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The method of tunnel spectroscopy was used in a study of the energy dependences of the one-
particle density of states v(¢) in disordered aluminum films which were two- and three-
dimensional in respect of the interaction effects. The experimental dependences of the tunnel
conductance on the bias voltage ¥, reflecting the singularities of v(&), were described
quantitatively by the theory of Al'tshuler, Aronov, and Lee [Sov. Phys. JETP 50, 968 (1979);
59, 415 (1984); JETP Lett. 37, 175 (1983); Phys. Rev. Lett. 44, 1288 (1980); in: Electron-
Electron Interaction in Disordered Systems, (E. L. Efros and M. Pollak, eds.) North-Holland,
1985] in a wide range of values of the parameters eV/kT. The results demonstrated that a
study of the tunnel conductance anomalies can provide information on the distribution of

impurities across the thickness of a film.

§l. INTRODUCTION

Enhancement of the electron-electron interaction be-
cause of the diffusive nature of the motion of electrons in
disordered metals modifies greatly the properties of quasi-
particle excitations of energies |¢| S #/7(¢ is the energy of a
quasiparticle measured from the Fermi level u and 7 is the
momentum relaxation time).'”> Contributions dependent
on the quasiparticle energy appear in all the transport and
thermodynamic quantities. In particular, the energy spec-
trum of quasiparticles is modified on a scale of |¢| S #/7 and
a singularity appears in the one-particle density of states
v(€) at the Fermi level.'~

The most direct method for investigating the energy
dependence of the density of states in metals is tunnel spec-
troscopy (see, for example, Ref. 6). The dependence of the
differential conductance G = dI /dV of a metal-insulator-
metal tunnel contact on the voltage V applied to it reflects —
in the absence of inelastic tunneling processes — the depen-
dences v(¢) at the electrodes forming such a contact. There-
fore, according to the theory of Refs. 1-5, tunnel experi-
ments on disordered metals should exhibit singularities of
the dependence G(V) at ¥ = 0. In fact, such singularities
(known as the zero-bias anomalies of the tunnel conduc-
tance) have been reported for the last twenty years (see, for
example, Refs. 6-8). The voltage dependences of the tunnel
conductance have either a maximum or a minimum at
V' =0. A peak of the dependence G(V) at V' = 0 is usually
attributed to the scattering by magnetic impurities,® whereas
aminimum of G at ¥ = 0 can be explained only by the Fermi
liquid theory of disordered metals.

The appearance of the theory of Al'tshuler, Aronov,
and Lee'® has stimulated experimental studies of the char-
acteristics of the electron-electron interaction in disordered
conductors, including studies by tunnel spectroscopy.'®'¢
Strongly disordered systems are of special interest and ob-
servations of the critical behavior of v(£ = 0) exhibited by
these systems have demonstrated the major importance of
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the electron-electron interaction effects in the vicinity of the
Anderson metal-insulator transition.'®"*? The case of weak-
ly disordered conductors has been studied less thoroughly
and a quantitative agreement with the theory of Refs. 1-5,
developed on the assumption that kz/> 1 (kj is the Fermi
wave vector and / is the mean free path of electrons), has
been reported only so far in Ref. 15. Therefore, our principal
aim was to study singularities of the density of states result-
ing from the electron-electron interaction in weakly disor-
dered metal films. In contrast to preceding experiments,
measurements were carried out in a sufficiently strong (for
the demonstration of the spin effects) magnetic field, which
made it possible to determine the contributions of the var-
ious types of interaction to the observed dependences v(¢).
It was found that the experimental results obtained for films
with thicknesses and resistivity varying within wide limits
can be described quantitatively by the theory of Refs. 1-5
throughout the investigated range of temperatures and bias
voltages. Preliminary results of this study were published
earlier.”

The present paper is organized as follows. The neces-
sary theoretical results are obtained in §2. The methods used
in the preparation of the samples and in low-temperature
measurements of the tunnel conductance are described in §3.
The experimental results are presented and discussed in §4.

§2. THEORETICAL ASPECTS

Singularities of the density of states in disordered met-
als appear because of the interactions between: a) an elec-
tron and a hole with similar energies and a small combined
momentum; b) two electrons with similar energies and a
small combined momentum. In the former case we shall
speak of the diffusion interaction channel and we shall de-
scribe the latter as the Cooper channel. The corrections to
the density of states are proportional to the values of the
corresponding interaction constants and to the probability
of a second encounter of two interacting particles character-
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ized by an energy difference Ae (Ae~¢) in a time ¢t S#/A¢
during which the coherence of their wave functions is re-
tained.'® This probability e, depends strongly on the effec-
tive dimensionality of a sample governed by the ratio of its
geometric dimensions and the diffusion length L, = (#D /
€)'/? representing the distance traveled in the characteristic
time ¢t = #i/¢. Reduction in the dimensionality increases the
value of a,, which should enhance the interaction effects.
The interaction constant can be represented in the form®

Aa=Aa® (j=0) +3A.° (j=1) —A.°, ()

where d is the dimensionality of a conductor in relation to
the interaction effects; the first two terms describe the inter-
action in the diffusion channel between particles with total
spins j =0 and j = 1; A § represents the interaction in the
Cooper channel and the coefficient 3 is due to the multiplic-
ity of the state with j = 1. Since the constant A 2(j = 0) is
universal and depends only on the dimensionality of a con-
ductor, the corrections to the density of states should be gov-
erned by the value of @, and two Fermi liquid constants:
ARG =1)andAS. At T = 0 the corrections to the one-par-

ticle density of states are!">>:
d’Vd(E)‘w 7\.4 { lel‘h , d=3 (2)
Vv va(AD)** \In(|e|/B), d=2,

where v, is the number of states per unit energy interval and
per unit area of a film of thickness a €L, . The expressions
for 6v(¢) and 6G (V) given here and below are valid in the
case of two-dimensional systems if the length L, is much less
than the electron localization radius, whereas in the case of
three-dimensional systems they are valid if electrons are de-
localized and there is no spatial dispersion of the diffusion
coefficient over distances ~L,.

The following two points should be borne in mind in
going over from expressions for §v, (¢) to the dependences
of the tunnel conductance of the bias voltage. Firstly, in the
process of tunneling the important states are those located at
the distances L €L, from the metal-insulator interface, i.e.,
the anomaly of the tunnel conductance is associated with a
local density of states of interacting electrons near the sur-
face of a sample. The presence of a boundary of a three-
dimensional film enhances (near this boundary) the local
density of states by a factor of 2 compared with the exchange
mechanism.* Consequently, in the presence of a contact
formed by a pure bulk electrode and a three-dimensional
disordered film the dependence G (V) due to the singlet
part of the diffusion interaction channel should have the fol-
lowing form* at voltages V> kT /e:

AG(V) e ( eV )"'

G  2wh\mD/ '
wherep = (e*vD) ™' is the resistivity of the disordered elec-
trode. Secondly, the image forces have the effect that the
electron-electron interaction in a two-dimensional film
forming a tunnel contact with a pure three-dimensional elec-
trode is of the dipole nature at distances much greater than
the thickness of an insulating layer § or the thickness of the
film a (Ref. 4). Therefore, for such a structure the depen-
dence AG (V) associated with the correction 8v,(¢) due to

(3)
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the singlet part of the diffusion interaction channel has the
following form* if ¥'> kT /e and x%aé> 1:
G(V,T1)—-G(O0,T) Me'Rg , eV
GO, T)  4wh kT

(4)
where
Mv=In (%*ad) =In (4n6/DRy), (5)

x~' = (4me*v) ~ V2 is the Debye radius. The logarithm de-

scribed by Eq. (5) represents the truncation of the Coulomb
potential at distances exceeding &.

Equations (2)-(4) are valid if ¢, eV’> kT. The density-
of-states singularities are broadened at finite temperatures.
Foranarbitrary ratio of kT to eV, the expressions for AG(V)
due to the interaction in the diffusion channel between parti-
cles with a total spinj = 0 can be represented in the following
form, which is convenient for comparison with the experi-
mental results®:

d

=2;
G(V,T)-G(0,T)  eRg ln( 476 )
G(0,T) 8n*h DR,

{o.(F)-e0].  ©®

"GV, 1)-GO,T)  €p (kT)"’
G(0,T) 8Y2nh ‘KD

x[ (I)s(%)—(bs(O)], N
where

ch(z+4)—1

wa (A) == _jwdx W

v j shydy
[chy+ch(z+4)](1+chy)y*-*?

0

x =¢€/kT, and A = eV /kT. Thermal broadening of the sin-
gularities of AG is of the same order of magnitude as the
characteristic value eV = 5.4k T taken as the limit of resolu-
tion of the tunnel spectroscopy method when applied to nor-
mal metals.®

The influence of a magnetic field on the interaction in
the diffusion channel is governed by the spin effects.>'° In a
sufficiently strong magnetic field H> Hy = wkT /gup (g is
the Landé factor for the conduction electrons and up is the
Bohr magneton) the states with a total spinj = 1 are split in
respect of the spin projection along the field direction
M =0, + 1. This should result in a Zeeman splitting of the
triplet part of the contribution of the diffusion interaction
channel to the density of states: singularities of v corre-
sponding to the projections of the total spin of the interacting
particles M = + 1 are shifted on the energy scale by
Ae = + gup H relative to the Fermi level (Ref. 3).' The sin-
gularities of v due to the triplet part of the diffusion interac-
tion channel are smeared not only at finite temperatures, but
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also in the case of spin scattering and they disappear for #/
ts>gugH. [The total spin relaxation time g =3/
4(75 ™' + 750 ~!) ! represents the spin-spin (75 ) and spin-
orbit (75, ) scattering processes.] It should be pointed out
that neither the magnetic field nor the spin scattering should
affect the interaction in the diffusion channel between parti-
cles with a total spin j = 0.

The application of a magnetic field suppresses the inter-
action in the Cooper channel because of the orbital effects if
the field intensity is H> H, = wckT /eD. Inthe case of three-
dimensional samples or two-dimensional films oriented at
right-angles to the magnetic field, which are the objects of
our study, the spin effects in the Cooper interaction channel
are unimportant because H, € H. The total spin of the par-
ticles interacting in the Cooper channel is always zero so that
the spin-orbit scattering does not affect this channel and the
spin-spin scattering broadens the singularities of v due to the
Cooper channel if #/7, > kT.

§3. EXPERIMENTAL METHOD

Aluminum films were formed by thermal deposition of
99.999% pure A1 on glass substrates kept at room tempera-
ture. The film thickness and the rate of evaporation were
determined by a quartz thickness meter to within 1 A and 0.1
A/sec. The density-of-states singularities were studied for
two types of sample: a) thin (@ = 30-50 A) films deposited
at a residual pressure of P~2 X 10~ ° mbar at a rate of v~ 10
A/ sec; b) thicker (@ = 50-2000 A) films which were evapo-
rated in an oxygen atmosphere (P ,~1X107* mbar) at a
rate of v = 5-10 A/sec in order to ensure the necessary de-
gree of disorder. In the latter case it was essential to maintain
a constant evaporation rate in order to ensure a uniform
thickness of the films. The homogeneity of the oxygen distri-
bution across the film thickness was monitored by the meth-
od of Auger spectroscopy in the course of etching of the films
by ion bombardment.?

The temperature of the transition of the investigated
aluminum films to the superconducting state depended
strongly on their electrical resistivity: the values of 7, in-
creased from ~1.3 K to 2-2.2 K when p increased from
1075 Q-cm to ~10~* Q-cm, and remained approximately
constant on further increase in p to 1072 Q-cm. [Similar
T.(p) dependences were observed earlier for aluminum
films, as reported in Refs. 10 and 20.] Table I lists properties
of some of the investigated films. The electron diffusion coef-
ficient D was deduced from measurements of the upper criti-

cal field H,, carried out in the range T«€T,, using the for-
mula®!

o2 [1aa( 5]

D O,87ech(T) 1-21 7 . (8)
The width of the transition R (H) for samples with p S 1073
Q-cm did not exceed 30% of H_. corresponding to
R =IR(T>T,).

Disordered aluminum films served as the lower elec-
trode for tunnel contacts formed between films with very
different values of the diffusion coefficient D. The tunnel
contact area ( ~0.1 mm?) was governed by the size of a cut
in a thermally deposited SiO layer of thickness 700-2000 A,
which separated the electrodes. Oxidation of the lower elec-
trode took place in air over a period of several hours and then
the upper electrode was deposited at a residual pressure of
P = (0.1-2) X 10~ ¢ mbar at a rate of 3050 A/sec. The alu-
minum films used as the upper electrode had the following
properties: @ = 15002000 A, /> 1000 &, 7,, ~1.3 K. At
temperatures 7> T, T,, the resistance of the tunnel con-
tacts was G ~' = 2-100 £ and it was always much higher
than the resistance R per unit square of the films forming
the contacts. The high quality of the investigated contacts
was demonstrated by the low values of the leakage current.

The differential conductance of these tunnel contacts
was determined employing the usual lock-in detection meth-
od. A current / increasing linearly with time (the rise time of
I from zero to its maximum value was 10 min) and an alter-
nating current / _ of frequency 1 kHz was applied via a con-
tact connected to the current source. The amplitude of an
alternating voltage U_ on the contact satisfied the condition
U_. €kT /e throughout the investigated temperature range.
We measured G = dI /dV and determined the current-vol-
tage characteristic of the contact, as well as the dependences
R(T) and R(H) for the disordered aluminum film. The
measurements were carried out at temperatures 7 = 0.4-
300 K in magnetic fields H = 0—40 kOe.

§4. EXPERIMENTAL RESULTS

At room temperature the investigated tunnel contacts
exhibited a weak quadratic dependence of G(¥) associated
with the barrier effects (see, for example, Ref. 6). However,
the tunnel contacts formed by strongly disordered films
(p= 1073 Q-cm) exhibited an anomalous tunnel conduc-
tance minimum at ¥ =0, which was observed even at
T = 300 K against the background of the quadratic depen-

TABLEI
Film No. Ro, Q a, A p, Q-cm D, cm?/sec
1 40 50 2-10—3 39
2 100 50 5-10-3 2.1
3 300 30 9.10-% 0,8
4 760 100 7,6-10-¢ 1,1
5 10,8 500 5,4-10—3 4,2
6 22 1350 2,9-10—¢ 0,65
7 31 2000 6,2-10—4 0,56
8 260 400 1.10-3 0,58
9 350 500 1,75-10-3 0,44
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dence G(¥). Cooling increased the depth of this minimum in
the dependences G(V) and at temperatures T'<T,,, T, a
gap singularity of much greater amplitude, typical of tunnel
contacts between two superconductors, appeared against
the background. An increase in the magnetic field intensity
oriented at right-angles to the planes of the films resulted in a
transition to the normal state first of the upper “purer” elec-
trode (in fields H < 500 Oe), followed by suppression of the
superconductivity in the lower disordered electrode. Char-
acteristic features of the dependences G (V) associated with
the appearance of the superconducting gap in the disordered
film disappeared in fields H > H *, where H * was the upper
limit of the transition R (H) of the film to the normal state
(Fig. 1). [It was found that a region of the disordered alumi-
num film characterized by R=1R 5 (G ~'>R) was con-
nected in series with the tunnel contact so that suppression
of the superconductivity in this field shifted vertically the
AG(V) curves.] The dip in the dependence G (V) observed
at ¥ =0 at temperatures T'> T, or in fields H>H * was
associated with a minimum of the density of states at the
Fermi level of the disordered aluminum film. [If both films
forming the tunnel contact had sufficiently high values of the
electron diffusion coefficient, there was no singularity at
¥ =0 in the dependence G(¥).] We shall now analyze the
form of the dependences of the differential tunnel conduc-
tance on the voltage applied to a contact in those ranges of T
and ¥ where disordered films can be regarded as two- and
three-dimensional in repsect of the electron-electron inter-
action effects.

Two-dimensional case

We shall consider the form of the dependences G(V)
observed under conditions when the superconductivity was
suppressed completely in the upper and lower electrodes:
T>T,, or H>H* when T<T,,. Then, in the case of the

(A6/6)-100
Y —
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2 -
T/-/*
7=
1 | |
J ¥ J
H, kOe
0_
1 0 =1 vV, mV

FIG. 1. Dependences AG( V) /G obtained at T = 0.4 K for tunnel contacts
in which the disordered electrode was film No. 1. The intensities of the
magnetic field oriented at right-angles to the film plane were (kQOe): 1)
0.9;2) 3.5;3) 9.0;4) 17.5; 5) 35. The inset shows the dependence R(H)/
Ry for film No. 1 at T=0.4 K.
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contacts formed by sufficiently thin [e<L; = (#AD/
kT)'/?] disordered films a logarithmic dependence AG(V)
typical of the two-dimensional case (see Figs. 2 and 3) is
observed in a wide range of bias voltages kT /e < V < #D /ea”.
The lower limit of the range of bias voltages V where
AG(V) <In V is obeyed is set by the finite temperature,
whereas the upper limit is associated with an increase in the
effective dimensionality of the disordered film when its
thickness becomes greater than the characteristic scale
length L,, = (#D /eV)'/?, of the interaction effects between
particles characterized by an energy difference
Ae = eV>kT. (The condition for the change from the two-
to the three-dimensional case is discussed in greater detail
below.)

A comparison with the theory shows that the depen-
dences AG(V)/G observed in the casea S L, are described
quantatively by Eq. (6), which allows only for the singlet
contribution of the diffusion interaction (Fig. 3). It should
be stressed that in comparing the experimental results with
Egs. (4) and (6) the only uncontrolled quantity is the insu-
lator thickness 8, selected to be ~20 A. According to Eq.
(5), variation of  within reasonable limits of 10-40 A alters
the theoretical values of AG /G by nomore than 10%. There-
fore, we can say that the quantitative agreement with Eq. (6)
is obtained without recourse to fitting parameters.

The fact that the corrections to the density of states due
to the interaction in the Cooper channel are negligibly small
far from the superconducting transition is not surprising be-
cause the magnetic fields required for the destruction of the
superconductivity in a film (H,) and suppression of the
interaction in the Cooper channel because of the orbital ef-
fects (H_ ) are of the same order of magnitude at tempera-
tures 7< T, . The absence of a contribution associated with
the triplet part of the interaction amplitude in the diffusion
channel is a less trivial observation. The smallness of the
contribution of the triplet part of the diffusion interaction
channel is manifested not only by a quantitative comparison
with the theory, but also by the qualitative behavior of the
dependences AG(¥) in the case of magnetic fields > Hg

— 10mV)/CJ- 100
I

[
Y
|

[Gwv) - c(

] | I ]
=10 =J 0 5 V.V .

FIG. 2. Dependences AG(V)/G obtained at T = 0.4 K in H = 35 kOe for
tunnel contacts with two-dimensional disordered electrodes. The
numbers of the samples are given alongside each curve. The highest curve
was obtained for a tunnel contact formed by films of thickness /> 1000 A.
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FIG. 3. Dependences of AG /G on eV /KT for tunnel contacts in which the
disordered electrodes were films Nos. 3 (O and W) and 4 (® and 0O),
obtained in H = 35 kOe at various temperatures: O) 0.4 K;0) 0.6 K; @),
W) 4.2 K. The dashed curves are the theoretical dependences represented
by Eq. (6).

sufficiently strong for suppression of the spin effects (Fig.
2). A magnetic field which does not influence the singlet
part of the contribution of the diffusion interaction channel
should cause a Zeeman splitting of the triplet contribution
and should give rise at ¥ = gu z H /e to singularities of G of
amplitude proportional to the interaction constant
A2( =1) (Refs. 3 and 19). The rate of spin relaxation in
the investigated aluminum films was not sufficiently high for
the broadening of the Zeeman singularities [the total spin
relaxation time zg = (1-2) X 10~ ! sec (Ref. 22) obtained
under the experimental conditions satisfy the inequality %/
t, £gug H], so that the absence of the Zeeman singularities
in the dependences AG(V) recorded in the range H> Hy, #i/
ts is evidence of the weakness of the diffusion interaction
between particles with a total spinj = 1.

The above conclusion is supported by the results ob-
tained in a study of the quantum corrections to the conduc-
tance of two-dimensional [a <L, = (#D /kT)'/?] alumi-
num films. In the case of the investigated films subjected to a
magnetic field sufficiently strong for suppression of the tem-
perature dependence of the contributions of the Cooper
channel and of weak localization, the temperature depen-
dence of the conductance obtained in the range 7= 0.4 — 15
K is well approximated by the expression Ao (T) = A4 (e*/
27°#)InT, where 4 = 1-1.1. The fact that the values of 4 are
close to unity for H * < H < Hg and kT > #/tg again demon-
strates that the contribution of the triplet part of the diffu-
sion interaction is small (see, for example, Ref. 5).

The dependences AG(V)/G determined for a specific
sample in a wide range of temperatures 7' = 0.4-20 K and
plotted as a function of the parameter eV/kT coincide when
the condition H> H * is satisfied (Fig. 3). A one-parameter
dependence of the relative change in the tunnel conductance
has been reported earlier'® for two-dimensional bismuth
films. The fact that AG is a function of one dimensionless
parameter eV/KT is in agreement with the theory and it fol-
lows from Eq. (6). Thermal broadening of the tunnel con-
ductance anomaly is close to the limit of resolution of the
tunnel spectroscopy of normal metals,® which is eV =~ 5.4 kT

1291 Sov. Phys. JETP 63 (6), June 1986

-5 g 5 V,mV
UL ML O L L L 1

-

(AG(v)/6)-100
N

0

FIG. 4. Dependences AG( V) /G obtained for tunnel contacts in which the
disordered electrode was film No. 3, obtained in H = 35 kOe at the follow-
ing temperatures: 1) 4.2 K; 2) 1.3K; 3) 0.4 K.

(Fig. 4). The coincidence of the dependences AG(eV/KT)/
G obtained for kT < #i/ts confirms the theoretical prediction
that the spin scattering should not affect the singlet part of
the diffusion interaction channel.

The quantitative agreement with the theory is observed
throughout the investigated range of values of the surface
resistance of two-dimensional films R 5 = 40-800 2. Similar
results, but in a very much narrower range of ¥, were ob-
tained earlier'® in a study of the singularities of the density of
states in two-dimensional tin films. Investigations of the
conductance of tunnel contacts between two-dimensional
films of semimetals [In,0, _, (Refs. 13) and Bi (Ref. 16)]
and pure superconductor films gave values of AG(V) /G ex-
ceeding the theoretical estimates given by Egs. (4) and (6).?

A sufficiently strong magnetic field H> H*~H_,, ori-
ented at right-angles to the plane of a film suppresses the
interaction in the Cooper channel because of the orbital ef-
fects. On approach to the superconducting transition be-
cause of reduction in the magnet field (H-H,,
T., > T = const) the tunnel conductance decreases at low
voltages ¥ and this is due to a manifestation of the Cooper
channel contribution. The corresponding correction to G is
localized in the range |V | SkT,, /e (curves 4 and 5 in Fig.
1), in agreement with the theoretical predictions®: the values
of 6v§ (&) should decrease on increase in ¥ and T propor-
tionally to In(max{eV, kT}/kT, ). If HS H *, the contribu-
tion of the Cooper interaction channel, which can be regard-
ed as a precursor of the superconducting gap, is transformed
into a gap singularity typical of superconductors.

Three-dimensional case

In the case of the tunnel contacts in which the thickness
of the disordered electrode obeys a € L+ an increase in the
bias voltage should in principle alter the form of the depen-
dences AG( V) from logarithmic to square-root. This behav-
ior, first reported in Ref. 13, corresponds to an increase in
the effective dimensionality of a disordered film when the
condition a<L, is no longer obeyed. Figure 5 shows the
values of AG( V) for sample No. 4 as a function of ¥''/? and
In V. The transition to the square-root dependence AG (V)
typical of the three-dimensional case is observed at values of
V. corresponding to the condition L, =~a/3. The condition
for the change in the dimensionality given in earlier investi-
gations'*'% is L, = a/27, which corresponds to the values
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FIG. 5. Dependences of AG(¥)/Gon ¥V'/2 (O) andon In(¥, mV/1 mV)
(@), obtained at 7= 0.4 K in H = 35 kOe for tunnel contacts in which
the disordered electrode was film No. 4.

of ¥, which are ~4 times greater, but the data on the elec-
tron diffusion coefficient (and, consequently, on the value of
L, for the semimetal films investigated in these cases) were
approximate. (Moreover, the values of a and D given in Ref.
13 also indicate that the transition to the three-dimensional
case occurs when V < 4*#iD /ea?.) An increase in the thick-
ness and/or the degree of disorder of the films reduces the
values of V,, and, in particular, films of thickness a > L,
exhibit three-dimensional behavior for any value of V.

The dependences AG(V) obtained at T=0.4 K in
fields H>» H * for three-dimensional films with different val-
ues of the resistivity are plotted in Fig. 6. For samples with
p<5x107° Q-cm it is difficult to observe the anomaly of
the tunnel conductance at ¥ = 0 and particularly to com-
pare it quantitatively with the theory because of the barrier
effects resulting in the asymmetry of the current-voltage
characteristics typical of tunnel contacts with aluminum
electrodes.® However, in the case of samples with p = (0.5-
5) X 10~* Q-cm which still satisfy the condition AG(V)/
G <1 it is possible to identify sufficiently accurately the de-
pendence AG (V) associated with the interaction effect. Fig-

=20 0

(A6/6)-100

5

(AG/6)-100
S

N
S

=20 0 20 V, mV

FIG. 6. Dependences AG(¥)/G obtained for tunnel contacts with three-
dimensional disordered electrodes at 7=0.4 K in H = 35 kOe. The
numbers of the samples are indicated alongside the curves. The dash-dot
curve is a parabolic dependence AG (V) /G observed for pure samples and
associated with barrier effects.

1292 Sov. Phys. JETP 63 (6), June 1986

S
=Y

/2
KT/p]

(A6/6)[(D/k
5
N

| | I |

y
(ev/kT)"

FIG. 7. Normalized dependences of AG /G on eV /KT for tunnel contacts
in which the disordered electrode was film No. 6, obtained in H = 35 kQOe
at7=0.4K (@),1.3K (O),and 4.2K (0O). The continuous curve is the
theoretical dependence represented by Eq. (7).

ure 7 shows the dependences AG(¥)/G obtained for sample
No. 6 at various temperatures. Throughout the investigated
range of values of T"and ¥, corresponding to a change in the
dimensionless parameter eV/KkT from 0 to ~ 100, the experi-
mental dependences AG(V) agree quantitatively with Eq.
(7) derived for the interaction in the diffusion channel
between particles with a total spin j = 0. The conclusion of
the smallness of the contribution of the triplet part of the
diffusion channel made above in an analysis of the depen-
dences AG(V) for two-dimensional samples remains valid
also in the case of three-dimensional films. As in the two-
dimensional case, this follows not only from the tunnel mea-
surements, but also from the results of a study of the tem-
perature dependences of the conductance of the films in a
magnetic field Hg > H > H, sufficiently strong for the sup-
pression of effects of weak localization and of the Cooper
interaction. The experimental dependences Ao (T) deter-
mined in such fields at 7= 0.4-10 K are in good agreement
with the expression

0(T2)—a(T,)=0.3(e*/n*h) (k/AD)" (T "—T,"), 9

which describes the temperature dependence of the singlet
part of the contribution of the diffusion channel to the con-
ductance of three-dimensional conductors.’

An increase in the electrical resistivity of films mani-
fests a growing anomaly of the behavior of the current-vol-
tage characteristics of tunnel contacts. The dependences of
the differential resistance d¥ /dI of a tunnel contact on the
current I flowing through it are plotted in Fig. 8 for sample
No. 8 with the resitivity p = 1.04 X 1073Q-cm. The form of
the AG(V)/G curvesis close to the square-root law when p is
increased right up to 7 1073Q-cm. [It should be pointed
out that in the case of aluminum films evaporated thermally
in an oxygen atmosphere the metallic type of conduction is
observed for p S 10~ 'Q-cm (see, for example, Refs. 10 and
20).] Equation (7) obtained on the assumption that
AG(V)/G <1, ceases formally to be valid in the case of such
strongly disordered samples. Nevertheless, it is found that

Gershenzonetal 1292



av/dl, kQ
100}

7

| 1 1 1
v =1 =05 14 0.5

i
I, pA

FIG. 8. Dependences (dV /dI) (I) for tunnel contacts in which the disor-
dered electrode was film No. 8, obtained at the following temperatures: 1)
0.4K;2)4.2K;3) 10K;4) 20K; 5) 40K; 6) 90K; 7), 8) 300 K. Curve 8
is plotted on a current scale different from the rest of the figure: one
division represents 2uA.

the experimental dependences AG(¥) are described satis-
factorily by this equation even when AG(V)/G~1. This
clearly demonstrates that, firstly, the range of validity of Eq.
(7) can be extended right up to AG /G ~ 1 and, secondly, in
the case of films with resistivities p S 107>Q-cm the spatial
dispersion of the diffusion coefficient is still unimportant
overdistances ~L, and £(T) [£(T) is the coherence length
of a superconductor governing the critical field H, ].

We have discussed above the dependences AG (V) for
tunnel contacts formed by three-dimensional films with a
uniform thickness. When aluminum is deposited thermally
in an oxygen atmosphere, uniform films can be obtained if
the rate of evaporation v is kept constant. Even slight relative
changes in v (R 10%) produce a layer distribution of the
oxygen concentration in the film (this is deduced by the Au-
ger spectroscopy method) so that the diffusion coefficient of
electrons varies across the thickness. Spatial variation of
D(x) (xis the distance to the film surface) is reflected in the
form of the dependences AG (V) of tunnel contacts formed
by films of this kind. In particular, the quantity AG(¥) is no
longer a single-valued function of

D=—:—§ D(z)dz,

which governs the thickness-average resistivity of a film
p = (e’vD) ™. For example, in the experiments on specially
prepared aluminum films consisting of two layers—lower
(@, =2000 A, p,=10"%Q-cm) and upper (a,=60 A,
P2r= 10730 :cm), the surface of which carries a tunnel con-
tact—we observed a tunnel conductance anomaly at VX 1
mV (L, Sa,) which was governed by the value of D in the
upper layer. It therefore follows that experimental studies of
the tunnel conductance anomaly can give information on the
degree of disorder of three-dimensional conductors at dis-
tances L ~/ — L, from the surface. Variation of the bias vol-
tage and, consequently, of the value of L, , makes it possible
to solve the inverse problem, i.e., to use the form of the
AG(V) curve to reconstruct the dependence D(x) in the
range of x from a few tens to a few hundreds of angstroms.

§5. CONCLUSIONS

The tunnel experiments described above demonstrate
that the observed dependences AG (V) reflect the energy de-
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pendence of the one-particle density of states governed by
the electron-electron interaction in disordered aluminum
films forming a tunnel contact. Far from the transition to the
superconducting state (at temperatures 77> T, or in fields
H>»H_, at T < T, ) the appearance of a minimum of v(¢) at
the Fermi level is due to the diffusion channel interaction
between particles with a total spin j = 0. The dependences
AG(V) for tunnel contacts formed by weakly disordered
two- and three-dimensional aluminum films are described
quantitatively by the theory of Refs. 1-5 in a wide range of
values of eV/kT. The results of the tunnel experiments are in
agreement with the data obtained from a study of the tem-
perature dependence of the conductance of disordered films
in strong magnetic fields. It is found that a study of the tun-
nel conductance anomaly in spatially inhomogeneous (lay-
er) samples can provide information on the degree of disor-
der at distances from several tens to several hundreds of
angstroms from the surface.
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