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We have studied the effects of weak localization and electron-electron interaction in the conductivity of Bi films at
temperatures between 1.1 and 4.2 K in the presence of a high-frequency electric field ( = 9.4 GHz). The experiments
were carried out under conditions of no appreciable overheating of electrons due 10 a microwave radiation. The data
obtained permit us to examine the influence of temperature on quantum corrections As(2) at high-frequency electric
field more comprehensively and reliably than in earlier works. The experimental dependences Ao(Q, T) are found to

be in good agreement with the known theoretical models.

Introduction

The behavior of the conductivity of disordered
metal systems may depart considerably from the clas-
sical Drude model at sufficiently low temperatures.
The deviation is connected with the wave nature of
electrons and depends on the quantum effects of weak
localization (WL) and electron-electron interaction
(EED [1,2). The WL effects are due to the fact that at
low temperatures the conduction electrons can be
scattered repeatedly by impurities (or other crystal
lattice defects), which, however, does not disturb
their phase coherence. If the impurity concentration
is high enough, the interference of the scattered
waves generated by each collision with the impurities
increases the probability of back-scattering. At suffi-
ciently low temperatures this results in a negative
temperature coefficient for the resistance. The cor-
responding quantum correction to the conductivity of
two-dimensional systems is then logarithmically de-
pendent on temperature (Ao « In T). It is important
that the value of the quantum correction is directly
controlled by the electron phase relaxation time 7 -
The character and frequency of the phase-breaking
processes are dictated by inelastic electron-electron
and electron-phonon collisions, as well as by the spin-
flip scattering.

The phase of the electron is considerably influ-
enced by the external magnetic field. The quantum
correction related to the WL effect is therefore quite
sensitive to the static magnetic field, The times of
inelastic (z;), spin-orbit (r.,) and spin-spin (7))

electron relaxations can be derived from experimen-
tal studies of the dependence Ao(H). This maintains
a continuous interest in the WL and EE] effects.

It is known [1,3] that the WL and EEI effects are
greatly influenced by the ac (unlike dc) electrical
field. In the WL case this occurs once the ac field
E_ (t) has its component along the electron trajectory

and acts upon the electron, thus changing its wave
phase. According to Ref. 3, the mean phase shift
during the time ¢ is

(Ap) = E(dE, (H/d’DE = a(Qt)° , (D

where a = 4e2DEZ wi 7203 D is the electron diffusion
coefficient; Q and E_ are the angular frequency and

amplitude of the electric field. The field influence on
the phase of the electron is effective only if the field
E, (¢) varies considerably during the time T,- Fields

of the frequencies Q = 1;1 are therefore required to

observe dependence of WL effects on the ac electric
field. :

To describe the influence of the ac electric (and
static magnetic) field on the WL and EEI effects,
theoretical models were developed [1,3] which per-
mit direct comparison between theory and experi-
ment. The WL and EEI effects in the magnetic field
were the subject of numerous publications but ex-
perimental works studying the influence of the ac
electric field can easily be counted on one’s
fingers [4-9]. This is mainly because such studies
are complex, effort-consuming and run into difficul-
ties in finding the true amplitude E,_ in the samples,

which is required for quantitative comparison.
Earlier studies of the influence of a high-frequency
electric field upon the quantum corrections to conduc-
tivity were made on films [4,5,7-9] and inversicn
layers {6]and concentrated on the resistance varia-
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tions (using a dc or low-frequency field) in the exter-
nal high-frequency field. The influence of the ac
electric field £, on the WL effects was not always

detected clearly [4], since the field £ (¢) can simul-

taneously cause considerable Joule heafing of the
samples, On the other hand, the overheating effects
may be used to calibrate the amplitude £ in the

samples, using the equation

Ao(E, ) = Ao(E,) , 2)

where the left-hand and the right-hand sides show
conductivity variations in the ac and dc electric fields,
respectively, The calibration is performed when the
ac field influence on the WL effects is negligible (in
high magnetic fields [6] or for high-resistance
samples with short phase-breaking time v, [7-9D,

taking it inte account that L << J (L and d are the film
thickness and skin depth, respectively). It was be-
liecved [7-91 that the calibration results taken on
high-resistance films conld be applied to low-resis-
tance samples to separate the contributions of the
E, (¢ field to quantum corrections and the Joule

heating. This calibration method appeared to be ef-
fective for Sb films with high sheet resistance R

(>100¢) [7,8] (good agreement with theory to
within 2 unity factor). It was, however, compleiely
ineffective for AuPd and Au films [7,9], where it gave
an unexpected resuit: in low-resistance (R < 100 )

films the temperature rise provoked by the Joule heat-
ing in a high-frequency field is much smaller than
that in a low-frequency ficld of the same amplitude.
'The authors of Refs. 7,9 failed to explain the dis-
crepancy. We attribute this result to the erroneouns
approach {91 underlying the above calibration me-
thod, which assumes that the field E, c(t) remains the

same in different samples, irrespective of their con-
ductivity (or R) [101]. It is known [1! ] that the ref-

lectivity of the electromagnetic wave from the metal is
dependent on its conductivity. Electrodynamic cal-
culation shows {101 that at L << 3 the amplitude of
the ac electric field is indeed uniform inside the
sampile. Its value is, however essentially dependent
on R and may be considerably lower than the pre-as-

signed amplitude E_, of the incident electromagnetic

wave. This may account for the apparent inefficiency
of the Joule heating in a high-frequency field that was
observed for lcw—Rn films [9 ]. Numerical calculation

supports this conclusion {10 ].

Experimental studies of the influence of a high-fre-
guency electric field upon the WL and EEI effects are
actually at the initial stage and many questions re-~
main to be answered [4-9]. For example, no ade-
guiie attention has been paid to the temperature de-
pendence of the influence exerted by a high-frequen-
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cy electric field. Meantime, this kind of investigation
could give as reliable information about various me-
chanisms of inelastic and spin relaxation of electrons
as that derived from the studies of the WL and EEI
effects in the magnetic field. Further studies and ac-
cumulation of experimental data are required to at-
tain this methodical level. In this context the present
work was aimed at studying the influence of the high-
frequency electric (9.4 GHz) field upon the WL ef-
fects in bismuth films. The choice of the experimental
objects was dictated by the fact that the WL and EEI
effects are well studied in Bi films (Refs. 12,13 and
the References therein), which aids the identification
of the ac electric field action on these quantum effects.

Experimental technique

Two Bi films (Bi-1 and Bi-2) having sheet resistan- -
ces of = 357 and = 401 Q, respectively, were inves-
tigated. The purity of source material was 99.9999,.
The Bi-1 film (thickness L = 15 nm) was deposited in
vacuum via thermal evaporation (the pressure of
residual gases P = 2-1074Pa) with deposition rate
v, = 0.07 nm/s. The parameters of the Bi-2 film were

L=27.6 nm, P=1.3-10"3Pa, v, = 0.3 nm/s. The

substrates were polished single-crystal sapphire
plates (0.5x7x24 mm). Transverse gold films (over
100 nm thick) were deposited onto the plate ends to
serve as electrical contacts in the measurement of the
film resistance. The contact widths were 1.2 mm, so the
measured length of the films was 21.5 mm, the film
widths were 0.065 mm (Bi-1) and 0.95 mm (Bi-2).

The influence of the microwave field on the film
conductivity was investigated in a conventional glass
cryostat with “He (1.1-4.2 K) using a superconduct-
ing lead resonator with the resonance frequency
9.3548 GHz. The sapphire plate with the film was
inserted into the microwave cavity through two rec-
tangular slots ( = 7X1 mm) so that the gold contacts
were outside. The plate was fixed from outside with a
nonconducting adhesive. Four wires were attached to
the gold contacts with the conducting adhesive Ec-
cobond 56 C (Grace Electronic Materials Company)
for measurements of the film resistance. A low-fre-
qguency ac bridge (AC Resistance bridge LR-700,
Linear Res. Inc., San Diego, CA, USA) was used. The
relative experimental error was not more than 1075,
In the external high-frequency field the resonator
with the sample was immersed in liquid helium,

After the microwave measurements, the same
samples were examined in a vacuum cryostat with a
superconducting solenoid where the sapphire plates
with the deposited films were in good thermal contact
with a copper He vessel. The measurement of the
quantum corrections to the conductivity as a function
of the perpendicular magnetic field H (0—40 kOe) and
temperature (0.5-30 K) permitted an independent
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estimation of the phase relaxation times of the
electrons. The measuring dc currents (1-10 uA) were
chosen, which excluded possible influence of the
Joule neating. In this case the relative error of the
resistance measured also did not exceed 1075.

Results and discussion

The low temperature behavior of the conductivity
in the films investigated is controlled by the WL and
EEl effects. The temperature dependence of the
resistance R(T) has a minimum at T = 5 K. Below
this temperature the resistance obeys the logarithmic
law AR « In T (Fig. 1). According to WL and EEI
theories [1,2], the temperature dependence of
resistance in a zero magnetic field can be described as

2

AR € Rn
—=-aq InT + const , 3
R T w2

where the dimensionless coefficient ap in different
limiiing cases is

L4+p at 1, >>7(T)51,>> 1, 7(T), (4a)
ar=11 —% at 7, <<1(T);7,>>1,,,7(T), (4b)

1 at 7, <<7(T). (4c)

Here 7, is the phase relaxation time due to inelastic
scattering processes; ri_l o« TP (p is the index de-
pendent on the mechanism of inelastic scattering); 7,
and 7, are the electron relaxation times due to the

spin-spin and spin-orbit interactions (SSI and SOI).
In Egs.. (4) the WL and EEI contribution are repre-
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Fig. 1. The plots of resistance versus temperature (in the reduced
coordinates corresponding to Eq. (3)) for sample Bi-1 (Rmin is the
film resistance at the minimum point of the temperature dependence
R(T)). Experimental points 3 and O correspond to the presence
and absence of applied high-frequency electric field.
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sented by the p-dependent term and the term equal to
unity, respectively.

As was shown earlier (Refs. 12,13 and Refercnces
therein), Eq. (4b) is obeyed for Bi films, which cor-
responds to the case of strong SOI and weak clectron
scattering by magnetic impurity; hence a, = 1 — p/2
is obeyed. For the films studied a, = 0.45, which is

close to 0.5, and thus gives p = 1. We obtained the
same value of p directly from the measurements of
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Fig. 2. The temperature dependences of fractional changes in
resistance AR/ R, induced by high-frequency electric field, for Bi-1
(a) and Bi-2 (§). The curves drawn through the experimental
points were calculated by Eq. (7) for the correction Aoy, (). In

doing so, the values of D and rp(T) were prescribed and the values
of coefficient @ and consequently the amplitude Eac were fitting
parameters. The values of 1¢(T) were calculated by the equation

1;1(7‘) = AT, where for A we used our experimental values Aexp
(long-dashed line), the theoretical values A, obtained from
Eq. (12) (short-dashed line) and the calculated values Ay,
obtained from Eq. (12) (line) and the calculated values Acale

obtained with varying the values of A and a simultaneously on
accomplishing the best agreement between the Eq. (7) and the
experimental data (solid line). The values of D were determined by
the film resistivity (see below). The values Aexp » Ay and Ao as

well as those of « and Eac for different variants of calculation are
listed in Table 1.
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quantum corrections to conductivity in the magnetic
ficld (discussed below).

When a high-frequency electric field was applied,
the film resistance increased (Figs. 1,2). As\theory
postulates [3 ], the influence of the ac electric field on
the WL quantum correction to conductivity can be
described as

Aoy, (Q) = Ao(Q) ~ Ac(0) = %fl (r;) - —;—fl(r¢) ,

&)
*—1 _ _~1 -1 -1 _ -1 -1
where r'p =T, +T‘P , and t‘P =7T; (T)+21,’S
(for Biz,' = 77 1(1)), and

. . 2
fl (T‘p) = - '2_7;_21{ X
—4
X f% eXP(Qr:) {exP [—afy()]glafr(x)] - 1} »
0 : )
where

. .2
sin 2x sin“ x
Hx)=x|1+——-2—~1,
2(%) 2x X
and I,(y) is the Bessel function of imaginary argu-
0

ment. Equation (§) suggests that the sign of the cor-
rection Aoy, (Q) is determined by the relation be-

and r,. With strong SOI
(T << Tw) the following formula should be used:

tween the times T‘P

AG,, (Q) = Ad(Q) — Ao(0) = — Sh@) . D

It follows from Eq. (7) that the correction Agy,, (Q) is

negative, which agrees with the results obtained
(Figs. 1,2).

For completeness, it is necessary to take into ac-
count the possible influence of the ac electric field
upon the EEI quantum correction to the conductivity.
This influence is enhanced as the temperature goes
down. The following expression can be derived from
Ref. 1; it describes the corresponding quantum cor-
rection for two-dimensional systems at AQ << kT

' 2 T3 (79)?

Aopp () = Ao(RQ) - Ao(0) = Z—nﬁ—gz—) (;—T-) .
8

Note that in this case the presence of the external
high-frequency electric field would make the conduc-
tivity increase in contrast to its behavior observed on
Bi films (Figs. 1,2).

As the above formulas show, the comparison of ex-
perimental data and theory requires the knowledge of
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the £

ac’
E,. proposed in Ref. 7,9 and outlined above has

Dandrt o values. The method of estimating

turned out to be ineffective for the samples studied
since no pronounced Joule heating was detected in the
high-frequency electric field afforded by our ex-
perimental facility. For the films with high R, i.e.

about twice as high as R, of Bi-1 and Bi-2 (= 357 Q

and = 401 Q, respectively), the influence of the ap-
plied ac electric field on the film resistance at
T = 1.5 K was guite weak (slightly higher than the
measurement error). In high-resistance samples the
influence of the high-frequency field on the WL ef-

fects may be rather small because of short times 7 p"

The magnitude of the film overheating in the ac
electric field is dependent on various parameters and

_conditions: dissipated power, substrate material,

cooling and heat transfer conditions, acoustic cou-
pling of the film and the substrate and so on. The
combination of these parameters and conditions for
the films studied seems to be that which excludes any
appreciable overheating (according to our estimation,
not higher than 0.1 K) in the applied electric field.
Since the resistance measurement using low-frequen-
cy current was performed at very low Joule heating,
there are reasons to hope that the observed increase
in the film resistance in the high-frequency electric
field is mainly due to the influence of this field upon
the quantum corrections. (Note that, in consequence
of the negative resistance coefficient, the Joule heat-
ing should cause an opposite effect — a decrease in
the resistance of the films.)

The values of time 7 » were determined by analyz-

ing the experimental dependences of the quantum
correction on magnetic field. The general expression
for the WL-induced variations in conductivity in the
two-dimensional systems in a perpendicular magnetic
field H can be written down in the form [1,2]

2 . 1
Ac(H, T) = —2;%—7{ [—%f(r‘p/rﬂ) -5/, /tH):] , D

where f(x) = In x + W(1/2 + 1/x); ¥ is the digamma
function; 7,; = fic/ 4DeH is the magnetic time. For the

strong SOI (typical of Bi films) this expression can be
simplified as follows:

2 T
Ac(H,T) = — 4;211_ f[_;—;%] . 10

The positive magnetoresistance of the films studied
fitted well to this expression for # < 10 kOe, and al-
lowed us to estimate the values and temperature de-
pendence of the phase relaxation time Tw(T)'

It should be noted that the processing of the curves
Ao(H, T) makes it possible to estimate only the values
of the product Drv, , so the values of diffusion coeffi-

Fizika Nizkikh Temperatur, 1996, v. 22, No 1



Effect of an ac electric field on weak electron localization in Bi films

cient, D, must be known to determine the values of
T, The values of D are also required to make com-

parison of the experimental dependences Ao(Q2) with
the theory [3]. Therefore, we shall enlarge on our
technique of evaluation of D values. To calculate D,
the commonly accepted expression

D=vi1/3 an

was used where v . is the electron velocity at the Fermi

level, and 7 is the elastic scattering time. As Bi is a
semimetal with a high-anisotropy electron spectrum,
the use of Eq. (11) requires specific justification.
Moreover, the electronic characteristics of thin films
and bulk samples of Bi differ essentially. Therefore,
we have taken account of the fact [13 1, that the films
studied consist of crystallites of small size (somewhat
smaller than the film thickness ) and are of axial
texture (the axis C, is perpendicular to the film

plane). The angular orientation of the crystallites
within the film plane is completely random and,
hence, the anisotropic properties of individual crys-
tallites do not affect the film conductivity which is
quite isotropic. This gives grounds for using the v

value (= 7.5-107 cm/s [14]) averaged in the plane
(C,CH o calculate D. The values of T were calculated

by the relationship o = 2ne?r/ m. g which takes into

account the existence of two types of charge carriers
in Bi (electrons and holes) of approximately equal
effective mass M = 5.82-10’29g [141 and con-

centration n. It is known [15] that the concentration
of charge carriers in Bi films increases with decreas-
ing film thickness (therefore, the electronic proper-
ties of Bi films are much closer to those of typical
metals than of bulk Bi). The concentration, n, was

1 10
T.K

Fig. 3. The temperature dependence of phase relaxation rate
1;1(7') for sample Bi-1. The solid line drown through the
experimental points corresponds o the

Lpm 3
T = Aggp T+ A, T°.

expression
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estimated for the films of different thickness, L, by
using the improved data given in {16 ]. Based on the
above facts, we estimated D by Eq. (11) and obtained
D =5cm?%/s and = 14 cm?/s for samples Bi-1 and
Bi-2, respectively.

Figure 3 shows the dependence t;'(T) for sample
Bi-1 resulted from the processing of the experimental
curves Ao(H, T) with regard to the above value of D.
The dependence for sample Bi-2 is identical in shape.
These dependences (as those in Refs. 12,13) can be
well described by. the expression r;‘(T) =

= AT + Ap T3 where the linear term is the contribu-

tion of electron-electron collisions involving small en-
ergy transfer [1,2] and the nonlinear term corres-
ponds to the processes of electron-phonon relaxation:

In our study most attention is concentrated on the
linear term because it is dominant at low tempera-
tures 7 < 4.2 K (Fig. 3) at which one can observe a
distinct effect of high-frequency electric field (Figs. 1
and 2). According to Refs. 1,2, the contribution of
electron-electron collisions to electron phase relaxa-
tion for the two-dimensional case can be given by the
relationship :

2
kT € Ry in 7k
7 2’k eZRu ’

The experimental values of 7 0 for the samples studied

(12

(1) =

fit Eq. (12) numerically (to a factor of the order of
unity). If we represent Eq. (12) as T;[ = A, T and

the experimental data as r;l =Aexp 7T, the ratio

Aexp/Ath equals approximately = 0.66 and = 1.81 for
samples Bi-1 and Bi-2, respectively. The previous re-
search works {1,2] demonstrate that Eq. (12) which

depends only on R and the universal constants is

well met for metal films (as well as for the Bi ones
[12,13]). This indicates that we have made no ap-
preciable error when calculating D.

The values of D and o calculated in the above

manner were used to compare the experimental
values of quantum corrections Ac(Q) in the presence
of high-frequency electric field with the correspond-
ing theoretical expressions [1,3 1. Our data permit the
effect of temperature on Ao(Q) to be ex"mined more
completely and reliably than in the previous works.
The increase in resistance of the Bi films in the
presence of high-frequency electric field is consistent
with the expected influence of this field on WL effects
for strong SOI. Therefore, we decided first of all to
use Eq. (7) for comparison with the experimental da-
ta. In so doing, according to the experimental results
on r(;l(T) (Fig. 3) we put r;l = AT and took the ex-

perimental and theorctical values (4, <p and Ay) as

those of A. The dimensionless coefficient « =
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Fig. 4. The temperature dependence of fractional changes in
resistance AR/R, induced by high-frequency electric field, for
sample Bi-1. The difference from Fig. 2,a is that the experimental
data for this sample were compared to the sum of corrections
Aoy (Q) and v Aog () (Egs. (7) and (8)). Other details and

the versions of calculation used are identical to those in Fig. 2. The
values Aexp » Ay, and Acatc and those of a and E . obtained

from different versions of calculation are listed in Table 2.

= 4e2DEZ i 203 entering into Eq. (7) was a fitting
parameter in the search for the best agreement be-
tween the experimental and theoretical dependences
Ac(2, T). In addition, as a third version, this proce-
dure was accomplished with varying both parameters
(A and «). In that case a certain calculated value of A
was determined (we symbolized itas A, ). Using the

estimated values of @ and the above-mentioned values
of D, we calculated the values of the ac electric field
amplitudes E_ in the samples.

The calculated curves of temperature dependences
Ao(R, T) as well as the values of o and E, obtained

for samples Bi-1 and Bi-2 with different variants of
calculation are shown in Fig. 2 and listed in Table 1.

Table 1
Sample 4,105t k| a,1072 EyerV/m
Agyp = 427 5.83 50.7
Bi-1 Ay =6.49 15.4 82.3
Acalc =3.20 3.37 38.5
Aexp =1.28 20.4 56.7
Bi-2 Ath = 7.06 3.93 24.9
Acale = 9-73 8.83 37.3

As is seen, the versions of calculation employed
result in calculated curves of Ao(Q, T) that are close
together and, in the general case, in close values of
field amplitude E_ . These values of E, correspond

84

1o the maximum power of microwave radiation for the
samples studied (the relation between the observed
effects and microwave power will be considered be-
low). It is interesting to note that the version of
calculation with varying both parameters indepen-
dently (4 and «) results in almost identical values
E,.= 38 V/m for both samples (Table 1) while the

values of quantum corrections Ao(Q, T) differ appro-
ximately by a factor of three.

Table 2
Sample |4, 1095 1.k| «,1072 Ege»V/m
Agyp =427 8.92 62.7
Bi-1 Ay =6.49 25.3 105.6
‘ Al =388 7.31 56.7

Although Eq. (7) describes the temperature de-
pendences Ao(RQ, T) quite well, we decided, in con-
trast to the previous papers [4-9], to take into ac-
count the influence of ac electric field on EEI, i.e., to
compare the experimental dependences Ao(R, T)
with a sum of the corrections Aoy, (R2) and

Aog () (Egs. (7) and (8)). The result of this cal-
culation for sample Bi-1 is shown in Fig. 4. One can
see that the calculated curves of Ao(Q2, T) are ar-

ranged almost in the same manner as those in the case
where allowance is made only for the term Aoy, ().

It should be emphasized that the calculated values of
E,, have been varied but not so much. This suggests

that within the temperature range under considera-
tion (1-3 K) the correction Ao (RQ) is small com-

pared to the correction Aoy, (). Thus, with the

quantity « as a fitting parameter, our measured tem-
perature dependences Ao(Q2, T) are in good agree-
ment with the known theoretical models [1,3]. The
values of amplitude E , calculated using the values of

a for the maximum microwave power applied appear
to be equal for both samples. This is consistent with
what is expected because, according to the electro-
dynamic calculations [10], at equal amplitude E,of
incident microwave the amplitude £, within the thin
films depends only on R . For the samples studied
the values of R are not too different from one another
(=357 Q2 and = 401 Q), although the values of D
differ approximately by a factor of three. It should be
noted also that the experimental values of E,
(40-50 V/m) are in agreement per se with the es-
timated values expected.

We obtained additional useful information by mea-
suring the relation between film resistance and inci-
dent microwave power (at constant temperatures).
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s 1

0 5 10 15
Microwave power, arb. unit

Fig. 5. Changes of film resistance AR/R, induced by high-
frequency electric field, as a function of incident microwave
radiation powerat 7 = 1.2 K.

The relation between resistance increment AR/ R and
applied power was found to be linear (Fig. 5). This
implies that Ao(Q, T) x a. This behavior is consis-
tent with the theorctical predictions for low ampli-
tudesof E [61

Ao(Q,T)xo4a(@r, )’ at a(Qr, ) <<1, Q1 <<1, (13a)

Ao(Q,T) ocaoaQI¢ at aQt¢<<l, Qr¢>>1. 13b)
The relationships (13) are valid only with no over-
heating present. The existence of overheating is sup-
posed to involve (at sufficiently high amplitudes E )

an increase in the electron temperature and a de-
crease in t v and hence, a variation in the quantum

correction Ao(S2, T) and thus its departure from
linear dependence on microwave power. The absence
of such departures for the films studied implies that
the effect of overheating is not appreciable. It should
be noted that for the above arguments it makes no
difference which of relationships (13) is valid for the

Fizika Nizkikh Temperatur, 1996, v. 22, No 1

films studied (the evaluation shows that Eq. (13b) is
met) because the very fact of proportionality of
Ao(Q, T) to applied power testifies that there is no
appreciable influence of overheating in the films.
Therefore, we believe that the comparison between
our experimental dependences Ao(f2, T) and the
theoretical models given in Refs. 1,3 is legitimate and
the good agreement obtained is quite plausible.
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