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Large Magnetoresistance and Finite-Size Effects in Electrodeposited
Single-Crystal Bi Thin Films

F.Y. Yang! Kai Liu,! C.L. Chien! and P.C. Searsdn
'Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218
2Department of Materials Science and Engineering, The Johns Hopkins University, Baltimore, Maryland 21218
(Received 10 November 1998

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 2.9
at 300 K under 5T, Shubnikov—de Haas oscillations, and finite-size effects have been observed.
[S0031-9007(99)08947-4]

PACS numbers: 73.50.Jt, 61.10.Nz, 72.15.Lh, 81.15.-z

Magnetic nanostructures, such as multilayers (e.ggdocumented to be difficult. Bi thin films made by
Co/Cu) [1-3] and granular solids (e.g., Co-Ag) [4,5] havetraditional vapor deposition methods, such as sputtering
attracted a great deal of attention, because of the reahnd evaporation, are polycrystalline with small grains
ization of negative giant magnetoresistance (GMR) du¢18,19], which often exhibit small mean free paths with
to spin-dependent scattering [6]. The largest GMR valuelisappointingly small MR effects and are undesirable
ever reported has been about 150% at 4.2 K [7] and 80%or finite-size studies. Only recently has the method of
at room temperature [8]. Most reported GMR values, parmolecular beam epitaxy (MBE) been able to fabricate
ticularly those in spin-valve devices, are much smaller, irhigh quality Bi films on Bak substrates [20]. Very
the range of 10% at room temperature. Certain suitablyecently, we have demonstrated electrodeposition as an
doped manganese perovskites, due to an insulator-meteffective technique to fabricate high quality Bi nanowires
transition, exhibit negative colossal magnetoresistancan polycarbonate nanopore templates with large MR
(CMR) [9,10]. However, the large effect size of CMR values [21,22]. In this work, we report on single-
occurs predominantly at low temperatures. At room tem<crystal Bi thin films made by electrodeposition followed
perature, the CMR effect is small, precluding most prachy suitable annealing. These high quality trigonal-axis
tical applications. In both GMR and CMR materials, theoriented Bi thin films exhibit very large MR, with MR
negative magnetoresistance (MR) saturates at a magnetatios as much as 1500 times at low temperature and
field of several tesla (T), and the field dependence is t0o@.9 times at room temperature. Finite-size effects and
complex to be useful as wide-range field sensing devicesShubnikov—de Haas oscillations have also been observed.
Since both GMR and CMR involve magnetic materials, The single-crystal Bi thin films made by electrodeposition
the MR is hysteretic. are attractive for studying the unusual transport properties

Bismuth (Bi) is a semimetallic element with unusual of Bi as well as for the exploration of technological
transport properties. The electronic properties of Bi,applications.
diametrically different from those of common metals, are The Bi thin films, 1-10um thick, have been elec-
due to its highly anisotropic Fermi surface, low carriertrodeposited from a solution of bismuth nitrate penta-
densities, small carrier effective masses, and long carridrydrate [21]. A thin Au layer £100 A) was first
mean free path. The elongated Fermi surfaces of holesputtered onto a Si (100) wafer with a native Si@yer.
and electrons with small effective masses lead to a largk was subsequently patterned and used as the working
Fermi wavelengthA» of about 400 A, as opposed to a electrode in a three-electrode electrodeposition cell. The
few A in most metals [11]. The carrier mean free pathother two electrodes are the Pt counter electrode and the
in Bi can be as much as a millimeter at 4.2 K, severalAg® /AgCl reference electrode. The deposition rate is
orders of magnitude larger than those in most metals [12]about 0.2um/min. Some of the electrodeposited Bi
Because of these large characteristic lengths, Bi has bediims, 1 to 10 um thick, have been subsequently annealed
extensively pursued for the studies of quantum transpoiih Ar at a suitable temperature for the formation of single
and finite-size effects. For example, there is a continuingrystals.
pursuit of the semimetal to semiconductor transition for The x-ray diffraction pattern of an electrodeposited
very thin Bi films [13—15]. Bulk single crystals of Bi 5-um thick Bi film is shown in Fig. 1a. The as-deposited
are also known to exhibit a very large magnetoresistanc@im is polycrystalline, exhibiting a large number of diffrac-
effect [16,17]. tion lines due to the rhombohedral structure of Bi. The

However, the availability of high quality Bi thin films diffraction pattern of the same film after annealing at
has been a major hindrance for these pursuits. Th268°C for 6 hours is shown in Fig. 1b, which exhibits only
fabrication of high quality Bi thin films has been well the (003), (006), and (009) peaks, demonstrating that the
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deposited Bi film: (a) As-deposited polycrystalline film at 5 K
FIG. 1. X-ray diffraction patterns of a pim (a) as- in the perpendicular (P), transverse (T), and longitudinal (L)
electrodeposited and (b) annealed Bi film. (c) The pole figuregeometries; (b) as-deposited film at 300 K in the P geometry;
and (d) the 57.5tilt ® scan of the (012) diffraction from the (c) annealed single-crystalline film at 5 K in the P, T, and L
annealed Bi film demonstrate its single-crystalline nature. geometries; (d) annealed film at 300 K in the P geometry.

Bi film is exclusively trigonal-axis oriented. Pole-figure sensitively on the quality of materials. The MR ratios of
measurements show that the (012), (116), and (202) pealgse single-crystalline films are similar to those grown by
have, respectively, threefold, sixfold, and threefold symyBg. For example, for the thickest epitaxial Bi film of
metry, of which the res_ult for (012) i_s shown ip Fig. 1c. 2 um grown by MBE [20], the MR ratio at 5 T is about
A @ scan about the Bi (012) peak is shown in Fig. 1d,400 at 4.2 K, essentially the same as our value of 381
where three peaks separated by ‘la( observed. These 4t 5 T and 5 K. The MR values of the as-deposited and
x-ray diffraction results thus conclusively demonstrate thathe annealed Bi films are much larger than the GMR in
the as-deposited polycrystalline Bi thin films, after suitablemagnetiC nanostructures.
annealing, become large single-crystalline trigonal-axis From Fig. 2 and Table I, the MR in Bi films exhibits
oriented Bi films. . certain characteristics. The field dependence of MR is

We have used a conventional four-probe method tjenerally quasilinear except at small fields, where it is
measure the MR of the Bi films of various thicknessesyyadratic. The MR effect is nonhysteretic, i.e., the same
in a magnetic fieldB) up to 5 T. The lateral dimen- resylts for both increasing and decreasing fields. The MR
sions of the samples are abotimm X 2 mm with the  effect not only depends on the sample quality (through
in three geometries: perpendicular (P), longitudinal (L).also on the measuring geometry (P, L, or T), the thickness
and transverse (T), whei is, respectively, perpendicu- (t) of the thin film due to the finite-size effects, and the
lar to the film plane, parallel to the current, and in thetemperature. The perpendicular MR is always the largest
film plane but perpendicular to the current. Representagng the longitudinal MR is always the smallest. The
tive MR results of the as-deposited polycrystalline and the
annealed single-crystalline 1@m Bi films at 5 and 300 K
are shown in Fig. 2. Because of the very large MR effectTABLE I. Resistivity at zero field, longitudinal (L), transverse
here we use MR ratipR(B) — R(B = 0)]/R(B = 0)in-  (T), and perpendicular (P) magnetoresistance (MR) ratios
stead of percent. For example, a MR ratio of 1530 mean?g_ polycrystalline and single-crystalline Bi films of various
153000%. The overall sizes of the MR at 5 K of variousilicknesses at 5 K.
films are shown in Table I. Thickness Resistivity MR ratio

The magnitude of the MR depends greatly on the  (#m) (82 cm) L T P
quality of the sample, and, not coincidentally, on thePolycrystalline
fabrication method. For example, Bi films made by 10 183 2.0 21.3 21.4

sputtering exhibit a very small MR, as small as 1% at 5 265 2.0 17.0 19.5
300 K under a 5 T field. In contrast, the as-deposited Bi 2 281 1.4 3.3 3.7
425 1.0 2.8 3.5

films exhibit huge MR effects, with a MR ratio for the _
10-um film of 21.4 at 5 K and 2.4 at 300 K under 5 T. Single crystalline

The already very large MR effects in polycrystalline Bi 10 34 35 690 1530
films become even larger in the single-crystalline films. g gg ig Zgi 1:?53
The MR ratio of the 10um film increases from 21.4 1 78 8 13 234

to 1530, illustrating that the MR in Bi depends very
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MR ratio decreases with decreasing film thickness and As in the polycrystalline films, the longitudinal MR
increasing temperature. of the single-crystalline films is always the smallest;
In Bi, one observes the ordinary positive MR, due tothe perpendicular MR is the largest. However, the
the curving of carrier trajectory by the Lorentz force. difference between the perpendicular and transverse MR
Under a magnetic field, the carriers move in cyclotron is much larger than that in the polycrystalline films
orbits perpendicular t8 with a radius ofr, = m*v/eB, because of the finite-size effects, which are important
where m* is the effective mass of the carriers, and for both MR and resistivity because of the very large
is the velocity component perpendicular to the magnetivalues of | in the single-crystalline Bi films. In thin
field. The fundamental quantity for MR is.7, the mean films, the carriers experience scattering from the film
angle turned along the helical path between collisionssurfaces. In the thin film limitr < [, the ratio of
wherew,. = eB/m*c is the cyclotron frequency. In the resistivities of the film pr) and bulk pp) varies as
as-deposited polycrystalline Bi films with a shorlera  pr/pp = 4[In(1/y) + 0.423]/3y, wherey = t/1 [24].
large fraction of scattering events occurs at the graimAs a result, the resistivity of the single-crystalline Bi film
boundaries, resulting in a smaller relaxation time, hencencreases with decreasing thickness, fromg2@ cm for
a much smaller MR effect. In single-crystalline Bi films, the 10um film to 78 ) cm for the 1xm film.
grain boundary scattering is suppressed, as demonstratedThe MR ratios of the annealed single-crystalline Bi
by a reduced resistivity value by about a factor of 5 in thefilms decrease with decreasing film thicknéssn thinner
single-crystalline films, resulting in a much londefsee films, surface scattering is more severe. Carrier mean
below) and a larger MR effect. free pathl and relaxation timer are effectively reduced
Becausel in Bi can be very large in high quality due to the surface scattering. As the cyclotron frequency
samples [12], finite-size effects can be observed in relaw. is independent of the film thickness, the fundamental
tively thick films when| becomes comparable to, or quantity w.7, and consequently the MR ratios, decreases
larger than, the film thickness. We have also measuredith decreasing thickness.
the Hall effect of single-crystalline Bi films. From the In the perpendicular geometry, the cyclotron orbits of
Hall coefficient, we obtained the electron density ofcarriers are mainly parallel to the film plane, thus less
3.66 X 107 cm™3, which is in good agreement with those affected by the surfaces. The effectiver is close to
reported for bulk single crystal Bi [23] and epitaxial Bi that of bulk material, hence, a very large MR. In the
films [20]. From these results, the valuel@lt 5 K for the  transverse geometry, the cyclotron orbits of electrons are
5-um films has been found to be about 4. Hence, perpendicular to the film. The radius of the cyclotron
all of the single-crystalline Bi films studied here are in theorbits decreases with increase of magnetic field. The
regime where finite-size effects are important. carriers, moving further away from the surfaces, receive
For the perpendicular MR, the cyclotron orbit is in less scattering from the surfaces. The rap@/pp
the film plane. Essentially all carriers are in cyclotrondecreases with increasin and approaches 1 in very
motion, thus contribute to the MR. Therefore, thehigh fields. Thus the transverse MR is considerably
perpendicular MR is always the largest. In contrast, in thesmaller than the perpendicular MR. The difference
longitudinal MR, the cyclotron orbits are perpendicular tobetween the perpendicular and transverse MR becomes
the film plane. BecausB is along the current density, smaller for thicker films, as indeed is observed in Table I.
only a small fraction of the carrier motions contributes While the field dependence of the MR in Bi is quasi-
to the MR. The longitudinal MR is therefore always linear, such as those shown in Fig. 2a, the MR results
the smallest. In the transverse geometry, the cyclotroof the single-crystalline Bi films shown in Fig. 2c exhibit
orbital planes are also perpendicular to the film planedistinct oscillations superimposed on the quasilinear field
but with B perpendicular to the current density, hence,dependence. These are the Shubnikov—de Haas (SdH)
also a large MR. For thick polycrystalline films with oscillations, which can be more clearly shown by subtract-
small grains, whose sizes are small compared with theng the quasilinear background, as shown in Fig. 3a. The
film thickness, the transverse MR should approximatelyesistivity minima at 1.4, 2.2, and 3.9 T are taken as the
be the same as that of the perpendicular MR. Onlyjocations of the SdH oscillations. The Fermi surface of Bi
in thinner polycrystalline films does the transverse MRconsists of three ellipsoidal electron surfaces symmetrical
become significantly less than the perpendicular MRabout, and one hole surface along, the trigonal axis. In
These features have been observed in polycrystalline filmihe perpendicular geometry, the SdH oscillations originate
as the thickness is reduced, as shown in Table |. Th&om the hole surface along the trigonal axis. Comparing
decrease of the MR ratio with decreasing film thickness irwith the results in single-crystal Bi [25], we found that the
polycrystalline Bi thin films is due in part to the smaller minimum at 3.9 T is due to the hole Landau level20of,
grain size. In polycrystalline Bi films, the average grainand the minima at 2.2 T is due to the levelsiéf and3™~
size is smaller for thinner films. The grain boundarywhich are overlapping, wheré and — denote spin direc-
scattering significantly increases the resistivity value intions. The minimum at 1.4 T is from higher Landau levels.
films with decreasing thickness, as shown in Table I. These minima are periodic witty H as shown in Fig. 3b.
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