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Spin-orbit interaction in thin bismuth films
Yu. F. Komnik, I. B. Berkutov, and V. V. Andrievski *

B. N. Verkin Institute for Low-Temperature Physics and Engineering, Ukrainian National Academy
of Sciences, 47 pr. Lenina, Khar’kov 61103, Ukraine
~Submitted November 1, 2004!
Fiz. Nizk. Temp.31, 429–435~March–April 2005!

The magnetic-field dependences of the resistance of thin~100–700 Å thick! bismuth films at low
temperatures are analyzed using quantum corrections to the conductivity with weak electron
localization. It is shown that the spin-orbit scattering timetso is much shorter than the phase
relaxation timetw of the electrons~the case of a strong spin-orbit interaction!. It is found
that tso tends to increase with the film thickness. This shows that the surface scattering of the
electrons plays a dominant role in spin-orbit processes. Apparently, strong spin relaxation
in the presence of surface scattering is due to the gradient of the internal crystal-field potential
near the surface of the metal, resulting in lifting of the spin degeneracy and in the
appearance of a spin gap~Rashba mechanism!. © 2005 American Institute of Physics.
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1. INTRODUCTION

The behavior of the conductivity of a metal in a ma
netic field yields information about the structure and para
eters of the electronic energy spectrum.1 For example, the
asymptotic behavior of the conductivity in strong magne
fields reflects the topological properties of the electro
spectrum, and the magnetoquantum effects~Shubnikov-de
Haas oscillations! yield information about the characterist
parameters of the spectrum.2 An understanding of quantum
effects of an interference nature, weak electr
localization,3–5 and the electron-electron interaction5–8 has
opened up the possibility of obtaining information about t
relaxation times and interaction parameters of electrons f
the behavior of the magnetoresistance.

Thin bismuth films were the first object where the effe
of weak localization and the interaction of electrons we
observed.9–12 Subsequently, these effects were observed
many weakly disordered conductors of differe
dimensions.13,14 According to theory,5 the contribution of
weak localization to the conductivity of a two-dimension
system as a function of a magnetic fieldB oriented perpen-
dicular to the film plane has the form

DsB5s~B!2s0~B!5
e2

2p2\

3F3

2
f 2S 4eBD

\
tw* D2

1

2
f 2S 4eBD

\
twD G , ~1!

where f 2(x)5 ln x1C(1/x11/2); C is the logarithmic de-
rivative of theG function; D is the electron diffusion coeffi-
cient;tw is the phase relaxation time;tw* is the modified time
taking account of the spin-orbit interaction: (tw* )21

5tw
2114/3tso

21 ; and,tso is the spin relaxation time due t
the spin-orbit interaction.

For a weak spin-orbit interaction (tso@tw) Eq. ~1! de-
scribes a positive magnetoconductivity~negative magnetore
sistance!, which is typical for the manifestation of weak lo
calization. For a strong spin-orbit interaction (tso,tw) the
3261063-777X/2005/31(3–4)/5/$26.00
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second term in Eq.~1! determinesDsB ; this corresponds to
the manifestation of an anomalous positive magnetore
tance. Then Eq.~1! becomes

DsB52
1

2

e2

2p2\
f 2S 4eBD

\
twD . ~2!

The case of a positive anomalous magnetoresistance in
weak localization effect has been termed ‘‘antilocalization

It is a positive magnetoresistance that has been foun
be characteristic for thin bismuth films manifesting weak
calization, whence it was concluded that a strong spin-o
interaction is characteristic for this object. The reason for t
remained unclear. After all, in a bulk bismuth crystal who
crystal lattice is described by a weakly distorted cube wit
center of inversion there is no reason for a strong spin-o
interaction to appear in the absence of a magnetic field.

In works concerning the effects due to weak localizati
in bismuth films the expression~2! was used to describe th
behavior of the magnetoconductivity, so that information w
obtained only about the phase relaxation timetw . In Ref. 12
it is noted that the spin-orbit interaction timetso in bismuth
films is much shorter thantw and apparently varies with th
film thickness. Modern computers make it possible to a
lyze the change in magnetoconductivity using Eq.~1! and to
determine the behavior oftso as a function of the thicknes
and other parameters. This could be helpful for determin
why the spin-orbit interaction in bismuth films is strong.

2. EXPERIMENTAL AND COMPUTATIONAL PROCEDURES

The experimental magnetic-field dependences of the
sistance measured at liquid-helium and higher temperat
for four series of thin-film bismuth samples, in each of whi
three or four thicknesses were represented, were analy
The samples were obtained by condensing a molecular
muth beam in a high vacuum (531026 mm Hg) on a sub-
strate~glass, mica! at room temperature. The films possess
texture: theC3 axis was oriented in a direction normal to th
film plane. The film thickness range was 100–700 Å; t
© 2005 American Institute of Physics
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effects due to weak electron localization are not manifes
clearly for larger thicknesses. The sample series diffe
somewhat by the conditions under which the films were c
densed~substrate temperature and condensation rate! and,
correspondingly, by their transport characteristics. The tra
of the magnetoresistance curves were obtained in magn
fields up to 1.6 T at temperatures 1.5–4.5 K and also
14–20 and 77 K~examples of magnetoresistance traces
displayed in Fig. 1!.

For comparing with theory the magnetoresistance tra
were converted into the magnetic-field variation of the co
ductivity of a two-dimensional system using the relati
Ds52(DR/R)•(1/Rh), where Rh is the resistance of a
square section of film, which is an analog of the resistivity
the two-dimensional case. This transformation is valid
cause the ratioDR/R is small and because measureme
have shown that for a perpendicular orientation of the m
netic field the Hall component of the magnetoresista
Rhxy;1022Rhxx .

To determine the quantum correction introduced into

FIG. 1. Magnetic field variation of the resistance of samples in series 3
thicknesses 380 Å~a! and 570 Å~b! at temperaturesT, K: 2 ~1!, 4.2 ~2!, 14
~3!, and 20~4!. Magnetic field variation of the resistance of samples in se
2 with thicknesses~in Å!: 180 ~1!, 280~2!, 400~3!, and 450~4! at tempera-
ture 4.2 K~c!.
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conductivity by weak electron localization it is important
take account of the contribution of the classical~Drude!
magnetic-field variation of the resistance of the formm2B2

~m is the mobility! to the magnetoresistance, which was n
done in previous works on weak localization in bismu
films. We used a technique proposed in Ref. 15, specifica
in the range of logarithmic saturation of the function~1! the
mobility values for which the functionsB5s0

D/11m2B2 is
identical to the experimental dependences(B) were
determined.1! In Fig. 2 the dotted line demonstrates the pr
cedure for finding the Drude magnetoresistance of one se
of samples.

Next, the value of the ‘‘two-dimensional’’ concentratio
n2 follows from the expressions05(Rh

0 )215nem. The re-
lation n3 5n2L21, whereL is the film thickness, should be
used for comparing with the data on the ‘‘three-dimension
concentration obtained in Refs. 16–18. It should be no
that bismuth films exhibit a quantum-size effect,19–21 result-
ing in resistance oscillations as a function of the film thic
ness. These oscillations are clearly seen for thicknesseL
.1000 Å. Resistance oscillations can be neglected in
thickness range studied in the present work.

After the Drude contribution was removed from th
magnetic-field dependences obtained for the conducti
~see dashed curves in Fig. 2!, the dependence calculated u

th

s

FIG. 2. Description of the experimental dependences~s! of the conductiv-
ity of bismuth films on the magnetic field by Eq.~1! for weak localization
taking account of the Drude contribution to the magnetoconductivity~—!;
separation of the Drude contribution~•••! from the magnetic field variation
of the conductivity; magnetic field variation of the quantum correction d
to weak localization~with respect to the conductivity atB50) ~– –!. Ex-
amples are demonstrated for samples in series 2 at temperatureT54.2 K
with different thicknesses~in Å!: 180 ~a!, 280 ~b!, 400 ~c!, and 450~d!.
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ing Eq. ~1! and the desired values of the parameterstw and
tso were matched with the experimentally determined dep
dence reflecting the contribution of quantum corrections. T
diffusion coefficientD was determined using Einstein’s fo
mulaD5G/2en, whereG is the specific volume conductiv
ity andn is the electron density of states at the Fermi surf
~for bismuth filmsn'1020 eV21 cm23 taking account of the
change in the charge carrier concentration and the Ferm
ergy with decreasing film thickness17!. The cyclotron mass o
the electrons and holes in bismuth with the magnetic fi
oriented along theC3 axis is m* 50.063m0 , wherem0 is
the free-electron mass. It is this value of the effective mas
electrons and holes that was used to determine the el
time t from the conductivity. The timet was found to be of
the order 10215 s.

The matching procedure was quite successful in
cases. This is demonstrated in Fig. 2~solid curves!. Aside
from weak electron localization, the contribution of oth
corrections due to the electron-electron interaction is ne
gible. Our estimates show that for reasonable values of
interaction constantlB

D and known values of the Lande´ fac-
tor g ~for Bi . C3 g51.06 for electrons andg54.26 for
holes! for bismuth the quantum corrections to the magne
field dependence of the conductivity in the diffusion chan
are much smaller than for weak localization~in contrast to
their temperature dependence where the interaction co
tions are greater than the correction due to we
localization!.22 Similarly, including in the matching proce
dure the quantum correction due to interaction in the Coo
channel simply degrades appreciably the agreement betw
the experimental curves and Eq.~1! describing weak electron
localization.

3. COMPUTATIONAL RESULTS

Our calculations of the contribution of weak localizatio
to the magnetic-field variation of the conductivity of bismu
films differ from previous calculations9,10 by the following
important features: in the first place the expression~1! was
used in the calculations, making it possible to determinetso ,
and in the second place the contribution of the Drude va
tion of the magnetoconductivity was singled out and tak
into account.

The computational results agree with the basic beha
of characteristics such as the concentration and mobility,
termined in Refs. 16–18, where the galvanomagnetic pr
erties of bismuth films were studied.

All calculations were performed in the SI system. T
values found for the mobility lie in the rang
0.01– 0.07 m2V21s21, which agrees with calculations of th
average mobility using the system of equations for galva
magnetic properties of bismuth films.18 The values ofm in-
crease smoothly with film thickness in each series, but t
are different for different series because of differences in
structural characteristics of the films. This is also obser
for the thickness dependences of the diffusion coefficienD
and the average mean-free path lengthl . In the more perfect
series 1 and 2 the path lengthsl are somewhat greater tha
the thicknessL; in the series 3 and 4l is slightless less than
the film thickness.
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In contrast to the transport characteristics the values
the ‘‘three-dimensional’’ charge carrier concentration fall
a single curve versus the film thickness~see Fig. 3!. This
dependence is essentially the same as that obtained in c
lations using the system of equations for galvanomagn
properties of films.16–18The increase in carrier concentratio
with decreasing bismuth film thickness, first established
Ref. 16, was explained in Refs. 17 and 23 as being due to
nonuniform distribution of the potential, which has a be
near the surfaces, in the film. The nonuniform static poten
in a semimetal results in an effective increase of band ov
lapping and increases the average carrier density.

The film-thickness and temperature dependences of
timestw andtso are qualitatively different. The phase rela
ation timetw does not exhibit a clear dependence onL ~Fig.
4a!, and the spin-orbit relaxation timetso tends to increase
somewhat with increasing thickness~Fig. 4b!. As tempera-
ture increases,tso remains unchanged andtw decreases~Fig.
5!. This time is determined by inelastic scatterin

FIG. 3. Charge carrier concentration versus bismuth film thickness for
ferent series: 1~d!, 2 ~s!, 3 ~j!, and 4~h!. Dependence of the formn3

57.631028
•L21.5~—!.

FIG. 4. Variation of the phase timetw ~a! and spin-orbit relaxation timetso

~b! with increasing bismuth film thickness. The labeling of the series
samples is the same as in Fig. 3. The broken lines are drawn for clarit
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processes—electron-electron and electron-phonon. At t
peratures below 4 K electron-electron scattering predom
nates; for these processes the theory of the electron-ele
interaction in disordered two-dimensional conductors p
dictstee

21}T.7,8 This dependence is satisfactorily realized f
the groups of points in Fig. 5 below 4 K. As temperatu
increases, the electron-phonon scattering processes pla
increasingly larger role. The dependencetw

21}T2 is ob-
served in bismuth films at temperatures above 4 K.24 The
reasons for the appearance of such a temperature depen
of tw for bismuth films atT.4 K and for beryllium,25 nio-
bium, and aluminum26 films atT.10 K are discussed in Ref
24.

4. DISCUSSION

In this work the values of the timetso in bismuth films
indicating a strong spin-orbit interaction were obtained.
was also found thattso tends to increase with film thicknes

The high spin-orbit scattering rate in thin bismuth film
is due, in our opinion, to carrier interaction with the surfac
We shall try to substantiate this below.

The idea that spin-orbit interaction plays a substan
role for electrons in small samples was first advanced
Refs. 27 and 28 in connection with the observation o
nonzero nuclear magnetic resonance frequency shift in
perconducting films asT→0 ~Knight shift!. It was inferred
that the direction of the spin of an electron scattered by
boundary can change, as a result of which the total spin
the system is no longer zero. In connection with this id
Abrikosov and Gor’kov constructed a theory of spin-or
interaction in the scattering of electrons by impurities.29 The
experimental data for the spin-orbit relaxation time det
mined from the Knight shift, the critical magnetic field o
ultrathin films, experiments on tunneling of spin-polariz
electrons into a superconductor, and spin resonance of
duction electrons in normal metals were analyzed in Ref.
In this work a check was made of whether or not the dep
dence oftso

21 on the atomic numberZ of a metal satisfies the
relation from Ref. 29:

tso
21

t21
'~aZ!4, ~3!

FIG. 5. Temperature variation of the phase relaxation timetw of samples in
series 3 with thickness,~in Å!: 380 ~s! and 570 ~d!; tw53.9310213

•T21 ~—!, tw54310212
•T22 ~ !.
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wheret is the elastic scattering time anda5e2/\c51/137 is
the fine structure constant. The ratiotso

21/t215« character-
izes the probability of a spin-orbit process in elastic scat
ing. In Ref. 30 it was assumed that since all data fortso refer
to thin films, the main momentum scattering mechanism
surface scattering, so that the transit timets f5L/vF of an
electron between two surfaces, wherevF is the Fermi veloc-
ity, was used as the timet. It was found that theZ depen-
dences oftso

21/(ts f)21 functionally agree with Eq.~3!, but
the experimental values are severalfold greater than the
ues calculated from this expression, ranging from small v
ues (;1025– 1027) for light metals~such as Li! up to very
large values for heavy metals~for Sn;0.1, Pb;0.5). Thus,
for heavy metals a collision of an electron with the surface
very likely to be accompanied by a change in spin orien
tion. The strong spin-orbit interaction observed in bismu
films ~the timetso turned out to be close in order of magn
tude to the elastic scattering timet! corresponds to the re
sults of an analysis of the experimental data fortso in Ref.
30.

The ratio of the probabilities of spin-orbit scattering pr
cesses at the surface«s f and in the bulk«b of a film was
estimated in Refs. 31 and 32. In Ref. 31 it was found for M
films that«s f is one to two orders of magnitude greater th
«b, depending on the type of substrate. In Ref. 32 it was a
established for Au films that«s f@«b ~the values obtained
were«s f'231022 and«b'431024).

It is completely obvious that the tendency fortso to
increase with film thickness~Fig. 4b! shows that the com-
puted values oftso reflect primarily spin-orbit processes at
surface, since a decrease of the influence of the surface
increasing thickness where«s f@«b should result in a weake
spin-orbit interaction in the film, i.e. an increase oftso . We
shall illustrate this using the following qualitative relation
Let the conduction electrons in the film undergo elastic sc
tering in the bulk and at the surface of the film. Let the tim
tso found be represented by two components for spin-o
processes in the bulk and at the surface:

1

tso
5

1

tso
b 1

1

tso
s f 5

«b

tb 1
«s f

ts f , ~4!

wheretb and ts f are the corresponding times of the elas
processes. Lettb' l /vF andts f equal to approximatelyL/vF

in the ‘‘pure’’ limit ( l .L), and in the ‘‘dirty’’ limit ( l ,L)
let ts f be determined by the electron diffusion time from o
surface to the otherts f'L2/D, where the diffusion coeffi-
cient D'vFl . Then it follows from the expression~4! that

for the ‘‘pure’’ limit

1

tso
5

«bvF

l
1

«s fvF

L
, ~5!

for the ‘‘dirty’’ limit

1

tso
5

«bvF

l
1

«s fvFl

L2 . ~6!

It is obvious that for«b!«s f the integral timetso found in
both cases should increase with film thickness. An interm
diate case (l'L) is realized in the objects studied. Th
makes it impossible to use the formulas presented above
the analysis.
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We believe that the reason for the strong spin-orbit p
cess accompanying surface reflection of electrons could
mechanism associated with the bending of the potential n
the surface of a conductor, which follows from the requi
ment that the wave function of charge carriers vanish at
boundary. The spin state of an electron changes in a re
where a gradient¹V(r ) of the potential exists. The spin
orbit interaction Hamiltonian has the form33

Hso5
\

~2m0c!2 @¹V~r !3p#ŝ, ~7!

where p is the quasimomentum of an electron andŝ is a
Pauli matrix. The electron spin is oriented perpendicular
its momentum and to the gradient of the potential. Fok
Þ0 (k is the wave number! the spin degeneracy is lifted an
the states are split~the Rashba mechanism!. The correspond-
ing theory34,35 developed for a two-dimensional electron g
in heterojunctions in semiconductors predicts the appeara
of two branches in the electron energy spectrum:

E6~k!5
\2k2

2m
6ak, ~8!

~a is the spin-splitting parameter! and the existence of a spi
gap

Ds5E11E252akF . ~9!

These ideas have been extended to inversion layers in s
conductors, i.e. regions of bending of the potential nea
surface.

The existence of two branches in the spectrum of me
surface electrons with different spin polarization creates
additional channel for the spin-orbit process accompany
surface reflection of electrons. As a result the probability o
spin-orbit process accompanying scattering by the surfac
a crystal is much higher than for elastic scattering of el
trons by impurity atoms.

5. CONCLUSIONS

In summary, according to the ideas presented above
answer to the question of why the manifestation of we
localization in thin bismuth films has the character of ‘‘a
tilocalization’’ is that the strong spin-orbit relaxation in th
bismuth films is associated primarily with surface scatter
of electrons. It is supposed that electron scattering from
surface occurs under conditions where a gradient of the c
tal potential exists near the surface, lifting the spin deg
eracy in the electron spectrum near the surface and gi
rise to intense spin relaxation accompanying surface sca
ing. As the film thickness increases and the contribution
surface scattering to the conductivity decreases, the s
orbit interaction should become much weaker, as is qua
tively confirmed by the fact that the values found for t
spin-orbit relaxation timetso tend to increase.

This work was supported in part by a stipend awarded
young scientists by the Ukrainian National Academy of S
ences.
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1!We have in mind the average mobility of two types of carriers, sin

calculations have shown16–18 that the electron and hole mobilities foun
for bismuth films from the system of equations for the conductivity, t
magnetoresistance, and the Hall coefficient are close. The electron
hole concentrations remain equal to one another.
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