
PHYSICAL REVIEWER B VOLUME 50, NUMBER 23

Electron-electron interaction in thin bismuth films
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The temperature dependence of quantum corrections to conductivity, which are due to the weak local-
ization (WL) of electrons and electron-electron interaction (EEI), has been studied for thin Bi films. A
change of the total quantum correction has been determined as well as the components related to WL
and EEI under the action of an electric field associated with a high-density current Qowing through the
film. The quantum corrections are found to decrease with an increase in the current during electron
overheating. However, the change in the quantum correction related to EEI is caused not only by the
heating but also by a change in the electron interaction. This effect is considered together with a similar
effect that shows itself as a change in the contribution of quantum corrections to the Bi-film magne-
toresistance under the action of an electric field.

I. THE GOAL OF INVESTIGATION

It was found in Ref. 1 that in thin Bi films (-100 A)
the magnetic-field dependence of quantum corrections to
the conductivity, which are related to the effects of weak
electron localization (WL) and the electron-electron
interaction (EEI}, change considerably as the density
of the current flowing through the film increases. With a
weak current the quantum correction to the magnetocon-
ductivity is only dependent on the WL effect. " With a
strong current ( —10 —10 A cm, which corresponds to
an electric-field strength 0.1 —60 V cm ') the shape of the
magnetoresistance (MR) curves changes a maximum
appears that is shifted toward low magnetic fields as the
current increases, and, negative MR is observed. The
correct allowance for the electron heating shows that this
is not the only factor influencing the localization correc-
tion: the magnetoconductivity also contains a contribu-
tion from the component related to the EEI. It is found
that this correction increases with the electric field,
which indicates that the interaction constant A,H grows as
the electron energy increases.

The finding in Ref. 1 calls for an independent check of
the conclusion about the influence of the energy of the
electrons in Bi films on the nature of their interaction. In
addition to the magnetoconductivity, the EEI, along with
WL, influences quantum corrections to the temperature
dependence of the conductivity. The corresponding in-
teraction constant kT responsible for the temperature
variation of the quantum correction to the EEI in a
diffusion channel is not identical with A.H, but it should
also be sensitive to the electron energy if the effect men-
tioned exists.

This work was restrictively aimed at studying the
influence of the electric field excited by a strong current
upon the temperature behavior of the quantum correc-
tions to the conductivity of thin Bi films (below referred
to as localization or Coulomb corrections). The central
methodical problem arising on approaching this goal re-
quires correct separation of the WL and EEI effects in

the total quantum correction to the temperature depen-
dence of the film conductivity. Here the technique that
was tried in Ref. 11 may be used: the temperature varia-
tions of the film conductivity are compared in zero and
strong magnetic fields. In the latter case the localization
correction is suppressed. The shape of the localization
correction may be found using another independent pro-
cedure: calculation from the data for the phase-electron
relaxation time ~ by the formulas given below.

There may be two reasons for the influence of a strong
electric field on each of the quantum corrections. (i)
Variations of the quantum corrections may be caused by
the rising temperature of the electrons (the electron
overheating effect' ' ) or by the rising temperature of the
electrons and phonons (Joule heating). (ii} A direct
influence of the electric field on the quantum correction is
possible. The direct influence of the electric field upon
the WL effect is discussed in the literature, ' ' but relat-
ed theoretical concepts are inconsistent. There is a quali-
tative interpretation of the electric-field effect on the
Coulomb correction, ' but a rigorous theory is so far
lacking.

The influence of the electron-overheating effect can be
determined accurately if the shape of the temperature
dependence is known for the electron-phonon relaxation
time ~, ~h for the objects studied.

Thus the problem set must be solved in three steps: (i)
find the dependence w, &h(T), (ii) separate the WL and
EEI effects, and (iii) separate the influence of the rising
electron temperature upon each of the quantum correc-
tions.

II. BASIC RELATIONS

The temperature dependence of the thin-film resistance
is a sum of several components:

R(T)=Ro+R, h(T)+ART+ERT,

where Ro is the residual resistance dependent on the elas-
tic relaxation processes, R, ~h(T) is the ordinary ("classi-
cal") electron-phonon resistance, and lLRT and ERT are
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the resistance variations due to quantum interference of
the WL and EEI effects.

A transition from ERE and ERE to the corresponding
quantum corrections to the conductivity obtained in the
theory of WL and EEI effects is possible, taking into
account the relative smallness of these corrections via the
relation —bo. =hR /(RRz), where R~ is the resistance
per film square.

The quantum corrections to the thin-film conductivity
related to the WL and EEI effects are seen at low temper-
atures ( & 20 K), and disappear as the temperature rises.
In a two-dimensional (2D} case the localization correc-
tion is '

the temperature at which the current effect on the shape
of the temperature dependence of resistance disappears is
just the temperature at which the quantum corrections
vanish themselves. By this criterion and the estimations
made for the Bi films, the temperature at which the quan-
turn corrections become vanishingly small ranges be-
tween 15 and 20 K.

For a magnetic field perpendicular to the film plane,
the variation of the conductivity in the WL efFect can be
described, in the general case, by the quantum correction
of the form

e', 4e~a, , 4ea

where v is the relaxation time of the wave-function
phase of the electrons, and v is the elastic relaxation time
of the electrons. If the time ~ which corresponds to the
inelastic electron relaxation can be approximated by the
power function r~~ T ~, then Eq. (2) is usually as fol-
lows:

2

ho &= p lnT~ .
2m A

(3)

With a strong spin-orbit interaction during the impurity
scattering of electrons, the factor —

—,
' appears in Eqs. (2)

and (3), and the localization correction changes its sign.
The same is true for the magnetic-field localization
correction 60 rr (see below). The anomalous positive MR
observed in the Bi films suggest that at helium tempera-
tures the localization correction to the conductivity cor-
responds to the case of strong spin-orbit scattering(r»r ).

The quantum correction related to the EEI in the 2D
case is '

where D is the diffusion coefficient of electrons,

(r~) '=(r~) '+-', (r„) '+ —', (r, )

'=a~'+2r, ', f~(X)= 1nX+4 —,
'+—

0' is the logarithmic derivative of the I function, ~„ is
the spin-orbit interaction time for elastic electron scatter-
ing by an impurity, and v, is the time of spin-spin scatter-
ing of electrons (it may be neglected in the absence of
magnetic impurities).

For the Bi films, the second term in Eq. (6) is determin-
ing because of the strong spin-orbit interaction. When
the temperature rises (T &4 K) and r thus decreasing
brings r and „r[in the studied Bi films „F1&0 ' s
(Ref. 1)] closer, the first term may also contribute.

It is found' that with an increase in the current density
the component of the quantum correction related to the
EEI contributes to the magnetoresistance of Bi films. In
the diffusion channel of the interaction this correction is

(4)

where A, & is the effective constant of interaction of elec-
trons with a small difference in their momenta (the
diifusion channel of interaction). The total quantum
correction to the temperature dependence of the Bi film
conductivity is

ebar=hcrr+b, o r= [——,'p lnTr+A, z lnTr] .
2~ A'

The temperature dependences of quantum corrections
are usually analyzed using the minimum resistance R ( T}
(for the Bi films T;„—5 K}. In practice the correction
contribution can occur even above the minimum resis-
tance. This implies that the considered value of

bo =ERr/(RR~) (where b,Rr =R—r R;„)is smaller—
than the true value. An analysis of the temperature
dependences of corrections and estimation ofp and A, ~ by
(3) and (4) allow the measurement of b,Rr from the
minimum resistance, but this method may be unfavorable
for separation of the localization correction from the to-
tal quantum one. We proceed from the assumption that

gz(h) = I d Q [QE(Q)] ln 1—
dQ fL

0.084h , h « 1

ln(h/1. 3), h »1,h ='

where g is the Lande factor of conduction electrons, and

IM~ is the Bohr magneton.

III. EXPERIMENTAL PROCEDURE

The experimental samples were thin bismuth films

prepared by condensing a molecular Bi beam (the Bi puri-
ty is 99.9999) in a vacuum ( —10 torr) onto a room-
temperature substrate. The samples were narrow strips
(60 pm wide) with whiskers to measure resistance by the
four-probe method. The electron microscopic data show
that films of thickness ~ 100 A were homogeneous and
continuous. The electron diffraction analysis revealed a
texture with the trigonal axis C3 normal to the substrate.
The measurement was carried out at temperatures rang-



50 ELECIRON-ELECTRON Ihl
INFRACTION

IN THIN BISMUTH FILMS 16 847

ing between 1.5 and 20 K (at T~4.2 K the sample was
immersed in liquid helium) in magnetic fields up to 55
kG. The current through the sample was varied from 10
to 300 pA, and the applied electric field corresponding to
the maximum current was as high as 18 V cm

To produce electron overheating in the Bi films, we
used calcite as a substrate. The electron overheating is
realized with a high acoustic coupling of the film-
substrate (or film-surroundings) boundary. This is pro-
vided by the closeness of the acoustic impedances
Z =Ps /cos8 for these substances (P is the density, s is the
sound velocity, and 8 is the angle of sound wave in-
cidence or transmission). Bismuth and calcite have close
Ps values, and this permits us to believe that the acoustic
coupling is adequate [for bismuth: p=9. 80 gcm
sI=2. 18X10 cms ', ands, =1.1X10 cms ' forcal-
cite: p=3.72 gcm, s&=6.75X10 cms ', and
s, =3.48X10 cms ' (Ref. 20)]. In this case for a high-
density current through the film, the phonons emitted by
the heated electrons escape from the film without reab-
sorption (it is essential that the film thickness be lower
than the phonon-electron relaxation length}. As a result,
the temperature of the phonons T h in the film remains
almost unchanged, and coincides with that of the sub-
strate (or surroundings), and the electron system state can
be described by the Fermi distribution function with an
effective temperature T, that differs from T h. The tem-
perature T, is determined by the energy balance condi-
tion for the electron system.

From the equation of thermal balance under the elec-
tron overheating condition, we can derive the following
expression

(kaT, ) =(k&T~i, ) + (eE)iDr, h .
6

This relation is suitable because, like Eq. (6) for the locali-
zation quantum correction to magnetic conductivity, it
involves the diffusion coeScient of electrons D as the
only characteristic of the substance. It was calculated
from D = 3vFr, where the elastic relaxation time of elec-
trons ~ is defined by the film conductivity.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

(1) The temperature dependence of the phase relaxa-
tion time ~ can be found from experimental data for the
film resistance variation in the magnetic field at different
temperatures and currents using Eq. (6). The solid lines
in Fig. 1 show experimental dependences b,o(lnH) for a
sample 125 A thick at different temperatures, and a
current of 10 p,A (to the left) and at difFerent currents at
T = 1.6 K (to the right). Light circles show the calculat-
ed curves for the localization correction [according to
Eq. (6}], fitted to the experimental curves taken at es-
timated v and ~ . A small contribution of the "ordi-
nary" magnetoresistance hp/p =p 8 was preliminarily
subtracted from the experimental record, which for this
particular sample corresponds to the mobility p=100
cm V 's ' averaged for two types of charge carriers.

4-
l (p A)yE(+ cm )

10 06

3.2 3
150 8.98

300 17.9

.6K

0
For samples of smaller thickness ( 5 100 A) this contribu-
tion is practically unobserved. It should be noted that at
a highly increasing current the fitting region of experi-
mental and calculated curves is limited by the region of
weak magnetic fields (H ( 10 kOe) since in high fields the
contribution of the component related to the electron-
electron interaction emerges. ' Since the computer-based
accuracy of the fitting parameter D~ is high in compar-
ison with the experimental curve and the one calculated
by Eq. (6), the accuracy of r is thus sufficiently high too,
and the systematic error may be connected with the esti-
mate of D. It is shown below that this error is excluded
from our calculation.

The results for Dv of the 125-A-thick sample are
shown in Fig. 2 (bottoin left). The difFusion coefficient
D was estimated to be =20 cm s ' for this sample.

The time ~ was calculated taking into account the
data of Ref. 1, in which the contribution of the EEI-
related correction to the magnetic resistance of Bi films at
strong currents was detected. In this context the currents
and magnetic fields were used, where the magnetic resis-
tance is dependent only on the localization correction (6).

The dependence r (T) for a small current reflects the
contribution of two main mechanisms of the inelastic
electron relaxation: electron-electron and electron-
phonon interactions. The first mechanism predominates
at lower temperatures and is described by the dependence
~„'~ T for disordered metals. The second mechanism
operates at higher temperatures, and gives a stronger
dependence of ~ on T: v

' ~ T in this particular case.
The decrease in ~ in Fig. 2 as the current grows should
be taken as a manifestation of the electron overheating
effect.

The absence of a jump in the temperature dependences
Dr and quantum correction b cr r (see below) at the tem-

12 fP 8 6 6 8 iO 12
~tH(oe)]

FIG. 1. Dependences of correction to magnetoresistance ho
0

upon the perpendicular magnetic-field strength for a 125-A-
thick Bi film at different temperatures and currents through the
sample. Light symbols show the curves calculated by Eq. (6)
found at ~~ and ~ times. Left: 10 pA; 1.6, 3.2, and 4.2 K;
7~—4.55 X 10 ", 1.71 X 10 ", and 9.42 X 10 ' s, respectively;
7 =(2.5+0.5) X 10 ' s for the range 1.6-4.2 K. Right: 1.6 K;
10, 150, and 300 pA; v =4.55X10 ", 1.67X10 ", and
9.09X10 ' s.
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perature of helium transformation into the superQuid
state ( T& =2. 18 K) is indicative of the electron overheat-
ing effect in Bi films on calcite at the above current condi-
tions. Such a jump is inevitable when the acoustic film-
substrate coupling is poor (e.g., in Bi on mica' ) and the
phonon escape from the film provides partially liquid
helium. These capabilities are different in He I and He II.

The quantum correction to the magnetic conductivity
of the film, and hence ~, decreases with current due to
the rising electron temperature, which affects the values
of these characteristics essentially. The comparison of v

values observed at a certain preassigned current and the
initial temperature T„&, with the equal values on the
"equilibrium" curve r ( T) corresponding to the
minimum current, may give information about the elec-
tron temperature T, . Then D~, I, can be calculated from
Eq. (8).

The obtained dependence Dv, pz is shown in Fig. 2

(top); it can be presented in an analytical form:

(D1 pi, ) '=2.44 X 10 T

The analysis of the dependences r, ~i,(T) for several
0

thin ~100-A-thick Bi films shows that they practically
agree for films of different thicknesses and are insensitive
to changes in the electron mean free path I. This fact and
the analytical form of the dependence ~, „(T) [Eq. (9)]
(see also Refs. 12 and 13) suggest that the results obtained
for 7 pp in &100-A-thick Bi films in the range 2—4 K
refer to the 3D case of the electron-phonon interaction in
the "pure limit, "where the inequality q~„ 1 ) 1 (q~„ is the
wave vector of the thermal phonon) is met. '

(2) Each of the components may be separated from the
measured total quantum correction to the temperature

~ a I i ~ & gl a ~ i el

2 4 6 1O Za
T(K)

FIG. 2. The temperature dependences D~~ found from the
MR of a 125-A-thick Bi film according to expression {6), and
the temperature dependence D~, » found from the electron
overheating efFect at different values of current {in pA): ~—10;
o —20; 64—40; ~V—80; A6 —150; T~—200; 50—
300.

dependence of the film conductivity [Eq. (5)], proceeding
from the following experimental feasibility. " It is known
that a comparatively weak magnetic field can destroy lo-
calization, since the electron wave function assumes an
additional phase in the magnetic field, and this disturbs
the interference. The corresponding magnetic field
Ho =Tie/4eD~ at D=20 cm s ' and ~ =10 " s at 4
K is estimated to be Ho =90 Oe. On plotting the
temperature-film resistance dependence in the magnetic
field H &&Ho, the temperature behavior of the EEI-
related quantum correction can be separated out. This
correction for Bi films appears to be larger than the total
one, since the localization correction ho. T has the minus
sign. The latter can be found as the difference between
the total quantum correction and the Coulomb one. This
calculation of ho T and the plot of the temperature
dependence of this magnitude at different currents were
performed in the magnetic fields of 7.7 and 55 kG. The
slight distinction between the dependences obtained is
due to the WL effect, whose contribution is not removed
completely in the first case; in the second case there is a
contribution from the EEI effect which shows up in a
strong magnetic field at large currents. It is diScult to
take this contribution into account accurately in the total
magnetoresistance of films. In our plotting procedures
we used AR T =R T

—R,6 K to change over from the tem-
perature variation of resistance to the quantum correc-
tion to the film conductivity.

On the other hand, the ~ values obtained from the lo-
calization correction to the film magnetoresistance per-
mit calculation of herr by Eq. (2), and thus provide
another method of deriving information about the tem-
perature behavior of the localization correction. The re-
sults of such calculations are shown in Fig. 3. The gen-
eral pictures of AoT variations with temperature at
different currents as obtained by either of the two
methods are identical, and the absolute values of the lo-
calization correction calculated from ~ are only —10%
higher than those obtained by the first method in the
magnetic field 7.7 kG, and practically coincide with those
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FIG. 3. The temperature variation in the quantum correction
related to the weak electron localization at different values of
current {in pA): —10; 6—40; +—80; +—150; V—200;
~—300.
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taken in the magnetic field 55 kG. Figure 3 shows the lo-
calization correction to the temperature dependence of
the Bi film conductivity separated with suScient accura-
cy from the total quantum correction.

It should be noted that the localization correction
reproduced the temperature behavior of ~, including the
change from the exponential dependence ~ ' ~ T to

' ~ T . It follows that the commonly used Eq. (3) does
not work in a wide temperature range, since p is not con-
stant.

Finally, the points in Fig. 4 show the temperature vari-
ation of the Coulomb correction to the Bi film conduc-
tivity at different currents. A decrease in the values of lo-
calization and Coulomb corrections with increasing
current is, first of all, connected with the increasing elec-
tron temperature.

(3) Let us consider the expected variation of the quan-
tum corrections due to the electron overheating. The
dependence Dr, ~h(T) obtained is sufficient to solve the
problem.

Proceeding from Eq. (9) and using Eq. (8) for Tzi, at
given T, values in the "equilibrium" curve b,o r(lnT}, the
problem inverse to searching for D~, h can be solved,
i.e., the expected variation of the ho r(lnT) shapes due to
electron overheating can be restored at different currents.
The results of such calculations are shown in Figs. 3 and
4 (solid lines).

For the localization correction, the calculated curves
agree essentially with experimental ones. It follows that
within the experimental accuracy no direct influence of
the electric field on the localization correction is observed
(at least, in the electric fields applied; the higher den-sity

currents, in our opinion, would violate the conditions of
electron overheating; as a result, signs of the Joule heat-
ing appear).

This conclusion does not support the assumptions
made earlier' ' about the possible influence of the elec-
tric field on WL, but agrees well with the following state-
ment: since the electric field does not break time-
reversal invariance, the electric field also has no influence
on the WL. It is found' ' that only the electron

28-

24
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16.
b

12

4.

1 —
—,'F at H (H, ,

1 ——'F at H&H, ,

(loa)

(10b)

where

overheating may be responsible for the localization
correction variations in the electric field.

An alternative conclusion has been made about the
correction related to the EEI (Fig. 4). It can be seen that
in the growing electric field the Coulomb correction de-
creases more sharply than is expected during electron
overheating. This discrepancy increases with the current
and may far exceed (by at least an order of magnitude)
the possible error of calculations. The proper considera-
tion of the Coulomb correction variation caused by the
electric field' brings only slight changes in to the calcula-
tions.

The discrepancy between the computed and experi-
mental temperature dependences of the Coulomb correc-
tions suggests that the interaction constant A. r in Eq. (4)
decreases with the growing electric field. This change
can be found by introducing into Eq. (4) a scale factor el-
iminating the above discrepancy. The following values
have been obtained for A. T variations: 1.0, 0.95, 0.83, 0.8,
and 0.75 at E 1 Vcm ', E =4.7 Vcm ' (at 80-p, A
current), E =8.45 V cm ' (at 150 pA), E =12 V cm ' (at
200 pA), and E = 18 V cm ' (at 300 pA}, respectively.

Thus the influence of an electric field on the magnetic-
field variation of quantum corrections to the Bi film con-
ductivity revealed in Ref. 1 has received further support
through the analysis of the temperature-dependent
Coulomb correction. However, under the action of an
electric field, the corresponding interaction constants iLir

and A, T behave in different ways: In Ref. 1 the absolute
value of A,H increased from an infinitesimal value up to
&0.5 for the field of 40 Vcm '; in this work A, T de-
creased with the growing electric field as compared with
the initial value equal to 1. This apparent discrepancy
may be explained qualitatively', however, the emerging
problem requires a more careful theoretical approach.
The qualitative considerations are as follows.

According to the theory of electron-electron interac-
tion in disordered metals, ' the interaction constants
defining the quantum correction values are estimated by
summing over all particle-hole and particle-particle in-
teraction processes of the exchange and Hartree types.
In the approximation of screened Coulomb interaction,
these components can be expressed in terms of a single
constant F averaged over angular amplitudes of the elec-
tron interaction with small momenta. In the case of
strong spin-orbit scattering (r »T„), the interaction
constant kT defining the quantum correction to the tem-
perature dependence of conductivity may be expressed
as'

2 ~ 4 6 8 10 i6
t~[T (K)]

FIG. 4. The variation with the temperature of the quantum
correction related to EEI at di8'erent values of current (in pA):
o—10; 6—40; ~—80; A —150; V—200; 8—300.

The interaction constant A,H which defines the magnetic-
field-induced change of the quantum correction in the
diffusion channel is equal to F/2.
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As is known for bismuth, the g factors are equal to
17 for electrons and to 134 for holes (if H ~~C3 ). The cor-
responding values for the field H, are 27.5 and 3.5 kG at
T =10 K. It seems reasonable to suggest that the contri-
bution of the Coulomb correction to the magnetoresis-
tance in the fields ranging from 10 to 40 kG at high
currents appears to be due to the interaction occurring
both in the electron and hole valleys; for the A.~ expres-
sion (10b) can be used.

In the framework of the above consideration, the
changes in A,z and A, z with the electric field should be re-
garded as resulting from the constant I" increasing from
the minimum initial value (for wear screening) in the ab-
sence of electron overheating to the value approaching
unity (for strong screening) at the increasing energy of
charge carriers. Explanations of this conclusion presents

some difhculties, therefore, additional considerations can
be put forward. The interaction constants contain an
additional component A,, h accounting for the interaction
mechanism related to the virtual phonon exchange. %'ith
the proper choice of the component sign corresponding
to attraction, the experimental results in Ref. 1 and this
work can be described qualitatively by the variation of
just this component with the growing of E, while the con-
stant F is small over the whole range of electric fields.
The growth of the component k, h with increasing elec-
tric field may be connected, for example, with the mecha-
nism considered in Ref. 24, which shows that the
electron-electron interaction via virtual phonons
enhances appreciably under the condition of the electron
drift because the frequency of the virtual phonons attains
the Doppler shift.
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