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Shubnikov—de Haas oscillations in electrodeposited single-crystal bismuth films
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Shubnikov—de Haas oscillations have been observed in Bi thin films fabricated by electrodeposition. The
observed dominant oscillation periods of 0.17, 0.08, and 0.077 With the magnetic field along the trigonal,
binary, and bisectrix axes of Bi, respectively, are in good agreement with those in bulk Bi single crystals.

[. INTRODUCTION magnetic field is applied along different symmetry axes. In
this work, we report the observation of clean, anisotropic
Bismuth (Bi), a semimetallic element, has many unusualSdH oscillations for magnetic fields applied along the trigo-
electronic properties due to its highly anisotropic Fermi sur-nal, bisectrix, and binary axes in electrodeposited Bi thin
face, low carrier concentrations, small carrier effectivefilms. The oscillation periods are in good agreement with
masses, and very long carrier mean free paths. In singliose previously determined from bulk single crystdis.
crystals, these characteristics lead to very large magnetordhese results show that the crystalline coherence of these

sistance(MR) effectd? and pronounced quantum oscilla- films is maintained over macroscopic distan¢esy., cm,
tions. Among the latter are Shubnikov—de Haé&dH) and provide further evidence that electrodeposition is a low-

oscillations in the magnetoresistance and the de Haas—van
Alphen oscillations in the susceptibility. Because of its long
mean free path, and long Fermi wavelength, Bi is an attrac-
tive medium for the exploration of finite-size effects
and quantum transport phenomena. For these studies, mate
rials with lower dimensions such as thin films and nanowires
are often required:® Unfortunately, most deposition meth-
ods yield Bi films that are polycrystalline with small
grains®~8which are undesirable for these purposes. It is pos-
sible, however, to grow epitaxial Bi films on BaBubstrates

by molecular-beam epitaxyMBE).>®° These MBE-grown
thin films represent the best quality Bi films available up to
now.

Recently we have successfully fabricated both Bi
nanowire$®!! and single-crystal thin filmé® by elec- _
trodeposition. The films exhibit very large MR effects, show- <
ing as much as a 3800-folgbr 380 000% increase in the
resistance at low temperatures and a 2.5-f#80% in- S
crease at room temperature with a nonhysteretic and quasi- Binary
linear field dependence. These MR effects are certainly a
useful measure of the quality of the Bi films, but the obser-  FiG. 1. Schematic of the Fermi surface of Bi showing the hole
vation of quantum oscillations such as the SdH effect propocket along the trigonal axis and the three electron pockets in a
vides a more stringent test. Because the Fermi surface of Bjlane perpendicular to the trigonal axis. The electron pockets are
is highly anisotropic, as shown in Fig. 1, the SdH oscillations120° apart in the plane that contains the bisectrix and the binary
exhibit very different characteristics and periods when theaxes with a 6° tilt out of plane.

Trigonal

Bisectrix
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FIG. 2. High-resolution TEM image of a single-crystal Bi film
showing the hexagonal atomic arrangement ofcth&ane. The inset
shows a simulated lattice image of the plane. H(T)

cost, high-rate alternative to molecular-beam epitaxy tech- FIG. 3. Magnetoresistance of a J0m-thick single-crystal Bi
niques for the production of high-quality Bi thin films. film in the (a) perpendiculaiP, (b) transverseT, (c) longitudinal L
geometry at various temperatures.

IIl. FABRICATION AND CHARACTERIZATION current along the long dimension of the sample was used to

The Bi films were electrodeposited from aqueous soly/neasure the resistance. The Fermi surface of Bi consists of

tions of BIi(N .5H.O onto a thin Au underlaver three equivalent ellipsoidal e_Iectr_on pockets and one eIIi_ps_oi-
(~100-A tfficl%i)satter?]ed on a S{100 wafer Theyas- dal hole pocket as shown in Fig. 1. The hole ellipsoid is
deposited Bi films, which we have grown up to ?ﬂ'ﬂ thick symmetric about the trigonal axis with its long axis along the
are polycrystalliné, but with large grains whose sizes ardrigonal axis. The three electron ellipsoids are located sym-

comparable to the film thickness. After annealing at 268"dnetrically abo_ut the trigona_l axis an_d lie es_sentiqlly ir_' a
in Ar for approximately 6 h, they become single crystalline.plane perpendicular to the trigonal §X|s..The bisectrix axis is
The details of the fabrication and processing have been d@_elow the center of one electron ellipsoid and perpendicular

scribed elsewher®:2 Bismuth has a rhombohedral crystal ©© the trigonal axis, and the binary axis is perpendicular to
structure, which is usually described in a hexagonal syste oth the trigonal and the bisectrix axes. The long axis of that

with the trigonal axis as the axis as shown in Fig. 1. The electron ellipsoid is in the bisectrix-trigonal plane with a tilt
samples used in this work are trigonal-ax@01) single- angle of about 6° from the bisectrix axis. The other two

crystal Bi films 10.um thick. The details of x-ray-diffraction electrtzn ellipsoids can be _obtained through rotations  of
results have been published elsewh&®. High-resolution ~ —120° about the trigonal axis. .

transmission electron microscopyEM) has also been used !N OUr experiment, the measuring geometries were as fol-
to characterize the Bi films. A plan view of theplane of a  1OWS:

single-crystal film is shown in Fig. 2, showing the sixfold perpendicular P): H L film, H L current, ancH | trigonal
symmetry of the atomic arrangement in this plane. The TEM axis;

image is also in agreement with a simulated TEM image fortransverse'(): H | film, H L current, ancH || binary axis:

Bi, as shown in the inset of Fig. 2. o
longitudinal (L):

ll. MAGNETORESISTANCE MEASUREMENTS H | film, H | current, ancH || bisectrix axis.

The basic magnetotransport properties of the Bi films, in-  The measured MR for the three geometries is shown for
cluding the thickness and temperature dependence of the reelected temperatures in Fig. 3. For this A6k film, the MR
sistivity and the field dependence of the MR for temperaturesatio, defined agR(H) —R(0)]/R(0), is about 1500 at 5 K
T>5 K have been published elsewhéfé?In this work, we  and 5 T2 Even larger MR ratios have been observed in
focus on the SdH oscillations at low temperatures, measureghicker Bi films!® While the MR is temperature dependent at
in a 10-um-thick single-crystal Bi film. MR measurements higher temperature, both the carrier mean free (lthited
were carried out in a HeHe? dilution refrigerator at tem- by the film thicknessand the zero-field resistivity are essen-
peratures between 0.06 and 10 K in magnetic fieldsp to  tially constant at very low temperatures. Thus the MR, aside
9 T. X-ray pole figure measurements were used to determinftom the SdH oscillations, does not vary appreciably below
the orientation of the crystal axes of the film, and a 6about 4 K for all three geometries, as can be seen from Fig.
X 2-mm sample was cut with its long axis parallel to the Bi 3. Another prominent feature is that the overall size of the
bisectrix axis. A conventional ac four-probe method with theMR is the largest in th& geometry, smallest in the geom-
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wherem* is the carrier effective mass.=eH/m*c is the
cyclotron frequencyy is an integer, andKk, is the compo-
nent of the momentum parallel td. With increasing field,

the occupancy of each Landau level and the separation be-
tween adjacent Landau levelBw., become larger. As a
result, the Landau levels below the Fermi level are sequen-
tially driven across the Fermi level. Accompanying the
crossing of the Landau levels are abrupt changes of the den-

g; -0.05 ] sity of states, which give rise to oscillations in the resistivity.

o x As we indeed observe, the SdH oscillations are most promi-
= O 025K ] nent at low temperatures where the Landau levels are sharply
£ -0.15 defined. At higher temperatures, whekgT>%Aw,

= T . 1(b)1 C =heH/m*c, the oscillations are masked by thermal excita-

tions between the Landau levels. The temperature depen-

0.001 025K dence of the amplitude of SdH oscillations is approximately
or 1 exp(—kgT/hw), further reduced by a factor of exp(/
-0.001} ] w,7) due to impurity scattering> Thus the amplitude of
-0.002, ] SdH oscillations does not vary appreciably below the Dingle
0003 L © ] temperatureTp=%/kg7, where r=I/v=Im*/fikg is the
R A S S— carrier relaxation time. In our 1@sm Bi film, kg~2
H (T) x 10 m~* and| has been determined to bewmn %13 giv-

ing Tp~0.4 K. This is consistent with the lack of tempera-
ture dependence we observed in the SdH amplitude below
T=0.25 K. The positions of the oscillations in each geom-
etry, however, do not vary with temperature.

FIG. 4. Shubnikov—de Haas oscillations, displayed R{3)
—R(4 K), versus magnetic fielti in (a) the perpendiculaP ge-
ometry atT=0.06, 0.25, 0.6, 0.9, and 2 Kbh) the transvers&
geometry atT=0.06, 0.25, and 2 K, andc) the longitudinalL

geometry aff =0.25 K.
V. SDH OSCILLATION PERIOD

etry, and intermediate for the geometry. This is due to the  The SdH oscillations are periodic inH/with a period of
different orientation of the cyclotron orbits with respect to

the film in the three geometriés. A(1/H)=2melhcA, (2)
which is inversely proportional to the extremal cross-
IV. SDH OSCILLATIONS IN MR sectional ared of the Fermi surface in the plane normal to

H. In determining the period, by convention, the minima in

It is clear from Fig. 3 that there_is addition_al structure inthe MR curve are considered as the locations of the SdH
the MR curves and that the amplitude of this structure be-

) oscillations. Figures ®)—-5(c) shows the oscillations in
comes larger at lower temperatures and at higher magnetﬁ(T)_R(‘lK) versus 1 at 0.06. 0.06. and 0.25 K for the

f'eldf.' Thgse are.tt.hgt S(?I;!hoscnlatll(l)l;ﬂsh LtJt'lt'Z'ng th? afot:e—P,T, andL geometries, respectively. To display the oscilla-
lmendlfoae INSens| 'Y}' Y Oth eso(;/f'ra i t'o emperatureé be-+;,ns at small fields more clearly, we have enlarged the scale
ow » We can show the osclliations more promi- ¢ the gmal-field part of the oscillations by 30 and 4 times

tnently b{ subt_rra;](;tir_]g tr?e da-taFa_ K4f;°rqhth(t)ﬁe at lower ._for the P and T geometries, respectively. The peak positions
emperatures. This Is shown in Fig. = for the three Measunings y,o gqy oscillations in all three geometries are listed in

geometries P, T, andL) at different temperatures. First, we Table I.

note that the oscillation amplitude is temperature dependent, 4 ¢, jjitate the discussion, the extremal cross sections of
increasing strongly with decreasing temperatures, before apne Formi surface in all three geometries are shown next to
parently saturating at the lowest temperatures. Second, tf{ﬂe corresponding datgFigs. 5d)—5(F)]. In the following
oscillation amplitude is geometry dependent, being the Iarg\—Ne will use the subscript®, T, andL to represent the geo;n-

est for theP geometry and the smallest for thegeometry. etry, andh ande to mark the contribution from the hole or

This is a reflection of the orientation-dependence of the mag; e
nitude of the MR as mentioned above. Third, the oscillationc ccon Fermi ellipsoids. For exampip , andA(1/H)p,,

; ) ) .~ ~Tare, respectively, the extremal cross section and the SdH os-
periods in tth,T, andL geometry are very different. T.h's IS cillation period of the hole band in the perpendicular geom-
due to the different extremal cross sections of the Bi Fermbtry
surface when the magnetic field is applied along the trigonal, In the perpendicular geometry, witH parallel to the

hisectrix, and b'F‘aW axes as described below. .. trigonal axis, all three electron ellipsoids are equivalent, as
The SdH oscillations are due to the Landau quantization o "in Fig. 5d). There are only two extremal cross sec-
of t.he 'cyclotron Qrbits of the carriei‘é:ln an external mag- tionsAp p, anciA - hence there can be at most two periods
netic fieldH applied along the direction, the electron and f A(l/H) anpdeA,(llH) However. for fortuitous rea-
hole orbits are quantized into Landau levels with energies Oﬁons thepygyclotron m;éesés (0 ﬁfb‘i’for electrons and
0.064n, for holeg and the extremal cross section of the hole
1) ellipsoid and the electron ellipsoids are nearly the s&e.

E= Thus there is effectively only one period as observed. It

1 21,2 *
V‘|‘§ how .+ hky/2m*,
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instruments during the measurements. It may be noted that,
Bisectrix as it is common, the numberis used to identify the SdH
e peaks and not the Landau levels. As shown in Fig. 6, the
Bin: ordern depends essentially linearly on inverse magnetic field
he- Ay but with a slight curvature, due to the movement of the
y //e/ T, Fermi level at high magnetic field§.Using the low-field
’ b portion (H 1>1.6 T 1) of the oscillations (=9), we have
GV determined that the periods for the holes and electrons in the
perpendicular geometry to be
" NV\M Trigonal A(LH)p ~A(1H)p ~0.20 T4, &)
< o005 3T5 x4 | . o ' '
=z 54 which is slightly larger than the value of 0.16 ¥ reported
A <01 &2 o for bulk single-crystal Bi® This deviation is most likely due
E/ 7 7 ‘ , to a small misalignment of the sample with respect to the
0.15 | Bisectrix magnetic field. From the high field portion H("*
rer M ® 006K © <1.1 T %) of the oscillations §<7), the periods for both
carriers are 0.17 T
o Trigonal In the transverse geometryT), with H parallel to the
h binary axis, as shown in Fig.(&, there are three different
-0.0017 extremal cross section#r ;, from the holes, and\; ., and
-0.002} < < Ar e, from the electrons. Their areas are in the oréer,
ez - >At 1>A1e, and hence the order of the periods is
-0.003} © 025K | ® | Binary A(AMH) 1 <A(LH)1 a<A(1MH)1 ¢2. The hole ellipsoid has
roo T the shortest period and the electron ellipsoids with the
0 05 Hl" (Tl_-f) 2 25 smallerA; ¢, have the largest period. Becausg, in the T

FIG. 5. Shubnikov—de Haas oscillations versus inverse mags

geometry is nearly the same As . in the P geometry, as
shown in Figs. &) and(e), one expects

netic field 1H in (a) perpendiculaP and (b) transversel geom- _ _ 1
etries atT=0.06 K and(c) longitudinal L geometry aff =0.25 K A(IH)1e1~A(1H)p=0.17 T (4)

with the ordem indicated. In(b), numbers from 1 to 6 are from the in high field (H*1<1.1 -rl)_ However, an inspection of

hole h band, and numbers with underlines and parenthesis are frorpig_ 4 reveals that the dominant period in tigeometry is
electron bandsl ande2, respectively. Portions of the results(a not that described by Ed4), but roughly half of that. This

_1 1 .
and (b) for H"">0.5 T~ have been enlarged by 30 and 4 times, g, e period can only be that due to the hole ellipsoid. As
respectively. The extremal cross sections of the Fermi surface per-

. . . . . . 71 1
pendicular toH are shown in théd) perpendicular(e) transverse, shown in Fig. §b), six mlnl'ma with H . <0.55T" are
and(f) longitudinal geometries. equally spaced, corresponding to a period of

A(1MH);,~0.08 T L. (5)
should be noted that because the mobility of the electrons is '
about a factor of 10 larger than that of the hdlesost of the ~ Because the two period§.17 and 0.08 T*) shown in Egs.
contribution to the SdH oscillations comes from the elec-(4) and(5) differ by nearly a factor of 2, the SdH oscillations
trons. The locations of the SdH minima and their corre-of the electron ellipsoidAr; with a larger cross section
sponding orden from 1 to 13 are labeled in Figs(& and 6.  nhearly coincide with every other SdH oscillations of the hole

The oscillation an=8 was obscured by scale change of the€llipsoid. Hence thé\r ¢; oscillations with underlined num-
bern=1,2,3 essentially coincide with those &, with

14 : — n=1,3,5. It is notn=2,4,6 because of the locations of the
bl 2 I;h ol peaks from 1 =0.
s Te2 o For the SdH oscillations of the electron ellipsoid with the
or z"’l o smaller cross sectioAr ¢, it is known that its lowest Lan-
8l dau level will reach the Fermi level at a field less than ¥ T,
S °© and thus can only contribute to the SdH oscillationgiat*
s o >0.5 T L. In this region ofH ™!, as shown in Fig. &),
4 = o there are two minima & ~1=0.91 and 1.75 T?, labeled by
o @ o . .
2l @0 . (1) and(2), giving a period of
| & .
0

A(1H)7e~0.84 T (6)

which is the same as that observed in bulk single crystals.

Finally, in the longitudinal geometnyL(), with H parallel
to the bisectrix axis, as shown on the right side of Fig)5
there are three different extremal cross sections: one hole
ellipsoid Ay, two electron ellipsoids of a larger sizg ¢,

FIG. 6. The ordemn of the Shubnikov—de Haas oscillations in
perpendiculaP, transversel, and longitudinalL geometries of a
10-um-thick Bi film vs inverse magnetic field #/. h,el, ande2
refer to the hole and electron bands as described in the text.
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TABLE I. Shubnikov—de Haas Oscillation positions of Bi single-crystal thin filmsH(QT) and
1H(T™ 1), and the oscillation period (1/H) in the perpendicular, transverse, and longitudinal geometries
due to holegh) and electrons«).

Perpendicular Transverse Longitudinal

H(T) 1H Origin(n) H(T) 1H Origin(n) H(T) 1H Origin(n)
8.62 0.116 h,e(1) 8.46 0.118 L) 7.62 0.131 kL)
3.77 0.265 h,e(2) 5.57 0.180 ) 5.33 0.188 2)
2.30 0.435 h,e(3) 3.84 0.260 [B8) 3.89 0.257 (B)
1.64 0.610 h,e(4) 2.87 0.348 ) 3.05 0.328 )
1.29 0.775 h,e(5) 2.30 0.435 b) 2.40 0.417 k6)
1.01 0.990 h,e(6) 1.91 0.524 6) 2.03 0.493 k6)
0.82 1.22 h,e(7)

8.46 0.118 e)
0.60 1.67 h,e(9) 3.84 0.260 e®)
0.53 1.89 h,e(10) 2.30 0.435 &B)
0.48 2.07 h,e(11)
0.44 2.26 h,e(12) 1.11 0.90 e@)
0.41 2.45 h,e(13) 0.57 1.75 e@)

and one electron ellipsoid of a smaller sikg,. The three nary axes in single-crystal Bi thin films fabricated by elec-

sizes are in the ordeA_ ,>A| ;>A| . The areaA , trode position. The observed periods of the SdH oscillations
should be nearly the same &g, in the T geometry, and are in good agreement with those obtained from bulk single
hence should have a similar period. From thegjeometry crystals. The SdH oscillations in all three geometries are

data, we have determined the period very different due to the highly anisotropic Fermi surfaces of
bismuth. In each case, oscillations due to the portion of the
A(1H)_ ,=~0.077 T (7) Fermi surface with the largest extremal cross section domi-

o nate. In the perpendicular, transverse, and longitudinal ge-
which is indeed very close to that of E(h). Of the three  gmetries, the dominant oscillation periods are 0.17, 0.08, and
electron ellipsoids, the electron ellipsoid with the smallesty g77 11 respectively. These results demonstrate that the
extremal cross sectiof ¢, does not appreciably contribute iy ysed in this work is a large single crystal. If this were
to the SdH oscillations because its lowest Landau leveloi so and the sample contained as few as two misaligned
reaches the Fermi level at a very small magnetic field. Theyains, the SdH oscillations in the three different geometries
two ellipsoids with larger extremal cross sectifle, alSo  yould not show the expected dominant period. The SdH re-
do not contribute in the high-field regioH(“<0.5 T™7).  gyjts reported here attest to the high quality of the electrode-

They at most indicate hints of the SdH oscillations in theposited single-crystal Bi films, and pave the way for further
low-field region of H"'>0.5 T ! as shown n Fig. ). guantum transport studies.

Thus all the sharp SdH oscillations in thegeometry at
H~1<0.5 T ! are due to holes with a period shown in Eq.
(7), with n up to 6.

In summary, we have observed clean SdH oscillations This work has been supported by NSF Grant Nos.
with the magnetic field along the trigonal, bisectrix, and bi-DMR96-32526, DMR97-32763, and DMR93-57518.
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