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Investigations of the critical current versus temperature and applied magnetic field were carried out

for granular MoN, films. All sampels display a two-stage superconducting transition and can be treated

as a percolating network of SNS contacts with a Josephson coupling between grains. The temperature

behavior of the critical current for the films studied is the same as the I (7) dependence for a SNS

junction in the diffusive limit. The value of critical current in a magnetic field is governed by the

pinning of Josephson vortices.

PACS: 74.50.+r, 74.76.Db, 74.80.—g

1. Introduction

The study of superconducting properties of
nonuniform high-resistance films has attracted a
great deal of attention recently due to the discovery
of the superconductor—insulator transitional in two-
dimensional (2D) systems [1-3]. However, another
remarkable feature of these materials is connected
with the possibility of forming a regular granular
structure. The interplay between microstructural
disorder and space modulation of the supercon-
ducting order parameter allows us to treat them as
a network of Josephson junctions that are very
similar in Bi- and Tl-based anisotropic high-T; su-
perconductors [4]. The granular nature of these
objects clearly plays a major role in their supercon-
ductivity, and the understanding of the behavior of
spatially nonuniform conventional superconductors
is essential for establishing which properties of the
cuprates might follow simply from their geometry
and microstructural inhomogeneity. Even though
the superconducting properties of the granular films
have been studied for a long time, the physical
nature of this effect continues to be a matter of
controversy.

In this paper we propose a new method for the
preparation of granular MoN . films, which can be
treated as a percolating network of the supercon-
ductor—normal metal—superconductor (SNS) con-
tacts with a Josephson coupling between grains.
The main peculiarity of the studied films is the
occurrence of a two-stage transition from the nor-
mal to the long-range superconducting (coherent)
state. It is shown that the observed linear depen-
dence of the transition temperature to the phase-co-
herent state on the residual resistance can be ex-
plained in the framework of the proximity-effect
model for the superconductor—normal metal (SN)
system. The temperature behavior of the critical
current I, for the films studied is very similar to the
I (T) dependence obtained for a SN'S junction in the
diffusive limit. The microscopic superconducting
parameters estimated from fitting the experimental
I (T) curves coincide with ones obtained by inde-
pendent methods. In contrast with I (T), the mag-
netic field dependence of the critical current cannot
be described on the basis of the theoretical models
developed for single or multiple SNS junctions. We
suggest that the transition of the MoN,_ granular
films to the resistive state under the action of
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current in an applied magnetic field results from the
start of the flux lines’ motion rather than from the
switching of the Josephson junctions. Therefore the
value of the critical current is determined by the
pinning force of the Josephson vortices owing to the
magnetic interaction with the grains.

2. Experimental procedure

The MoN, films were prepared on Al,O4 sub-
strates by thermal evaporation in a vacuum chamber
with a base pressure of 6.7007% Pa. A Mo strip
(0.25%x2x85 mm) was used for the evaporation. The
deposition of the films was carried out with the
following technological parameters. The current
was about 50 A, the output power was [150 W, the
pressure of nitrogen was around 1073 Pa, and the
temperature of substrate during the deposition was
(1350 K.

The deposited films have a thickness d EI1200 nm.
An x-ray diffraction analysis showed that a hexago-
nal MoN phase [5] (a =06 El(0.572 = 0.001) nm,
¢ EI(0.560 = 0.005) nm) is formed in about 90% of
the film volume. On the other hand, the low value
of the critical temperature T, of 5.0-6.5 K shows
that the prepared films have a non-stoichiometric
concentration of nitrogen and their composition is
represented as MoN,, . The average grain size esti-
mated by high-resolution electron microscopy
turned out to be IDO= 100 nm. The geometric di-
mensions of the samples were set by a photoli-
tographic method to have a width of 0.325 mm and
a length between voltage contacts of 3.65 mm. The
resistance was measured by the conventional dc
four-probe techniques. A voltage drop of 1 pV,/cm
served as the criterion for choosing the critical
current. The applied magnetic field was always
maintained perpendicular to the film surface and to
the direction of the transport current.

3. Results and discussion

Figure 1 shows the resistance curves of the super-
conducting transition for MoN . films with different
values of the residual resistivity p, measured at
10 K. It can be seen that all the films with
Py > 6.2 uQmh have a two-stepped shape of
R(T)/R, , where R is the resistance before the
superconducting transition. Therefore, the transi-
tion of the films to the superconducting state is
carried out in two stages. The first superconducting
state occurs at a high temperature, T, , inside the
grains, and a long-range phase-coherent supercon-
ducting state is formed at the lower temperature,
T, . Unfortunately, we have not observed any rela-
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Fig. 1. Superconducting transition curves for MoN_ films with
different values of the residual resistivity p,, uQMh: 6.2 (1);
30.2 (2); 19.8 (3); 62.4 (4); 27.5 (5); 86.1 (6). The inset
shows the dependence of T /T ratio on p, . Solid and dashed
lines are theoretical curves obtained by using Egs. (1) and (3),
respectively.

tion between the value of the residual resistance (or
sheet resistance, R =p,/d) and the temperature
positions of the two superconducting transitions,
which is very often found in disordered thin
films [6,7]. However, the difference between the
first and second resistance steps (T, and T',) de-
pends directly on the total resistivity of the film.

The disorder-induced depression of T, is in good
qualitative agreement with the percolation descrip-
tion of a weakly coupled random 2D network of
Josephson junctions. Using the theoretical results
for the percolating network of Josephson-coupled
grains, together with the temperature-dependent
BCS energy gap, one can write [7]

T 0.3¢”p,
7o=1- , (1
0 s

where T, is the superconducting transition tem-
perature of the grain and T, is the depressed transi-
tion temperature of the grain boundary as men-
tioned above; L is the characteristic length of the
microstructure morphology (proportional to the
grain size), and T%2/4e* = 6.45 kQ is the quantum of
resistance. A better agreement between experimen-
tal and theoretical data is observed by fitting with
L EI125 nm, as is seen in the inset of Fig. 1. If it is
assumed, according to Ref. 7, that L El0.3D[]
where [D0Ois the average grain size in the film, DO
turns out to be about 83 nm, which is of the same
order of magnitude as the data obtained by electron-
microscopic analysis. The observed linear depen-
dence of the ratio T,/T,, on the residual resistance
suggests that our samples are very similar to a
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composite In—InO . film with an island microstruc-
ture [7].

On the other hand, one can obtain a similar
linear-like behavior of T, /T, versus resistivity
from Kresin’s theoretical model [8] of the proxi-
mity effect for strongly coupled superconductors.
Let us consider the film as a SNS proximity sand-
wich system, where S is the grains and N is the
grain boundaries. If the thickness of the normal
metal (the width of the grain boundaries) is smaller
than the coherence length for the boundaries, the
superconducting critical temperature for the whole
SNS system can be described by [9]

T =T (T /2y, (2)

where o = ny, Ly, /ng Lg, ny and ng are the elec-
tron density of states of the normal and supercon-
ducting layers, and Ly, and L are the layer thick-
nesses, respectively. For a granular film L,
corresponds to the width @ of the grain boundary,
as mentioned, and L to the average grain size (D[]
In case of a nearly ideal SN contact, u E'(A)C , Where
w, is the average phonon frequency (equal to the
Debye frequency in this model). y = 0.577 is Euler’s
constant. Taking into account that the resistivity is
inversely proportional to the electron density of
states, p = 1,/(¢2n) where D= v%1/3 is the elec-
tron diffusion coefficient (v is the Fermi velocity
and T is the mean free time between collisions of
electrons), Eq. (2) can be simplified to

T, Pos w  272T,0
T st EDIH OO (3)
c0 pON 0 w 0

where p, is the resistivity of the grains, and p; is
that of the grain boundaries.

This equation is formally equivalent to Eq. (1),
since the logarithmic term in Eq. (3) has the nega-
tive sign. The value of the electron diffusion coeffi-
cient is little different between grain and grain
boundary a covalent compound of the type consi-
dered, and In x = x — 1 when x << 1. If we also
assume that the minimum metallic conductivity of
the grain boundary is realized as o £10.03e? /fa
according to Mott and Koveh [10], we can estimate
the value of p, = O-;in El156 uQih, where a is the
crystal lattice constant. With w, =350 K and
T, El5 K for our films [11], the ratio of the grain
boundary width to the average grain size, w/[DUis
estimated to be about 0.1. Therefore, the average
width of the grain boundaries turns out to be 10 nm
in our case. This is an absolutely reasonable value
for the films deposited at a low temperature. Conse-
quently, the prepared MoN_ thin films can be
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treated as a percolating network of SN.S contacts
with a Josephson coupling between grains.

3.1. Temperature dependence of the critical
current

Figure 2 shows the temperature dependence of
the critical current for the MoN, film with
Py =30.2 pQlh at different values of applied mag-
netic field. The I (T) behavior displays a fun-
damental deviation from the Ambegaokar— Bara-
toff (AB) expression developed for the case of
the ideal superconductor—insulator—superconductor
(SIS) Josephson junction, I (T)Ry =TA(T),/ 2 x
x tanh (A(T)/2T) [12]. Ry is the normal resistance
of the junction and A(T) is the superconducting
energy gap. A better agreement between the experi-
mental data and the AB model can be obtained by
using a severely depressed value of the supercon-
ducting energy gap as a fitting parameter. The
dashed line in the inset of Fig. 2 is plotted with a
value of A(0) EI1.76k, T, , while the solid line
requires A(0) E10.12k, T, . Tt is worthy of note that
the decrease in the energy gap of the Josephson
junctions has already been observed experimentally.
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Fig. 2. Temperature dependence of the critical current for a
MoN,, film with p, =30.2 pQith at different values of applied
magnetic field, T: 0 (7); 0.1 (2); 0.2 (3); 0.3 (4). The inset
shows the logarithmic dependence of I (T),/1(0) on the reduced
temperature ¢ =T/T, . The dashed line corresponds to the Am-
begaokar—Baratoff expression, the solid line is calculated for
the model of a SIS junction with a suppressed superconducting
energy gap, and the dotted line corresponds to the model of a
SNS junction in the diffusive limit.
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For example, the energy gap for the high-T', layered
superconductors obtained from measurements of the
intrinsic Josephson effect [13] is about a factor of
two smaller than that determined by the tunnel-
ing [14] or spectroscopy [15] measurements. How-
ever, even though such an energy gap supression is
predicted in the theoretical works [16,17] this prob-
lem is far from being totally understood. On the
other hand, the small value of the energy gap
suggests that the transition temperature for the
phase-coherent superconducting state (the second
step on the resistance curves in Fig. 1) is lower than
T, , an effect which has not been observed experi-
mentally. We are proposing that the strong devia-
tion of the experimental data from the AB expres-
sion in our case results from another physical
reason.

Taking into account the good agreement between
the experimental dependence of T /T, on p, and
Kresin’s model [9] for the SN proximity sandwich,
we expect that the temperature behavior of the
critical current of the films can be described in the
framework of the approaches for SNS-type Joseph-
son junctions [18—20]. The critical current is writ-
ten as

0 Lyo
I(T)=AI(0)exp T 01, (4)
O SNO

where I (0) is the critical current at zero tempera-
ture, and A =12/mfor T << T, and A=1-T/T,
at T - T, . For the normal layer in a SN.S system,
&, is replaced by the normal metal coherence length,
§y = lvp 2Tk T (in the ballistic limit L, <<,
where [ is the impurity scattering length) or
cause the resistance of the grain boundary is larger
than that of the grain itself, it is reasonable to
assume the diffusive limit for our case. Using the
well-known expression for the superconductor
coherence length, §&(0) = (201)1/2, where &, =
= 0.18%w, /ky T, , one can write Eq. (4) in a form
that is more convenient for fitting the experimental
data:

T 0057 172

- ~ 7 0eXP [ =8 0 ®

1,(0) % T8 g w .5 o

It is shown in the inset of Fig. 2 that a better
agreement with the experimental data is provided
with Ly, /&(0) EI2.5. In our case L,; = w, the width
of grain boundary. Therefore, the value of the
coherence length estimated from the temperature
dependence of the critical current is equal to
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&) E14 nm. This is in the same order of magnitude
as the wvalue calculated from the expression
for upper critical magnetic field, H_(0)=
= q)O/ZT[E2(O) QO.GQ(dHC2/dT|T )T, , where @, is the
magnetic flux quantum (2.070071° Tm?2). The
measured value of dH_,/dTly for our films was
013-3.5 T /K, leading to &(0) £16-7 nm.

3.2. Magnetic-field dependence of the critical
current

It is well known that in a SIS system, the
Josephson current as a function of magnetic field
shows a Fraunhofer pattern [21]. However, in the
case of a Josephson medium consisting of SNS
junctions in which N is a 2D normal metal on the
mesoscopic scale, the dependence of the Josephson
current on magnetic field is expected to be not so
simple. The Fraunhofer oscillations of the critical
current have not been observed even in the stacked
intrinsic Josephson junctions of Bi,Sr,CaCu,Og 5
layered high-T, single crystals [4,22]. Figure 3
shows the I (B) dependence for the MoN, film
measured at different temperatures, which does not
display any manifestation of oscillatory behavior.

Two theoretical approaches have been used for
the explanation of the magnetic field dependence of
the critical current in spatially nonuniform super-
conductors included in a system of the Josephson
junctions. The first of them is based on the solution
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Fig. 3. Dependence of the critical current on applied magnetic
field for a MoN, film with p;, = 30.2 pQfth at different tempera-
tures.
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Fig. 4. Dependence of I (B)/1(0) on applied magnetic field for
a MoN, film with p, = 30.2 pQIm. The solid line is the theoreti-
cal curve based on the model of pinning of the Josephson vor-
tices, the dotted line corresponds to the XY model, and the
dashed line indicates the dependence I, Ll1,/B">. The cross
symbols  represent  the
Bi,Sr,CaCu,O4 5

experimental data  for the
intrinsic Josephson junctions from Ref. 4.

of a Hamiltonian that is formally the same as for an
XY disordered ferromagnet in 3D [23,24]. The se-
cond one suggests the pinning of the Josephson
vortices by microstructural inhomogeneties, and the
value of the critical current is determined by the
driving force necessary for flux line motion [25,26].

For the system of a Josephson junction network,
the magnetic field dependence of the critical current
can be described by [23]

I(B)/1(0) B0.82(1 - ;' sin y)"/?B,/B , (6)

Yo = 27NN )B/By)

where B, is the first critical magnetic field, and A
and A can be treated as a correlation length for the
phase-coupled junctions and a penetration depth,
respectively. Unfortunately, Eq. (6) is not able to
describe well the experimental I (B), especially, in
the low magnetic field range, as seen in Fig. 4.
Moreover, the obtained fitting parameter
B, E10.25 T is too large for our films.

Because of the growth mechanism and the ten-
dency to form the so-called columnar texture of the
grains, the grain boundaries of the prepared MoN
films are arranged perpendicularly to the plane of
substrate. Consequently, a 2D network of Joseph-
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son junctions (grain boundaries) with a 2D array
of Josephson vortices can be formed. The rather
small size of the grains (IDO<<A,;), where A; =
= (@y/ 21y, t A2 810 um in our case is the Jo—
sephson penetration depth, allows us to assume that
the interaction between Josephson vortices leads to
the formation of a flux line lattice. The dynamics of
such a system can be described by the pinning
theory. Since the Josephson vortices do not have
normal cores, in contrast to the Abrikosov vortices,
the mechanism of the flux line pinning is go-
verned by the magnetic interaction, and the grains
play the role of the pinning centers. In this case
the critical current is expressed by [ (B)=
= 26M(p1/ 2/AB'/2, where the magnetlzatlon M E]
El(H,, - B),/[4T(2k? - 1)]; A is the London penetra-
tion depth, and Kk is the Ginzburg—Landau parame-
ter [27]. Taking into account that the elementary
pinning force has to decrease proportionally to the
drop in the order parameter according to the rise
of the field [27], the final expression for I (B) is
simplified to

1,(B) 4T[ Bp0 52
1(0) ~d %D H,0"

Figure 4 shows that the theoret1ca1 curve is in
good agreement with the experimental data practi-
cally in the whole range of magnetic fields. A
fitting to the experiment allows us to estimate the
values of the Ginzburg—Landau parameter, K E170,
and the upper critical field, H, EI10 T, which
coincide with those obtained from an analysis of the
(dH 2/dT|T) data for these films.

For comparison, we also show in Fig. 4 the
experimental results for the stacked intrinsic
Josephson junctions of Bi,Sr,CaCu,Og, 5 single
crystal [22]. It is seen that the magnetic field be-
havior of the critical current is described by a power
law (I, [ 1/B1°), as well. However, the pinning
mechanism has a more exotic nature and is con-
nected with the collective pinning phenome-
non [26].

)

Summary

We have developed a new method for the prepa-
ration of granular MoN,, films that can be treated as
a 2D network of SNS Josephson junctions. It was
shown that the temperature dependence of the criti-
cal current can be described in the framework of the
SNS junction model in the diffusive limit. For an
explanation of the superconducting transport pro-
perties in an applied magnetic field, a simple model
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for the magnetic pinning of the Josephson vortices
is suggested, where the grains play the role of the
pinning centers.
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