 5 K for the
5-mm films has been found to be about 4.7mm. Hence,
all of the single-crystalline Bi films studied here are in th
regime where finite-size effects are important.

For the perpendicular MR, the cyclotron orbit is in
the film plane. Essentially all carriers are in cyclotro
motion, thus contribute to the MR. Therefore, th
perpendicular MR is always the largest. In contrast, in t
longitudinal MR, the cyclotron orbits are perpendicular t
the film plane. BecauseB is along the current density,
only a small fraction of the carrier motions contribute
to the MR. The longitudinal MR is therefore alway
the smallest. In the transverse geometry, the cyclotr
orbital planes are also perpendicular to the film plan
but with B perpendicular to the current density, henc
also a large MR. For thick polycrystalline films with
small grains, whose sizes are small compared with t
film thickness, the transverse MR should approximate
be the same as that of the perpendicular MR. On
in thinner polycrystalline films does the transverse M
become significantly less than the perpendicular M
These features have been observed in polycrystalline fil
as the thickness is reduced, as shown in Table I. T
decrease of the MR ratio with decreasing film thickness
polycrystalline Bi thin films is due in part to the smalle
grain size. In polycrystalline Bi films, the average grai
size is smaller for thinner films. The grain boundar
scattering significantly increases the resistivity value
films with decreasing thickness, as shown in Table I.
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As in the polycrystalline films, the longitudinal MR
of the single-crystalline films is always the smalles
the perpendicular MR is the largest. However, th
difference between the perpendicular and transverse M
is much larger than that in the polycrystalline film
because of the finite-size effects, which are importa
for both MR and resistivity because of the very larg
values of l in the single-crystalline Bi films. In thin
films, the carriers experience scattering from the fil
surfaces. In the thin film limitt ø l, the ratio of
resistivities of the film (rF) and bulk (rB) varies as
rFyrB  4flns1ygd 1 0.423gy3g, where g  tyl [24].
As a result, the resistivity of the single-crystalline Bi film
increases with decreasing thickness, from 34mV cm for
the 10-mm film to 78 mV cm for the 1-mm film.

The MR ratios of the annealed single-crystalline B
films decrease with decreasing film thicknesst. In thinner
films, surface scattering is more severe. Carrier me
free pathl and relaxation timet are effectively reduced
due to the surface scattering. As the cyclotron frequen
vc is independent of the film thickness, the fundamen
quantityvct, and consequently the MR ratios, decreas
with decreasing thickness.

In the perpendicular geometry, the cyclotron orbits
carriers are mainly parallel to the film plane, thus le
affected by the surfaces. The effectivevct is close to
that of bulk material, hence, a very large MR. In th
transverse geometry, the cyclotron orbits of electrons a
perpendicular to the film. The radius of the cyclotro
orbits decreases with increase of magnetic field. T
carriers, moving further away from the surfaces, recei
less scattering from the surfaces. The ratiorFyrB

decreases with increasingH and approaches 1 in very
high fields. Thus the transverse MR is considerab
smaller than the perpendicular MR. The differenc
between the perpendicular and transverse MR becom
smaller for thicker films, as indeed is observed in Table

While the field dependence of the MR in Bi is quas
linear, such as those shown in Fig. 2a, the MR resu
of the single-crystalline Bi films shown in Fig. 2c exhibi
distinct oscillations superimposed on the quasilinear fie
dependence. These are the Shubnikov–de Haas (S
oscillations, which can be more clearly shown by subtra
ing the quasilinear background, as shown in Fig. 3a. T
resistivity minima at 1.4, 2.2, and 3.9 T are taken as t
locations of the SdH oscillations. The Fermi surface of B
consists of three ellipsoidal electron surfaces symmetri
about, and one hole surface along, the trigonal axis.
the perpendicular geometry, the SdH oscillations origina
from the hole surface along the trigonal axis. Comparin
with the results in single-crystal Bi [25], we found that th
minimum at 3.9 T is due to the hole Landau level of22,
and the minima at 2.2 T is due to the levels of11 and32

which are overlapping, where1 and2 denote spin direc-
tions. The minimum at 1.4 T is from higher Landau level
These minima are periodic with1yH as shown in Fig. 3b.
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FIG. 3. Shubnikov–de Haas oscillations for a magnetic fie
applied perpendicular to the film plane and along the trigon
axis of a 10-mm single-crystalline Bi film plotted as (a)r 2 r0
vs H and (b) r 2 r0 vs 1yH. The background resistivity
r0sHd is obtained from a quasilinear fit: quadratic at small fiel
and linear at large field. The arrows point to the oscillatio
positions.

Also of interest, particularly for technological applica-
tions, is the MR effect at room temperature. As expecte
the MR effect at room temperature is much smaller b
cause of a much smallervct. While the MR effect at
low temperatures depends on the quality of the samp
(polycrystalline vs single crystalline) and film thickness
the MR ratio at room temperature is roughly the sam
for all of the films studied within the thickness range o
1–10mm. The MR ratio of the 10-mm Bi film at room
temperature is 2.4 for polycrystalline and 2.9 for singl
crystalline, which is still much larger than the larges
GMR values reported for magnetic nanostructures at a
temperature. The nonhysteretic MR of the Bi films, in
creasing unabatedly with field with a prescribed depe
dence, can be used for wide-range field and curre
sensors. The intrinsic GMR effect in magnetic nano
structures occurs only at large magnetic fields [1,2].
is the advent of spin-valve and other structures that a
lows the GMR effect to be useful for detecting small mag
netic fields. The intrinsic positive MR effect in Bi films
is even larger. Using hybrid structures incorporating B
thin films, the large MR effect in Bi can also be utilized
to detect smaller magnetic fields. Such explorations a
underway.

In summary, using electrodeposition in conjunctio
with processing, we have successfully fabricated hig
quality Bi thin films, which exhibit a very large MR effect
and Shubnikov–de Haas oscillations. These Bi thin film
can be used to study finite-size effects of the fascinatin
transport properties and for technological applications.

This work has been supported by NSF Gran
No. DMR96-32526 and No. DMR97-32763.
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