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The magnetic-field dependences of the resistance of(#l8—700 A 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 timg is much shorter than the phase
relaxation timer,, of the electrongthe case of a strong spin-orbit interactioft is found

that 75, 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 gdRashba mechanigm®© 2005 American Institute of Physics.
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1. INTRODUCTION second term in Eq(l) determines\ o ; this corresponds to

) o ) the manifestation of an anomalous positive magnetoresis-
The behavior of the conductivity of a metal in @ mag- (gnce. Then Eq(l) becomes
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netic field yields information about the structure and param-
f (
“The case of a positive anomalous magnetoresistance in the

eters of the electronic energy spectriirffior example, the
asymptotic behavior of the conductivity in strong magnetic
weak localization effect has been termed “antilocalization.”
It is a positive magnetoresistance that has been found to

fields reflects the topological properties of the electroni
spectrum, and the magnetoquantum effg&hubnikov-de
Haas oscillationsyield information about the characteristic
be characteristic for thin bismuth films manifesting weak lo-
calization, whence it was concluded that a strong spin-orbit
interaction is characteristic for this object. The reason for this

parameters of the spectruAn understanding of quantum
effects of an interference nature, weak electron
I”F]emained unclear. After all, in a bulk bismuth crystal whose

localization®=® and the electron-electron interactfoh has

opened up the possibility of obtaining information about the
crystal lattice is described by a weakly distorted cube with a
center of inversion there is no reason for a strong spin-orbit

relaxation times and interaction parameters of electrons fro

the behavior of the magnetoresistance.

of weak localizaion and the mieraction of sleerons era"er2CAON 10 apPERL i the absence of a magnei field.

observed~!? Subsequently, these effects were observed in In works concerning the effects due to weak localization
' . ' . in bismuth films the expressiai2) was used to describe the

many weakly disordered conductors of different

dimensions®!4 According to theory, the contribution of behavior of the magnetoconductivity, so that information was

weak localization to the conductivity of a two-dimensional obtained only about the phase relaxation time In Ref. 12

Ssvstem as a function of a madanetic fid@doriented perpen- it is noted that the spin-orbit interaction timg, in bismuth
Y : g Perp films is much shorter tham, and apparently varies with the
dicular to the film plane has the form @

film thickness. Modern computers make it possible to ana-
e? lyze the change in magnetoconductivity using Eg.and to
272 determine the behavior af, as a function of the thickness
" 4eBD .
2 h 2% 4

and other parameters. This could be helpful for determining
T
where f,(x)=Inx+W¥(1/x+1/2); W is the logarithmic de-
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2. EXPERIMENTAL AND COMPUTATIONAL PROCEDURES

why the spin-orbit interaction in bismuth films is strong.
0]
rivative of thel” function; D is the electron diffusion coeffi-

cient; 7, is the phase relaxation time}, is the modified time
taking account of the spin-orbit interaction:TZO‘1
= r;1+4/37§01; and, ¢, is the spin relaxation time due to
the spin-orbit interaction.

For a weak spin-orbit interactionr{;>7,) Eq. (1) de-
scribes a positive magnetoconductivityegative magnetore-
sistance which is typical for the manifestation of weak lo-
calization. For a strong spin-orbit interactions{<7,) the
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The experimental magnetic-field dependences of the re-
sistance measured at liquid-helium and higher temperatures
for four series of thin-film bismuth samples, in each of which
three or four thicknesses were represented, were analyzed.
The samples were obtained by condensing a molecular bis-
muth beam in a high vacuum 10 ® mmHg) on a sub-
strate(glass, micaat room temperature. The films possessed
texture: theCy axis was oriented in a direction normal to the
film plane. The film thickness range was 100-700 A; the

© 2005 American Institute of Physics
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5 ...AA o © A‘A\Z FIG. 2. Description of the experimental dependen¢esof the conductiv-
asd B .'AAgo° Ad ~4 ity of bismuth films on the magnetic field by E@l) for weak localization
2 1.0} ." 6°°AAA taking account of the Drude contribution to the magnetoconductiwity;,
o A separation of the Drude contributign-) from the magnetic field variation
I of the conductivity; magnetic field variation of the quantum correction due
0 1 1 1 1 1 1 1 1 to weak localizationwith respect to the conductivity &=0) (- -). Ex-
0.2 0.6 1.0 1.4 amples are demonstrated for samples in series 2 at tempefatude? K
BT with different thicknesseéin A): 180 (a), 280 (b), 400 (c), and 450(d).

FIG. 1. Magnetic field variation of the resistance of samples in series 3 with
(3 304, Mgt o vaaon o syt of e n aeresCorIductivity by weak electron localization it is important to
2 with thicknéssegn A): 180(1), 280(2), 400(3), and 450(4) at Itjempera- take account of the contribution of the classi¢alrude
ture 4.2 K (0). magnetic-field variation of the resistance of the fouf?
(u is the mobility to the magnetoresistance, which was not
done in previous works on weak localization in bismuth
effects due to weak electron localization are not manifestedilms. We used a technique proposed in Ref. 15, specifically,
clearly for larger thicknesses. The sample series differedh the range of logarithmic saturation of the functid the
somewhat by the conditions under which the films were conmobility values for which the functioerg= 08/1+ u’B? is
densed(substrate temperature and condensation) ratel, identical to the experimental dependenegB) were
correspondingly, by their transport characteristics. The tracedetermined’ In Fig. 2 the dotted line demonstrates the pro-
of the magnetoresistance curves were obtained in magnettedure for finding the Drude magnetoresistance of one series
fields up to 1.6 T at temperatures 1.5—-4.5 K and also abf samples.
14-20 and 77 Klexamples of magnetoresistance traces are  Next, the value of the “two-dimensional” concentration
displayed in Fig. L n, follows from the expressionr(,:(R%)‘l:neM. The re-

For comparing with theory the magnetoresistance traceftion n; =n,L 1, whereL is the film thickness, should be
were converted into the magnetic-field variation of the con-used for comparing with the data on the “three-dimensional”
ductivity of a two-dimensional system using the relationconcentration obtained in Refs. 16—18. It should be noted
Ao=—(AR/R)-(1/R5), whereRy is the resistance of a that bismuth films exhibit a quantum-size effétt?! result-
square section of film, which is an analog of the resistivity ining in resistance oscillations as a function of the film thick-
the two-dimensional case. This transformation is valid beness. These oscillations are clearly seen for thicknekses
cause the raticAR/R is small and because measurements>1000 A. Resistance oscillations can be neglected in the
have shown that for a perpendicular orientation of the magthickness range studied in the present work.
netic field the Hall component of the magnetoresistance After the Drude contribution was removed from the
RDXy~10‘2RDXX. magnetic-field dependences obtained for the conductivity

To determine the quantum correction introduced into thg'see dashed curves in Fig), 2he dependence calculated us-
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ing Eq. (1) and the desired values of the parametgrsand 4.5 .
Tso Were matched with the experimentally determined depen- L
dence reflecting the contribution of quantum corrections. The 35k °
diffusion coefficientD was determined using Einstein’s for- ?

mulaD = G/2ev, whereG is the specific volume conductiv- mE T
ity and v is the electron density of states at the Fermi surface S 25¢
(for bismuth filmsy~10?° eV~ ! cm~3 taking account of the 5 F
change in the charge carrier concentration and the Fermi en- sl

ergy with decreasing film thickneSs The cyclotron mass of
the electrons and holes in bismuth with the magnetic field
oriented along theC; axis ism* =0.063n,, wheremy is 0.51 | . . L .
the free-electron mass. It is this value of the effective mass of 100 300 500 700
electrons and holes that was used to determine the elastic LA
time 7 from the CondUCtiVity' The time- was found to be of FIG. 3. Charge carrier concentration versus bismuth film thickness for dif-
the order 10*°s. ferent series: 1@), 2 (O), 3 (W), and 4(0). Dependence of the formg

The matching procedure was quite successful in alk=7.6x10% L~15%—).
cases. This is demonstrated in Fig(sdlid curve$. Aside
from weak electron localization, the contribution of other o
corrections due to the electron-electron interaction is negli- N contrast to the transport characteristics the values of
gible. Our estimates show that for reasonable values of thi€ “three-dimensional” charge carrier concentration fall on
interaction constantB and known values of the Landac- & Single curve versus the film thickneesee Fig. 3 This
tor g (for B|. C3 g=1.06 for electrons andj=4.26 for de_penden_ce is essentially the same as that obtained in caI(_:u-
holes for bismuth the quantum corrections to the magnetic/ations using the system of equations for galvanomagnetic
field dependence of the conductivity in the diffusion channelProperties of f"mél-_ ~The increase in carrier concentration
are much smaller than for weak localizatiéin contrast to with decreasing bismuth film thickness, first established in

their temperature dependence where the interaction correfef. 16, was explained in Refs. 17 and 23 as being due to the
tions are greater than the correction due to weahonuniform distribution of the potential, which has a bend

localization.?2 Similarly, including in the matching proce- n€ar the surfaces, in the film. The nonuniform static potential

dure the quantum correction due to interaction in the Coopel? @ Semimetal results in an effective increase of band over-
channel simply degrades appreciably the agreement betwedgPPing and increases the average carrier density.

the experimental curves and Hd) describing weak electron The film-thickness and temperature dependences of the

localization. times 7, and 7, are qualitatively different. The phase relax-
ation time,, does not exhibit a clear dependencelo(Fig.
43), and the spin-orbit relaxation time,, tends to increase

3. COMPUTATIONAL RESULTS somewhat with increasing thicknegsig. 4b). As tempera-
ture increaseszs, remains unchanged ang decreasegFig.

Our calculations of the contribution of weak localization 5). This time is determined by inelastic scattering
to the magnetic-field variation of the conductivity of bismuth

films differ from previous calculatiodg® by the following

important features: in the first place the expressibnwas o 10—

used in the calculations, making it possible to determing S\T‘ nnn® o a

and in the second place the contribution of the Drude varia- © St

tion of the magnetoconductivity was singled out and taken & . ® ooe e

into account. . _ _ _ 40—
The computational results agree with the basic behavior o’ b

of characteristics such as the concentration and mobility, de- e

termined in Refs. 16—18, where the galvanomagnetic prop- 35} g- o

erties of bismuth films were studied. @ ‘ .
All calculations were performed in the S| system. The $’-’| 3.0} //’

values found for the mobility lie in the range e o - o

0.01-0.07 rAV~'s™%, which agrees with calculations of the 2 .l -

average mobility using the system of equations for galvano- - 25 .,"

magnetic properties of bismuth filmM&The values ofu in- »

crease smoothly with film thickness in each series, but they 20F L ©)

are different for different series because of differences in the ad

structural characteristics of the films. This is also observed 1.0 TR S S S—

for the thickness dependences of the diffusion coefficiznt 1.2 3 4 5 6 7

and the average mean-free path lerigtin the more perfect L1024

Se”es. 1 and 2 T[he path I_engthare spme_what greater than FIG. 4. Variation of the phase time, (a) and spin-orbit relaxation time,
the th|Ckm_'3‘S$-1 in the series 3 and HKis slightless less than () witn increasing bismuth film thickness. The labeling of the series of
the film thickness. samples is the same as in Fig. 3. The broken lines are drawn for clarity.
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80 whereris the elastic scattering time aad=e?/fc=1/137 is
60 the fine structure constant. The ratig'/ — 1=¢ character-
40+ izes the probability of a spin-orbit process in elastic scatter-
ing. In Ref. 30 it was assumed that since all datasgrefer
o0} to thin films, the main momentum scattering mechanism is
surface scattering, so that the transit tirfé=L/v of an
electron between two surfaces, whekeis the Fermi veloc-
N ity, was used as the time It was found that th&Z depen-
}}\ dences ofr_ /(") " functionally agree with Eq(3), but
\o the experimental values are severalfold greater than the val-
I , e N ues calculated from this expression, ranging from small val-
1 2 4 6810 20 ues (~107°-107) for light metals(such as Li up to very
T.K large values for heavy metalor Sn~0.1, Pb~0.5). Thus,
. N . for heavy metals a collision of an electron with the surface is
FIG. 5. Temperature variation of the phase relaxation tipef samples in . . . . .
series 3 with thickness(in A): 380 (O) and 570(®); 7,=3.9x10 %  Very likely to be accompanied by a change in spin orienta-
T (), 7,=4X107 2 T2 (— — —). tion. The strong spin-orbit interaction observed in bismuth
films (the time 7, turned out to be close in order of magni-
tude to the elastic scattering time corresponds to the re-
processes—electron-electron and electron-phonon. At tensults of an analysis of the experimental data fgg in Ref.
peratures belw 4 K electron-electron scattering predomi- 30.
nates; for these processes the theory of the electron-electron The ratio of the probabilities of spin-orbit scattering pro-
interaction in disordered two-dimensional conductors precesses at the surfaece’ and in the bulke® of a film was
dicts r;elocT.7'8 This dependence is satisfactorily realized for estimated in Refs. 31 and 32. In Ref. 31 it was found for Mg
the groups of points in Fig. 5 below 4 K. As temperaturefilms thateS" is one to two orders of magnitude greater than
increases, the electron-phonon scattering processes play ab, depending on the type of substrate. In Ref. 32 it was also
increasingly larger role. The dependenqtglocT2 is ob-  established for Au films thatS'>¢P (the values obtained
served in bismuth films at temperatures above #'Khe wereeS'~2x1072 andeP~4x107%).
reasons for the appearance of such a temperature dependence It is completely obvious that the tendency fag, to

(o]

1,107 18g

H O 0O

of 7, for bismuth films atT>4 K and for beryllium?® nio- increase with film thickneséFig. 4b shows that the com-
bium, and aluminurf films atT>10 K are discussed in Ref. puted values of, reflect primarily spin-orbit processes at a
24. surface, since a decrease of the influence of the surface with

increasing thickness wheeg > £ should result in a weaker
spin-orbit interaction in the film, i.e. an increasef,. We
shall illustrate this using the following qualitative relations.
In this work the values of the timeg, in bismuth films  Let the conduction electrons in the film undergo elastic scat-
indicating a strong spin-orbit interaction were obtained. Ittering in the bulk and at the surface of the film. Let the time
was also found thats, tends to increase with film thickness. 7, found be represented by two components for spin-orbit
The high spin-orbit scattering rate in thin bismuth films processes in the bulk and at the surface:
is due, in our opinion, to carrier interaction with the surface. b s
. - 1 1 1 =& €
We shall try to substantiate this below. — =+ —7= 5 + —=1, (4)
The idea that spin-orbit interaction plays a substantial 7so 7so 7s0 7 7
role for electrons in small samples was first advanced iRy hare -2 and = are the corresponding times of the elastic
Refs. 27 and 28 in con_nect|on with the observathn _of aprocesses. Let"~I/vr and 7' equal to approximateli/v
nonzero nuclear magnetic resonance frequency shift in syz o “pure” limit (1>L), and in the “dirty” limit (1<L)
perconducting films a3 —0 (Knight shify. It was inferred |y /sf he getermined by the electron diffusion time from one
that the direction of the spin of an electron scattered by thg, f5ce to the others'~L2/D, where the diffusion coeffi-
boundary can change, as a result of which the total spin OéientDvaI. Then it follows from the expressiof) that
the system is no longer zero. In connection with this idea, ¢4 the “pure” limit
Abrikosov and Gor’kov constructed a theory of spin-orbit
interaction in the scattering of electrons by impuritiéghe 1 v &%fup
experimental data for the spin-orbit relaxation time deter- T_SO_|_+ L’ ®
mined from the Knight shift, the critical magnetic field of
ultrathin films, experiments on tunneling of spin-polarized
electrons into a superconductor, and spin resonance of con- 1 &Py &3l
duction electrons in normal metals were analyzed in Ref. 30. T_so= | + L2 - (6)
In this work a check was made of whether or not the depen-

dence ofr..} on the atomic numbeZ of a metal satisfies the It i obvious that fors"<&°" the integral timers, found in
relation from Ref. 29 both cases should increase with film thickness. An interme-

diate case I=L) is realized in the objects studied. This
3) makes it impossible to use the formulas presented above for
the analysis.

4. DISCUSSION

for the “dirty” limit

-1
TSO

_1~(aZ)4,
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We believe that the reason for the strong spin-orbit pro- E-Mail: Andrievskii@ilt.kharkov.ua

cess accompanying surface reflection of electrons could be'Ve have in mind the W?;/gage mobility of two types of carriers, since
mechanism associated with the bending of the potential ne(,ilpalcullatlons have sho that the electron and hole mObIlItIe§ found

. . for bismuth films from the system of equations for the conductivity, the
the surface of a CondUCt(_)ra which follows from the.reqU"’e' magnetoresistance, and the Hall coefficient are close. The electron and
ment that the wave function of charge carriers vanish at thehole concentrations remain equal to one another.
boundary. The spin state of an electron changes in a region
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