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Abstract—Thetemperature evol ution of the current—voltage (I-U) characteristic of acontact of the break-junc-
tion type with direct conduction is investigated on a polycrystalline HTSC of the Y-Ba-Cu-O system. The
experimental 1-U characteristics possessing a hysteresis are correctly described in the framework of the Kim-
mel—Nicolsky theory for an S-N-S contact (S stands for a superconductor; N, for anormal metal) in which the
Andreev reflection of quasiparticles from the N-Sinterface is considered. It is shown that the shape of the I-U
curve, as well as the existence of a hysteresis, is determined by the ratio of the number of “long” and “ short”
intergranular boundaries in the polycrystal under investigation. The coincidence of the calculated and experi-
mental I-U curves made it possible to estimate the effective length of “natural” intergranular boundaries in
polycrystalline HTSC materials. The estimate is obtained from the experimental temperature dependence of the
critical current in the sample under investigation. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Bulk HTSC polycrystals possess much lower cur-
rent-carrying capacity than single crystals and thin
films. It is well known that the main limiting factor is
the intergranular boundaries, whose presence resultsin
the formation of arandom network of weak links S-N—
S(Sisasuperconductor and N is anorma metal) in a
polycrystal. The distribution of geometrical parameters
of individua weak linksin such a network is described
by a certain distribution function determined by the
technology of the synthesis of polycrystals.

Junctions at microcracks (break junctions) were
actively studied during thefirst yearsfollowing the dis-
covery of HTSC materials. However, break junctions
continue to be attractive objects of investigation [1],
since they make it possible to study both tunnel junc-
tions and contacts with direct (metallic-type) conduc-
tion. The formation of a microcrack in a bulk HTSC
sample in the case of a direct-conduction contact leads
to a decrease in the effective cross-sectional area. The
current density in the breaking region is much higher
than the current density in the sample volume; conse-
guently, weak links in the breaking region are the first
to pass to the resistive state and determine the critical
current and the current—voltage (I-U) characteristic of
the sample until degradation of the superconductivity
begins in the bulk of the sasmple. Consequently, the
resistive state of a contact of the break-junction typeis
determined by the superposition of a finite number of
weak links. It becomes possible to measure the 1-U

characteristics of junctions at natural intergranular
boundaries over awide temperature range in the region
of current densities much higher than the critical value;
thisalmost entirely eliminates the effect of self-heating,
which is difficult to achieve in bulk HTSC samples.

In order to describe the experimentally observed 1—-
U curvesfor S-N-Sjunctions of the Josephson type, the
resistive shunted junction (RSJ) model [2] or its modi-
fications [3, 4] are often used. However, this moddl is
only an equivalent electric circuit and does not reflect
the quantum physical processes of charge carrier trans-
port in an S-N-Sjunction [2, 5, 6].

The charge carrier transport in an S-N-Sjunctionis
determined by physical processes such astunneling, the
proximity effect, and Andreev reflection [7]. Starting
from the publications by Artemenko, Volkov, and Zai-
tsev [8, 9], severd models have been developed in
which the mgjor role in the formation of I-U character-
istics is assigned to Andreev reflection. In the pioneer-
ing works[8, 9], the I-U curves for microbridges were
calculated only for the limiting cases, namely, near T,
and at voltages across a junction much larger than the
energy gap in the superconductor. Blonder et al. [10]
described the I-U curves of an S-N point contact and of
a microconstriction; in this case, the shape of the I-U
curve is determined by the barrier transparency. The
theory describes the excess current and arc-shaped fea-
tures in 1-U curves (subharmonic gap structure) but
fails to describe the negative differential resistance
(NDR). In experiments, the NDR is manifested in the
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fixed stable current mode as a hysteresis |oop on the |-
U curves[11]. Some authors analyze the 1-U curves of
SN-S junctions in various approximations (see, for
example, [12-14]); however, I-U curves calculated on
the basis of these models do not contain segments cor-
responding to NDR.

In our opinion, the most attractive theory capable of
describing 1-U curves of S-N-S structures in wide
ranges of the mean free paths (I) of carriersin the N
layer and geometrical thicknesses of the N layer (2a) is
the Kiimmel—-Nicolsky theory [15]. This theory takes
into account the contribution from Andreev reflections
in the S-N-S to the current junction and predicts the
existence of NDR in pure (I > 2a [11]) S-N-S struc-
tures. This theory also describes the excess current and
gap singularities at voltages that are multiples of the
energy gap A. The theory developed in [15] was suc-
cessfully used to describe some results obtained on S-
N-S contacts with low-temperature superconductors
[6]. The authors of [15-17] pointed out that the hyster-
esis observed on |-U curves of aweakly linked HTSC
can be interpreted in the framework of this theory.

It has been proved [18] that a simplified version of
the Kimmel—Nicolsky theory [5] satisfactorily
describes the experimental 1-U curves for composites
Y 0751 Up 2sBaxCu;0; + BaPb, _,Sn,O; (x =0, 0.1) mea-
sured at 4.2 K. In these composites, the normal metal
BaPb, _,Sn,O; forms artificial metal boundaries
between HTSC crystallites. For x = 0, the “clean” limit
is realized in composites, while for x = 0.1, an effec-
tively dirty limit (I < 2a[11]) exists.

The aim of the present work is to demonstrate the
applicability of the theory [15] not only to a network of
weak links with artificially created metallic intergranu-
lar boundaries [18] but also to |-U characteristics of
polycrystallites with natural intergranular boundaries
in HTSC materials.

We measured 1-U curves with a hysteresis loop of
break-junction-type contacts with direct conduction in
the temperature range 4.2-95 K. The results obtained
are described satisfactorily in the framework of the the-
ory [15] under the assumption that junctions of various
geometric length are connected in series.

2. EXPERIMENT

We used the standard ceramic technol ogy of fabrica-
tion of HTSCY 751 Ug .5Ba,Cuz0,. Thetime of final fir-
ing was 40 h at 910°C. The Debye powder pattern dis-
plays only reflections corresponding to the 1-2-3 struc-
ture. The superconducting-transition temperature T, as
determined from magnetic measurements coincides
with the temperature corresponding to the beginning of
the resistive transition and amountsto 93.5 K.

Samples with atypical size of 2 x 2 x 10 mm were
sawed out from synthesized pellets. The sample was
glued to a sapphire substrate. The central part of the
sample was polished down to obtain a cross-sectional
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area S~ 0.2 x 1 mm. For such avalue of S the critical
current at 4.2 K was~2 A (current density 1000A/cn?).
Further controllable decrease in the area S under inevi-
table mechanical stresses at current and potential con-
tactsisvery difficult. In order to obtain a contact of the
break-junction type, the sample with the above val ue of
Swas bent together with the substrate with the help of
screws of spring-loaded current contacts, which led to
the emergence of amicrocrack in the part of the sample
between the potential contacts. Asaresult, either atun-
neling contact (with resistance R > 10 Q) or a direct-
conduction contact (R < 10 Q) was formed. For R ~
1-2 Q, the samples possess a critical current J, ~ 1—
10 mA at 4.2 K, which correspondsto a decrease in the
value of Shy afactor of ~10>-103. It should be noted
that the shape of the I-U curves for the samples was
completely preserved after thermocycling from 4.2 to
100 K, but thermocycling to room temperature
increased the value of R and the contact was converted
into atunneling contact.

During measurements, the samples were held in a
helium heat-exchange atmosphere. The 1-U-curve
measurements were made under steady-state condi-
tionsin thefixed current mode. Relatively low values of
the transport current (up to 150 mA) and of the voltage
drop across the sample (up to ~100 mV) made it possi-
bleto eliminate the effect of self-heating [19]. The crit-
ical current was determined from the I-U curve using
the 1-uV criterion [20].

3. RESULTS AND DISCUSSION

Figures 1 and 2a show typical examples of experi-
mental 1-U curves recorded at 4.2 K. The curves dis-
play the presence of a critical current and a segment
with anonlinear U(l) dependence followed by a jump-
wise (repeated in some cases) increasein the value of U
accompanied by ahysteresis. In the region of large val-
ues of | and U, the U(l) dependence is close to linear,
and its extrapolation to the value U = 0 gives an excess
current |, whose existence confirms the metallic type
of conduction of the junctions formed [10].

The current due to Andreev reflectionsin an S-N-S
contact, according to theory [15], has the form (in the
notation used in [15])

i =CY > Pu(ENIf(EJke— (1= f(E))ki
k n=1
x exp(~(2na—a+ b)) (A" - A}
Here, f(Ey) is the Fermi energy distribution function
for quasiparticles, Py isthe probability of finding aqua-

siparticle in the N region, A. (E) and A, (E) are the
probabilities of the nth Andreev reflection for holes (+)
and electrons (-), b is the starting position from which
guasi particles begin their motion when an electric field
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Fig. 1. Experimental 1-U curve recorded for asampleat T=4.2 K.

starts acting in the N layer, n is the number of Andreev
reflections, and C isthe constant defined in [15]. In our
calculations, we used the density of states for charge
carriersin an HTSC material [21].

Thetheory describes the I-U curvesfor S-N-Scon-
tacts with the above characteristic features excluding
the region near U = 0, since the calculation of the criti-
cal current is a separate problem [7].

An example of a theoretical I-U curve is given in
Fig. 2b. It can be seen that such a theoretical depen-
dence cannot describe the experimental 1-U curves
shown in Figs. 1 and 2a, in which the hysteresis is
observed for larger values of U. On the other hand, the
multiple hysteresis loops observed on some I-U curves
(Fig. 1) indicate that the U(1) dependence is formed by
a superposition of 1-U curves for several contacts with
different parameters. A similar conclusion was drawn
for apoint HTSC contact from an analysis of the effect
of radiation on the shape of I-U curves [22].

We processed the experimental curve shown in
Fig. 2aby using the formula

u(l) = zViUi(I’zai)’ (2

where U, (1, 2a) are the I-U characteristics of S-N-S
junctions with various values of 2a defined by Eqg. (1)
and V, are the weight factors indicating the effect of a
contact with agiven value of 2a on the resultant (super-
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position) I-U curve (with the obvious normalization

3 Vi=0).

It was found that Eqg. (2) correctly describes the
experimental data even when the sum in this formula
contains only two terms. The best agreement was
attained for values of 2a,/1 = 0.15, V,; = 0.34, 2a,/| =
0.5, and V, = 0.66. Figure 2b shows the theoretical 1-U
curves for each of these two junctions, while Fig. 2a
shows their superposition. It can be seen that the theo-
retical dependence obtained asaresult of superposition
coincideswith the experimental 1-U curve, includingin
theregion with hysteresis, but the segment of the exper-
imental U(l) dependence corresponding to values of U
close to zero cannot be described by the theory from
[15] (see above).

Figure 3a shows the experimental 1-U curves for
one of the samples (the same asin Fig. 2a) in the coor-
dinates (T, I, U). Figure 3b presents the temperature
evolution of the superposition I-U curve shown in
Fig. 2b in the same coordinates. The only variable
parameter was the temperature-dependent energy gap
given by the BCS theory. The theory [15] correctly
describesthe decreasesin the area of the hysteresisloop
and its vanishing upon an increase in temperature. At
temperatures above 4.2 K, the discrepancy between the
theoretical and experimental U(l) dependences
becomes more pronounced, but the difference between
these dependences does not exceed 9%. It isimportant
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Fig. 2. Experimental |-U curve recorded for asample at T = 4.2 K (circles). Solid curves are (a) the resultant superposition curve
calculated on the basis of Eq. (2) for V; = 0.34 and V, = 0.66 and (b) the theoretical I-U curvesfor S-N-Sjunctions with parameters

2a,/1 = 0.15 and 2a,/1 = 0.5 calculated using Eq. (1).

to note that the experimental points corresponding to
the jumpwise change in voltage are described by the
theory quite successfully. A similar satisfactory agree-
ment was al so attained for other samples under investi-
gation over a wide temperature range.

Knowing the mean free path of charge carriers, the
lengths of intergranular boundaries in the HTSC mate-
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rial under investigation can be estimated by fitting to
the experimental 1-U curves. If we take for | the value
~20 A given in [23] for a Y-Ba-Cu-O system, we
obtain 2a, = 3 A and 2a, = 10 A. These values agree
with the results obtained for natural intergranular
boundaries in polycrystalline Y —Ba—Cu-O [24] and in
a bicrystal [25]. The obtained values of coefficients
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Fig. 3. Temperature evolution of I-U curves presented in
Fig. 2: (a) experiment and (b) theory.

V, =0.34 and V, = 0.66 can be interpreted as follows:
the |-U characteristic is defined by at least three series-
connected contacts, one of which is 3 A long and the
other is 10 A.

The length of intergranular boundaries can aso be
estimated from the experimental temperature depen-
dence of critical current [24-27]. The experimental
J.(T) dependence of the sample under investigation is
shown in Fig. 4. In some theoretical works[7, 28, 29],
the dependence of the critical current of a weak link
with direct conduction on the temperature and thick-
ness of the metallic layer wasinvestigated. The theoret-
ical curvesfrom [7, 28], which describe similar results,
are in good agreement with our experimental data. In
the present work, we describe J.(T) on the basis of an
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Fig. 4. Temperature dependence of normalized critical cur-
rent J.(T)/J;(0). Circles correspond to experimental data,
and solid curves are theoretical calculations: the Ambe-
gaokar—Baratoff (AB) dependence [31], the Kulik—
Omel’yanchuk (KO) dependence [30], and the Kupriyanov
(K) dependence [28].

earlier and simpler theory [28]. Figure 4 shows the the-
oretical curvesfrom [28]. In awide temperature range,
good agreement is observed between the experimental
J.(T) curve and the theoretical dependences for aweak
link having a thickness of the N layer of 2a = (0.3—
0.4¢y), where & is the coherence length in the normal
metal for T = T, [28]. Figure 4 aso shows the J.(T)
dependence predicted by the theory [28] for 2a = O,
which coincides with the Kulik—-Omel’yanchuk (KO)
temperature dependence for clean short microbridges
[30] and with the dependence obtained in [7] for clean
short S-N-S junctions, as well as the Ambegaokar—
Baratoff (AB) J.(T) dependence for tunneling contacts
[31]. The cardinal difference (eveninthesign of curva-
ture) of the experimental J.(T) dependencefromtheAB
dependence is an extra argument confirming that a
direct-conduction contact is formed in the sample
under investigation. In[32], thevalue &, ~ 50 A isgiven
for intergranular boundariesinY—-Ba—Cu—0. Using this
value, we estimate the length of the intergranular
boundary to be ~15-20 A. This estimate is close to the
value 2a, = 10 A obtained from the processing of the |-
U curve (clearly, the critical current in series-connected
junctionsis determined by the worst of these junctions,
i.e., by the longer one, since J, ~ exp(—2a) in most of
the theoriesfrom [7, 11, 20, 28, 29]). It should be noted
that near T, the experimental and theoretical resultsdif-
fer noticeably; the experimental temperature depen-
dence of the critical current becomes quadratic: J. ~
(1 - T/T,)? Such abehavior of the critical current near
T, has been observed by many authors for HTSC film
structures [25, 27, 32], HTSC point contacts [33], and
in bulk HTSC polycrystals [24, 26] and has been dis-
cussed morethan once. We canindicate at | east two rea-
sons for such a behavior. A small coherence length in
HTSC materias reduces the pair potential at the S-N
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interface; as a result, the function J.(T) becomes qua-
dratic and not linear, proportional to (1 — T/T,) [34].
Thermal fluctuations near T, al so affect the J.(T) depen-
dence[35, 36].

4. CONCLUSION

Thus, we have proved that the theory [15] based on
Andreev reflections can be used to obtain a satisfactory
description of the temperature evolution of 1-U curves
with a hysteretic behavior at junctions formed by natu-
ral boundaries in HTSC polycrystals. Such a descrip-
tionisfound to be possiblein the framework of amodel
with metal-type series-connected contacts with differ-
ent effective lengths. The existence of a hysteresis|oop
and its shape are determined by the ratio of long and
short intergranular boundaries in the HTSC polycrys-
tals under investigation.

It should be noted that materials characterized by |-
U curves with a sharp transition from a low to a high
differential resistance (i.e., possessing a clearly mani-
fested broad hysteresis loop) can be used in short-cir-
cuit current limiters[37, 38].
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