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The unusual non-linear effects in hopping conduction of single-crystal La,CuO, ; with excess oxygen

has been observed. The resistance is measured as a function of the applied voltage 4;]6 (voltage controlled
regime) in the temperature range 5 K < TS 300 K and voltage range 10725 V. At relatively high
voltage (approximately at U >0.1 V) the conduction of sample investigated corresponds well to
variable-range hopping (VRH). That is, in the range 0.1 V < U <1 V the conductivity does not depend
on U (Ohmic behavior) and the temperature dependence of resistance R(T) follows closely the Mott's
law of VRH [R Oexp (TO/T)1/4]. In the range of highest applied voltage the conduction has been
non-Ohmic: the resistance decreases with increasing U. This non-linear effect is quite expected in the
frame of VRH mechanism, since the applied electric field increases the hopping probability. A com-
pletely different and unusual conduction behavior is found, however, in the low voltage range
(approximately below 0.1 V), where the influence of electric field and (or) electron heating effect on
VRH ought to be neglected. Here we have observed strong increase in resistance at increasing U at
T <20 K, whereas at T > 20 K the resistance decreases with increasing UU. The magnetoresistance of the
sample below 20 K has been positive at low voltage and negative at high voltage. The observed unusual
non-Ohmic behavior at low voltage range is attributable to inhomogeneity of the sample, namely, to the
enrichment of sample surface with oxygen during the course of the heat treatment of the sample in
helium and air atmosphere before measurements. At low enough temperature (below = 20 K) the surface
layer with increased oxygen concentration is presumed to consist of disconnected superconducting
regions in a poorly conducting (dielectric) matrix. This allows us to explain the observed unusual
non-linear effects in the conduction of sample studied. The results obtained demonstrate that in some
cases the measured transport properties of cuprate oxides cannot be attributed to the intrinsic bulk
properties.

PACS: 72.20.Ht; 74.72Dn; 74.62Dh; 74.80.-g

1. Introduction

High-temperature (high-T,) superconductivity of
cuprate oxides with perovskite-related structure is
still a fascinating problem in solid state physics.
Aside from superconductivity the investigations of
these materials give also the possibility of studying
other fundamental phenomena, for example, mag-
netism, electron localization and hopping, metal-in-
sulator transition. It is well known that electronic
and magnetic properties of cuprate oxides depend
essentially on charge carriers density which in its
turn depends strongly on chemical composition.
Introducing the donor or acceptor impurities into
oxides, or changing the oxygen concentration in
them it is possible to vary their conductivity over
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wide limits and to cause the transition from insu-
lating to metallic state in some cases. To judge
whether a system is in the metallic, supercon-
ducting or insulating state the measurements of
transport properties are used in most cases. From
these measurements the magnitude, temperature
and magnetic-field dependences of resistivity and
other conduction characteristics can be obtained.
These data are often used for the characterization of
prepared samples and evaluation of their «quality».
But it is not uncommon that the measured transport
characteristics do not correspond to the intrinsic
crystal, stoichiometric and, therefore, electronic
and magnetic properties of the sample. In the ma-
jority of the cases the main reason for it is a sample



inhomogeneity due to peculiarities of sample prepa-
ration procedure, heat treatment and other related
factors. Two main possible sources for cuprate inho-
mogeneity can be distinguished: intrinsic and ex-
trinsic. Intrinsic source is connected with phase
separation of cuprate oxides on two phase with
different concentration of charge carriers [1]. The
extrinsic one is due to various technological factors
of sample preparation. This may lead, among other
things, to significant difference in charge carriers
density between the surface and inner parts of the
sample [2].

In our opinion the investigations of influence of
surface or volume inhomogeneity of cuprate oxides
on their transport properties are of considerable
importance in two following aspects. First, such
kind of studies can help to answer the question in
what degree the observed transport properties can
be attributed to intrinsic properties of the bulk
crystal [2]. Second, under gaining enough experi-
mental data on this matter (combined with neces-
sary theoretical considerations and treatments) it is
possible to apply the transport measurements not
only for revealing of structural inhomogeneity, but
also for identification of specific types of surface
and volume inhomogeneities. Therefore, study of
influence of inhomogeneity on transport properties
of cuprate oxides is of both fundamental and ap-
plied importance.

In this communication we shall describe some
new results of investigation of hopping conduction
of single-crystal La,CuO,,5 with some amount of
excess oxygen (8% 0). In the studies of high-T,
superconductivity these compounds have attracted
considerable attention. The stoichiometric La,CuO,
(0 =0) is an antiferromagnetic insulator with Neel
temperature T, in the range 300-325 K [1,3,4].
However, the introducing of excess oxygen (as
well as doping with bivalent metals such as Sr)
leads to the violation of long-range antiferromag-
netic order and to a transition to metallic and
superconducting states. Excess oxygen doping in-
troduces additional charge carriers (holes) in Cu-O
planes [5]. For high doping level (&= 0.13) the
superconducting transition temperature T, may be
as high as = 50 K [6]. For the range of doping
3= 0.01-0.055 the La,CuO,, 5 compounds undergo
a phase separation below room temperature into
the two phases with different oxygen content: the
oxygen-poor phase is nearly stoichimetric and non-
superconducting, while the oxygen-rich phase is
superconducting [1,5,7-10]. Depending on the &
value, the different (sometimes coexisting) super-
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conducting phases can emerge with T, values from
=20 to = 45 K [1,5,7-11].

It is known that low-temperature conduction of
nearly stiochiometric La,CuO, 5 occurs by variable-
range hopping (VRH) of localized holes [12-15] and
can be fitted well to Mott’s formula [with
temperature  dependence of resistance R O
O exp (TO/T)V4]. In Refs. 14,15 it was found that
the transition from VRH to simple activation con-
duction R O exp (A/kT) occurs at temperatures be-
low 20 K (the similar effect was described also
before in Ref.13). In Refs. 14,15 this effect was
explained by the influence of sample inhomo-
geneity, namely, by the presence of supercon-
ducting inclusions in the insulating sample due to
phase separation of La,CuO,,5 . As was mentioned
in Ref. 2, in each case when some exotic transport
behavior of cuprate oxides is found, the reason for
it should be sought primarily in the possible influ-
ence of inhomogeneity. Our new experimental re-
sults support (as we believe) this point of view. We
have observed the unusual non-linear behavior of
hopping conduction of single-crystal La,CuO, 5 :
at low applied voltages (in conditions where the
influence of electric field and (or) electron heating
effect on VRH can be neglected) the resistance
strongly increases with increasing of applied volt-
age at T < 20 K, but decreases with voltage increas-
ing at temperatures above 20 K. This unusual non-
Ohmic behavior is attributed to inhomogeneity of
sample, namely, to the enrichment of sample sur-
face with oxygen during the course of the heat
treatment of the sample in helium and air atmos-
phere before measurements. At low enough tem-
perature (below = 20 K) the surface layer with
increased oxygen concentration is presumed to con-
sist of disconnected superconducting regions in a
poorly conducting (dielectric) matrix.

2. Sample and experiment

We have studied the hopping conduction of
same single-crystal sample of La,CuO, 5 as in
Refs. 14,15, but with reduced and inhomogeneous
oxygen content in it as a result of outlined below
heat treatment in helium gas and air. The original
sample or, as it is better to say, the original state of
this sample is characterized by T\, = 230 K and 8 =
= (.005 [14,15]. For reducing the oxygen content
the sample was annealed in a furnace in an atmos-
phere of helium at 7' = 330°C for two hours. It was
rather slowly cooled thereafter (about 4 h) in the
same inert atmosphere. It is known that annealing
in inert gas atmosphere is a very effective way to
reduce the oxygen content in cuprate oxides [12].
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Fig. 1. Temperature dependences of magnetic susceptibility x in
the magnetic field H = 0.83 T of the single-crystal sample of
the La,CuO, ; in the initial state (o) and after the outlined
heat treatment in helium and air (0). The quantity X_ corre-
sponds to the measurements in a magnetic field parallel to the
crystallographic axis ¢ (the unit cell corresponds to the crystal-
lographic Bmab structure in which @ <b <¢, ¢ being the
tetragonal axis). The dependences X(T) are presented by two
upper curves. The quantity X, is the susceptibility in a mag-
netic field parallel to Cu-O planes (two bottom curves). The
positions of maximums of X(T) dependences correspond to Neéel
temperature T, .

The resistance of the sample after this procedure
(measured by a standard four-probe technique) has
appeared however to be too high (about 1.7 kQ) for
intended study of the hopping conduction at low
temperatures (down to about 5 K). Therefore it was
additionally annealed in air at T = 330°C for 2.5 h
and (for lowering the contact resistance) at T =
= 80°C for 2 h. In the result of such heat and gas
treatment the oxygen content in single-crystal sam-
ple was reduced significantly. This is evidenced by
increase of Néel temperature T, from 230 to 290 K
and very large rise (of more than three order of
magnitude at liquid helium temperatures) in resis-
tance (see Figs. 1 and 2, in which the temperature
dependences of magnetic susceptibility and resis-
tance are shown for the original state of the sample
and for the state after above-described gas and heat
treatment). The rather high crystal quality of sam-
ple investigated is characterized by the high anisot-
ropy of magnetic susceptibility (Fig.1).
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The sample studied has dimensions approxi-
mately 3x3x2 mm. For resistance measurement the
thin gold contact wires were connected to the sam-
ple by a silver epoxy paste which was hardened at
T = 80°C for 2 h. The measuring direct current I
was parallel to the Cu-O planes. Two techniques
were used in resistance measurements: (i) A stand-
ard four-probe technique when sample resistance
was less than = 4M0% Q; (ii) Two-probe technique
for higher sample resistances. For both techniques,
actually, the I-V characteristics were measured
with applied voltage varying U (voltage controlled
regime). From these data we shall present below
the obtained dependences R(T,U) and I(U).

In measurements of high-resistive semicon-
ducting samples with non-Ohmic effects it is impor-
tant to take into account the possible influence of
contact resistances. Concerning our sample, we can
say the following on this point. First, both of the
(four-probe and two-probe) techniques give the
same behavior of -V curves and quite closely
values of resistance R = U/I (as a rule, the differ-
ence is not more than about 2%) in the resistance
range 2000°-4000°% Q. This range corresponds ap-
proximately to the temperature range 15-25 K. Se-
cond, the special estimation of influence of contact
resistances (using different contact places or short-
circuiting wires) at R = 109 Q (this corresponds to
temperature below 10 K) has shown that the ratio
of contact resistance to measured sample resistance
is less than 10%. All this implies (as we believe)
that the contact resistance has not much influence
on reliability of the obtained results.

The I-V curves and resistance were also recorded
in magnetic field H (with magnitude up to 5 T) in
the temperature range 5—40 K. The magnetic field
was directed along the Cu-O planes at the right
angle to the measuring current.

3. Results and discussion

We found that hopping conduction of sample
investigated follows closely the Mott’s law of
VRH:

ROexpE-0 , (1)

nllin

where T, = 6.400%K. It can be seen in Figs. 2 and
3 that this law holds for broad temperature range
(10-300 K) in which the resistance is varied up
over 7 orders of magnitude. The same exponen-
tial R(T) dependence in nearly stoichiometric
La,CuO,, 5 was found previously in Refs. 12—15 but
in not as wide temperature and resistance ranges as
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Fig. 2. The dependences of resistance R (on logarithmic scale)
on T71/4 of the sample in initial state (curve 7) and after the
outlined heat treatment in helium and air (curve 2). The de-
pendences were registered at applied voltage U =25 V.

in present study. In the theory of VRH the frac-
tional exponent in Eq. (1) is written in general
form as o =1/(D + 1) where D is the system dimen-
sionality [16]. Therefore, the case a =1,/4, ob-
served in our and previous studies, corresponds to
behavior of a three-dimensional system. This seems
to be contrary to the commonly accepted belief that
the cuprate oxides with layered perovskite struc-
ture, in which the Cu-O planes are the main con-
ducting units, should behave as electronic quasi
two-dimensional systems [17-19]. If this is the
case, the VRH behavior should be two-dimensional
with a =1 /3, and this was indeed observed in some
cuprate oxides [17,18]. However, as shown in
Ref. 5, in La,CuO,, 5 owing to special character of
the excess oxygen as interstitial atom with weak
oxygen-oxygen bonding a hole transfer between
Cu-O planes is likely. Therefore, the VRH of this
compound behaves as that of three-dimensional sys-
tem. In passing it should be mentioned that this is
not true for Sr or Ba doped La,CuQO,, 5 systems
which remain quasi two-dimensional [5].

At T < 20 K, we observed very large deviations
of R(T) dependence from Mott’s law (Fig.3) which
are determined by non-Ohmic effects in the sample
conduction. In this temperature range the resistance
rise with decreasing temperature is much less than
the prediction of Eq. (1) and at low enough tem-
peratures the resistance does not increase at all [ap-
proaches some constant value or even decreases with
decreasing temperature at fairly low voltage
(Fig.4)]. The deviation temperature below which
the appreciable deviations of this type take place
decreases as the voltage U increases. A quite un-
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Fig. 3. The dependences of resistance R (on logarithmic scale)
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on T4 of the sample studied at different magnitudes of ap-
plied voltage.

usual and unexpected behavior for semiconductor in
VRH regime of conduction is connected with this:
at low enough temperature (T < 20 K) the resis-
tance increases with U increasing (Fig.3). Indeed,
it is well known [16] that conductivity in this
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Fig. 4. A selection of dependences of resistance R (on logarith-

|
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mic scale) on T4 presented on an enlarged scale as compared
with Fig.3. They demostrate the peculiarities of R(T) behavior
at low temperature range at different magnitudes of applied
voltage. It can be seen that at high voltage the resistance satu-
rates with decreasing temperature, but at low enough voltage it
decreases with decreasing temperature.
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Fig. 5. A set of I-V curves (in logarithmic coordinates) for dif-

ferent temperatures.

regime can only increase with the applied electric
field E which (when it is large enough) enhances
the electron hopping probability. For not very large
E values (eELC < kT, where L, is the localization
length), the effect of electric field on resistance can
be described by the following expression [16]:

U eEry O
R(T, E) = Ry(T) exp [~ [, 2)
0 0

where R((T) is the resistance for E - 0 [described
by Eq. (1)]; 7, is the mean hopping distance; yis a
factor of the order of unity. It follows from Eq. (2)
that at low enough field (E << kT/eLC) the resis-
tance does not depend on E; that is, Ohm’s law
holds. With increasing E and decreasing T the
influence of electric field must be enhanced and
lead to decreasing in R with increasing E; that is
quite contrary to what we have observed (Fig. 3).
The described unusual R(U) behavior is one
of the major non-Ohmic effects that we have ob-
served. Before trying to explain it we should, how-
ever, present more a general picture of found non-
Ohmic effects in [-V characteristics and the
corresponding R(U) dependences of sample investi-
gated (Figs. 5-7). At low enough voltage the resis-
tance behavior was found to be non-Ohmic in all
temperature range investigated (from 5 K to room
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Fig. 6. A set of voltage dependences of resistance R (in loga-
rithmic coordinates) for the same temperatures as in Fig.5.

temperature), but at T < 20 K the resistance in-
creases with increasing U (as was shown above)
whereas at T' 2 20 K it decreases with increasing U
(Figs. 6 and 7)". These unusual R(U) dependences
at low voltage and radical difference between them
below and above T =20 K are keys to under-
standing of the conducting state of sample investi-
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Fig. 7. The semilogarithmic plots of voltage dependences of re-
sistance R for two temperatures above 100 K.

*  Owing to the logarithmic scales in Fig. 6 the important peculiarities of the R(U) behavior at temperatures above 100 K cannot be
seen. Because of this, some examples of R(U) dependences in this temperature range are shown more clearly in Fig. 7 using

semilogarithmic coordinates.
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Fig. 8. The dependences of resistance R (on logarithmic scale)

on T™% at U =300 mV registered in a magnetic fields H = 0
and 2.45 T.

gated and will be considered more thoroughly be-
low. At higher voltage the I(U) and R(U) behav-
iors are basically the same for all temperature range
investigated. That is, in some intermediate range of
voltage the Ohm law is true and at maximal upplied
voltage (about 10 V or more) the resistance de-
creases with increasing U (Figs. 5-7). As it was
mentioned above, this type of transition from Oh-
mic to non-Ohmic regime of conduction at increas-
ing of applied voltage is quite common for semicon-
ductors with VRH and is attributed to the influence
of applied electric field [16]. We believe that this is
also true for the sample studied and we can substan-
tiate it with some numerical estimates using the Eq.
(2). Indeed, it is known [12,28] that electron local-
ization length L, in nearly stoichiometric
La,CuO,, 5 is about 0.8-1.0 nm. Taking into ac-
count that the mean hopping distance », in VRH
regime of conduction is greater than L (say by a
factor of 2 or 3), and using the above-indicated
sample dimensions, it is easy to see that the electric
field effect on hopping conduction is negligible
(eEr)y/kT << 1) not only in low-voltage range
where the above-mentioned non-linear I(U) behav-
ior and unusual R(U) dependences were observed,
but also in higher-voltage range, where Ohmic
behavior takes place. Only for the highest applied
voltage (10 V and more) the quantity eEr,y/kT
may be about 0.1 and, hence, the influence of
electric field E in accordance with Eq. (2) can be
appreciable. This can explain the resistance decrease
with U increasing at highest applied voltage (Figs.
5-7). Besides, at fairly high field the heating effect
is possible at low temperatures. This can also lead
to the resistance decrease with U increasing.
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Fig. 9. The temperature dependences of resistance R(T) at
H =0 and at some constant magnitudes of H. These depend-
ences were registered at different applied voltages U: 1 V (a);
100 mV (b); 70 mV (c).
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The magnetoresistance (MR) of sample studied
was found to have appreciable and rather high
magnitude only below T = 10 K. It was negative at
high voltage range, but at low voltage (U £ 0.1 V)
the MR becames positive at low enough tempera-
tures (Figs. 8 and 9). The negative MR is quite
common for insulating La,CuO,, s samples and may
be determined by different mechanisms [13-15,21],
which we will not discuss here in detail. As far as
we know, the positive MR in insulating
La,CuO,, 5 was not observed. Theoretically this
phenomenon is considered, however, as quite possi-
ble in the VRH regime of conduction and is associ-
ated with the shrinking of the impurity wave func-
tion in a magnetic field [22]. In this connection we
have calculated the possible value of MR using the
appropriate equation in Ref. 22 for the case of

«weaks» magnetic field (L, >>L_, where
Ly, = (heH)!/? is the magnetic length):
4 3/4
wn_ gl ddt
n————= O )
RO) 'dugolo

where £ =5,2016. We have obtained the results
that In [R(H)/R(0)] is about 0.003 for H =4 T.
This is much less than the experimental value of
In [R(H)/R(0)] = 0.2 (Fig. 9). We believe, there-
fore, that the observed positive MR is not deter-
mined by the mechanism proposed in Ref.22.

From the above discussion it appears that the
conduction behavior of sample studied at high volt-
age range, in particular, the transition from Ohmic
to non-Ohmic regime of conduction with U increas-
ing, is quite consistent with known properties of
semiconductors. This is not the case, however, for
the observed non-linear effects in low-voltage
range. This raises the two main questions: (i) why
this non-Ohmic effects take place at all at so low
voltage [in conditions where the influence of elec-
tric field and (or) Joule heating on VRH can be
neglected]? (ii) what is the cause of radical differ-
ence between non-Ohmic effects below and above
T =20 K in this voltage range? What is more, the
observed transition from negative to positive MR at
decreasing U should also be considered. After ex-
amination of obtained results and taking into ac-
count the known properties of cuprate oxides we
arrive at the conclusion that the sample inhomo-
geneity, namely, surface enrichment with oxygen
may be responsible for the observed non-linear

conduction effects. For the rest of the paper we
shall present the points substantiating this conclu-
sion.

First of all we would like to point out that as the
result of the above-described heat treatment of the
sample in helium and air (see Sec. 2) the oxygen
concentration at the surface of sample may be con-
siderably higher than in central (inner) region of it.
Indeed, the first step of the treatment was an
annealing in helium gas. This should cause [12] an
effective reduction in oxygen content in the sample.
However, the second step was an annealing in air
(partly for the purpose of reducing contact resis-
tance) and this could definitely cause the oxygen
enrichment of sample’s surface region. This is quite
possible if after the helium treatment the oxygen
concentration in the sample was low enough. Con-
sider in this connection once again the temperature
dependence of the magnetic susceptibility x(T') of
sample studied (see Fig.1). It can be seen that after
the described heat and gas treatment the Néel tem-
perature has increased from =230 K to =290 K.
The later value of T, corresponds to nearly
stoichiometric La,CuO, 5 (very low oxygen con-
tent). Therefore, the heat treatment in helium was
fairly effective in reducing the of oxygen concentra-
tion. At the same time, if a considerable volume
part of the sample (in our estimate 1,10 or more)
has gained some additional oxygen after the heat
treatment in air, this should be reflected in the form
of the X(T) curves as well. However, any marked
evidence of sample inhomogeneity in this curves,
can not be seen. There is only one distinct peak in
X(T) dependence. But it should be taken into ac-
count that in the case, when only fairly thin surface
layer has increased oxygen concentration, the influ-
ence of it on X(T) dependence may be quite negli-
gible. It should be also noted that the marked
difference between the surface and inner oxygen
content is rather common for the La,CuO, s and
other cuprate oxides [2,6]. For example, in Ref. 6
in La,CuO,,5 films, which were oxidized in ozone
gas, the increased oxygen concentration in surface
layer was found. Taking all this into account and
considering the peculiarities of sample treatment we
shall assume in the following that the surface region
of the sample is enriched with oxygen”. Based on
this, it is possible to give a reasonable explanation
of all obtained results.

* The possible influence of this type of inhomogeneity on the conduction will be considered below. We exclude the phase separation
in the inner part of sample as other source of inhomogeneity. Indeed, the Néel temperature T,, = 290 K for the sample studied
means that < 0.003 [10,23]. This value of 8 is far outside of d range (between = 0.01 and &= 0.055) in which the phase

separation occurs [1,5,7—10,23].
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The oxygen-enriched surface layer of sample can
undergo a phase separation [1,5,6—10] with the re-
sulting formation of considerable volume fraction of
superconducting phase. In this case the surface
layer would consist of disconnected supercon-
ducting regions in a poorly conducting (dielectric)
matrix. We believe, that critical temperature 7', of
superconducting phase is about 20 K in the case
being considered. It is at this temperature that the
radically change in non-linear behavior of conduc-
tion takes place (Figs.5 and 6)°. Consider, at first,
the conduction below T = 20 K. In the specified
conditions, for driving electric field the system
provides at least two main channels for the re-
sponse: the low-resistive surface layer (with discon-
nected superconducting regions) and high-resistive
core. The measured conductivity of these composite
system should be much higher than «intrinsic»
conductivity of the core. The increasing U leads to
the increase in the current and this must induce the
depression of surface superconductivity and, hence,
the increasing of the sample resistance. This corre-
sponds to the observed R(U) behavior in low-volt-
age range (Figs. 3, 5, and 6).

One of the obvious reasons for the superconduc-
tivity depression at increasing U is the increase in
the current density (this leads to a reduction in TC).
It must not be ruled out, however, in this case the
possible influence of Joule heating in low-resistive
surface layer on the conductivity of whole system
since the Joule heat (as well as current) is much
more in this layer than in the core. It is known that
Joule heating plays a crucial role in the breakdown
of superconductivity in composite or inhomogene-
ous superconductors [24]. The Joule heating may
result (among other things) in resistive domains
and negative differential conductance [24]. The lat-
ter can be actually seen in the measured -V char-
acteristics at low enough temperatures (Fig. 5). It
cannot be excluded that the observed negative dif-
ferential conductance is connected with some of the
described in Ref. 24 mechanisms of heat breakdown
of superconductivity. The results obtained do not
provide reason enough to consider this question in
detail. In any case, however, we believe that in-
creasing U leads to superconductivity depression
and, hence, to the resistance increase.

The magnetic field should also reduce the super-
conductivity. In this connection the observed posi-
tive MR at low-voltage range and the transition to
negative MR with increasing U (Fig. 9) can be
considered as the important argument to support

the existence of oxygen-enriched surface layer (with
superconducting inclusions) in the sample. A close
look at Fig. 9,c shows that when temperature drops,
the MR is first negative and then becomes postive.
It is significant that the positive MR is combined
with decreasing resistance with decreasing tempera-
ture at H = 0, whereas the negative MR is combined
with increasing resistance as the temperature de-
creases. The resistance decrease with decreasing
temperature takes place only at low-voltage range
where surface superconductivity is not depressed
(Fig.9, see also Fig.4). This decrease can be ex-
plained by enhancing of Josephson coupling within
some confined groups of superconducting regions
with decreasing temperature. Such an effect is quite
typical for granular metals in which the competition
of the hopping conduction and Josephson coupling
takes place [25]. All these effects (especially, the
positive MR combined with resistance decreasing
with decreasing temperature) can be considered as a
direct evidence of superconductivity effect in the
sample studied.

It is reasonable to expect that at high enough
voltage the surface superconductivity will be de-
pressed completely after which the non-linear con-
ductance of the whole system would change over to
Ohmic behavior (Figs. 5 and 6). At the highest
applied voltage the non-linear behavior appears
again for the reasons that we have mentioned above.

Above T =20 K, where the superconductivity ef-
fect should not take place, the non-linear behavior
of conduction at low-voltage range still remains. It
is weaker than at T < 20 K, and appears in radically
changed form: the resistance decreases with increas-
ing U (Figs. 6 and 7), at high enough voltage the
resistance seems to saturate, that is, the transition
to Ohmic behavior occurs (Fig. 5). This type of
non-linearity can also be adequately explained in
the context of our main conjecture (oxygen-en-
riched surface layer). The low-resistive surface
layer is inhomogeneous. It consists of disconnected
(dispersed) high-conducting regions in dielectric
matrix. Generally the surface layer would consti-
tute a percolation system with tunneling (or hop-
ping) between disconnected conducting regions. It
is just the tunneling that is responsible for the
non-linearity of this type of composite sys-
tem [26,27]. The distinctive feature of these sys-
tems is the transition from non-Ohmic to Ohmic
behavior of conduction at increasing applied electric
field (or temperature). The transition of this type
was observed on Ag particles in KCI matrix [28]

*  The stable superconducting phase with T', = 20 K can emerge due to phase separation of La,CuO, 5 at rather low oxygen doping

level (&=0.01) [11].
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and in a semicontionuous gold film near the perco-
lation threshold [29]. In Ref. 29 such behavior was
attributed (in line with theory of Ref. 30) to
increase in the probability of tunneling with in-
creasing applied voltage U or temperature. The
percolation approach of Refs. 26,27 leads to essen-
tially the same result. Thus we believe that the
observed change-over from non-linear conductance
to Ohmic behavior at low-voltage range (Fig. 5-7)
with increasing U is connected with the percolating
structure of the oxygen-enriched surface layer and
should be attributed to theoretical mechanisms
similar those of Refs. 26,27,30. Once the conduc-
tion of this layer becomes Ohmic beyond some
voltage, the behavior of the whole sample also
becomes Ohmic up to the highest voltage, where the
influence of electric field (or Joule heating) on
hopping conduction becomes perceptible.

In conclusion, it may be said that our conjection
about the oxygen-enriched surface layer enables us
to explain all the observed unusual non-linear ef-
fects and magnetoresistance behavior of studied
sample of La,CuO, 5 . The results obtained demon-
strate that transport properties of cuprate oxides
may be determined to an essential degree by struc-
tural or stoichimetric inhomogeneities. This circum-
stance should be taken into account at evaluation of
«quality» of high-temperature superconductors on
the basis of transport properties.

We are very grateful to S. 1. Shevchenko for
critical reading of the manuscript and helpful com-
ments.
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