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A B S T R A C T

Patterns in temperature and magnetic field behavior of the electrical resistance of nanocomposite
consisting of “insulating matrix (7 nm-pore alkali-borosilicate glass)” – “granular metallic filler
(indium)” (PG7+In) has been found and analyzed in the vicinity of superconducting transition.
Insulating behavior in the electrical resistivity has been observed in a normal state. External
magnetic field shifts the transition to lower temperatures and the same time gradually strengths
the insulating behavior above the superconducting transition. Hopping conductivity mechanism
developed for the granular conductor systems can be responsible for the insulating behavior in
normal-state electrical resistance. Electron hopping in the granular conductor system is realized
as tunneling of electrons through intergranular contacts between the metallic granules. The su-
perconducting transition has been found to be rather broad. Broadening in the superconducting
transition can be attributed to fluctuation conductivity. Above the superconducting transition,
the Aslamazov-Larkin contribution to the conductivity characteristic for three-dimensional sys-
tems has been found to be main correction to the conductivity.

1. Introduction

Any granular conductor system consists of close-packed metallic granules possessing a high enough conductivity, separated by
intergranular insulating boundaries [1]. If sizes of the conducting granules are corresponding to nanometer scale, these granular
conductor systems should be considered as a new class of artificial nanomaterials. The physical properties of individual nanocrystals
and coupled nanocrystals can be combined in the granular conductor systems. Depending on intergranular coupling strength, the
granular conductor system can behave itself either as a metal or as an insulator. Therefore, the intergranular coupling strength is the
fundamental and often the tuned parameter, governing the electrical properties of granular conductor systems. A few of technological
methods can be applied to prepare the granular conductor systems with controlled and varying intergranular coupling strength.
Traditional methods are thermal evaporation and sputtering techniques [2,3]. Modern methods include self-assembled methods
focusing on preparation of colloidal nanocrystals [4,5] and epitaxial growth methods of two semiconductors with significantly
different lattice constants, which are used to prepare semiconductor quantum dot arrays [6,7]. One more prospective approach to
construct the granular conductor systems is fabrication of nanocomposites consisting of metallic nanosized granules embedded into
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the pores of insulating nanoporous glass matrix [8–10]. Shape and size of pores, and arrangement and dimensionality of porous
structure determine the basic parameters of this granular system, including granule size, a ratio between volumes of insulating and
conducting subsystems, dimensionality of conducting subsystem, pores filling factor et cet. All these parameters affect on the in-
tergranular coupling strength.

Among various types of filler material, there has been much interest in superconducting metals like Hg, Pb, Ga, Sn and In [11–16].
Owing to size effects, the superconductors with characteristic sizes in nanometer range demonstrate often the specific anomalies of
physical properties such as: (i) remarkable enhancing of superconducting transition temperature, (ii) crossover from the type-I
superconductor behavior to the type-II one at application of magnetic field, (iii) developing a fluctuation conductivity at the su-
perconducting transition and so on. Above the superconducting transition (i.e. in the normal state), bulk metal superconductors listed
above behave themselves like normal metals, i.e. their electrical resistance R(T) gradually decreasing on cooling down to transition in
the superconducting state. In contrast to the bulk analogues, the dependence R(T) for nanocomposites with the same metals em-
bedded into the pores of nanoporous glass can transformed from the usual metallic behavior to the insulating one. If coupling
between the granules is sufficiently strong, the granular system becomes well conducting. In case of low coupling the granular system
behaves itself as an insulator. In the last case, superconducting transition takes place from a normal state, which is characterized by
an insulating behavior of electrical resistivity, i.e. the resistivity is gradually increasing on cooling. Possible modification of R(T) from
metallic type to insulating one above the superconducting transition temperature is one more important feature distinguishing the
granular conductor/superconductor systems from their bulk analogues. By changing intergranular coupling from strong to weak one,
the various granular conductor systems undergoing the superconductor transition from either metallic or insulating normal state can
be prepared.

The aim of this paper is to find and analyze the features in temperature and magnetic field behavior of the electrical resistance in
the superconducting nanocomposite consisting of “nanoporous glass matrix” – “granular indium filler”.

2. Materials and methods

Porous alkali-borosilicate glass used as matrix for nanocomposite preparation was prepared by leaching a sodium borosilicate
glass. After leaching, the porous glass was cleaned by H2O. To remove H2O, the glass was dried at 400 K in air atmosphere during
4–6 h. The porous glass consisted of SiO2 matrix with grid of mutually crossing disordered channels with diameter of ~7 nm (PG7).
Liquid indium was embedded into the porous glass matrix under high pressure of 9 Kbar at temperature of 440 K. After solidification,
indium served as a filler in the nanocomposite PG7+In. Details of the nanocomposite fabrication are presented in Ref. [11].

Scanning electron microscope (Nova NanoSEM 450) using an energy dispersive X-ray spectroscopy (EDX) method was applied to
characterize the nanocomposite. To measure the electrical resistance, R, rectangular bar samples with dimensions of 2 × 2 × 6 mm3

were prepared. Opposite faces of the bar perpendicular to its long side were covered by silver paste. Voltage drop across these faces
was measured. The resistance was measured by using Mini Cryogen Free Measurements System (Cryogenic Ltd, UK) at direct current
of 0.1 mA by averaging voltage values applied for forward and reverse current directions. External magnetic field, B, oriented
perpendicularly to the current direction could be also applied to the sample at the R measurements.

Fig. 1. The R(T) dependence at zero magnetic field. On inset: the R vs. T dependence in the vicinity of Tm in enlarged scale.
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3. Results and discussion

The R(T) dependence for the nanocomposite in the temperature range 2÷290 K at zero magnetic field is shown in Fig. 1. Starting
from 290 K, R increases steadily on cooling down to the temperature Tm equal to 6.40 K. This R(T) dependence is typical for insulators
(semiconductors), but not for metals. Below Tm the growth of R is suddenly changed to falling of resistance. The R(T) falling is related
to transition from high-temperature normal state with R ≠ 0 into low-temperature superconducting state with =R 0 (inset in Fig. 1).
For bulk indium, the R(T) dependence within normal state is metallic type, i.e. the resistance is gradually decreasing on cooling down
to the superconducting transition [17].

Before analysing the superconductor transition in the nanocomposite, let us consider briefly the insulating R(T) behavior. It is
known that in the granular conductor systems, temperature behavior the conductivity (σ) at not very low temperatures can be often
described by logarithmic dependence as follows [1]

= +σ T a b T( ) ln , (1)

where a and b are the constants depending on substances.
The logarithmic temperature dependence of σ have been observed in disordered systems as well as systems with reduced di-

mensions. For all systems weak localization or electron–electron interaction effects have been found in the papers [2, 18-21]. Cur-
rently, the exact origins resulting in the logarithmic dependence of σ are still being debated [21]. In accordance with expression (1),
the R(T) dependence shown in Fig. 1 can be replotted as the 1/R vs. T dependence Fig. 2). Two linear segments crossing at the
temperature T** ≈ 35 K can be easily found in this dependence. High-temperature segment is positioned from T** up to 290 K,
whereas low-temperature segment covers the interval from T** down to T* ≈ 12 K. Hence, expression ((1) can be really applied to
describe the insulating R(T) behavior within T* - 290 K interval. The a and b parameters in expression (1) will be different for the
high-temperature and low-temperature linear segments. Here, we will not discuss the mechanisms responsible for the insulating R(T)
behavior observed above T*. We will focus on the insulating R(T) behavior observed below T*, that is in vicinity of the super-
conducting transition. It is worth mentioning at this point that below T* and down to temperature Td, the ln(R) vs. T − 1/2 de-
pendence is linear one (inset in Fig. 2). Td is equal to ~9 K for zero magnetic field and very strongly dependent on magnetic field.
These features will be discussed in detail below.

Inset in Fig. 1 demonstrates the R(T) behavior observed in the vicinity of Tm. Although R starts to fall just below Tm, zero value of
the resistance, corresponding to completing of superconducting transition, is reaching at lower temperature Tc0 equal to 3.90 K.
Temperature of the superconducting transition, Tcb, in bulk pure indium is known to be equal to 3.41 K, what is remarkably lower
than Tc0=3.90 K observed for the nanocomposite. That is, Tc for indium in the nanoporous alkali-borosilicate glass is enhanced over
Tcb for bulk pure indium by ~14%. The Tc0 value extracted for the nanocomposite is in satisfactory agreement with results reported in
Refs. [13–15]. This enhancing of the superconducting transition temperature can be related to the large surface-to-volume ratio
characteristic for metallic granules, which are distributed inside nanopores of the glass matrix. In turn, this large ratio can result in
enhancing in the electron-phonon coupling constant through softening phonon mode. For spherical granules having average radius r,
the enhancement factor (Tc0/Tcb) can be expressed as [22]

Fig. 2. The 1/R vs. lnT dependence at zero magnetic field. On inset: the lnR vs. T − 1/2 dependence at zero magnetic field.
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where a0 is the interatomic distance and λb is the electron-phonon coupling constant for the bulk metal.
For bulk indium, a0 and λb are known to be 3.3 Å and 0.71, respectively [22]. If average diameter of the pores (~7 nm) is taken as

r, then by using expression (2), the enhancement factor can be estimated as ~1.2. This theoretical estimate is in satisfactory
agreement with the experimental Tc0/Tcb value. Difference between the experimental value and the theoretical estimate can be
attributed to deviation in real shape of the granules from spherical one. Superconducting transition in many conventional metals is
rather narrow with transition width equal to ~0.1 K [23]. To characterize the width of the superconducting transition in the na-
nocomposite, the ΔTmc = Tm - Tc0 value can be introduced. This value is equal to ~2.5 K for the R(T) curve, presented on inset in
Fig. 1. Thus, the superconducting transition is rather broad. Broadening in the superconducting transition is one of specific features of
the granular superconductors. This feature can be originated from fluctuation conductivity that effects on the R(T) dependence in the
granular system [1,11,24,25]. Analysis of the R(T) dependence, taking into account the fluctuation conductivity corrections, will be
presented below.

At the next stage, the strong magnetic field effect on the superconducting transition has been found and studied. Transverse
magnetic fields with B = 0.0; 0.5; 1.0; 1.5; 2.0; 2.5; 3.0; 3.5; 4.0; 4.5 and 5.0 T have been applied at these R(T) measurements. The
superconducting transition was found to be shifted to lower temperatures under magnetic fields applied (Fig. 3(a)). To show the B-
effect on R more detailed, the highest temperature in this Figure is limited by 8 K. For B ≤ 3 T, the superconducting transition is
totally completed, i.e. superconducting state with =R 0 can be yielded in the temperature range studied, and, hence, the Tc0 values
for different magnetic fields can be also extracted. For B > 3 T, the electrical resistance also starts to fall at Tm, but and at lowest
temperature of 2 K the resistance is yet retaining non-zero value. Hence, for these B the superconducting transition is incomplete yet,
and the Tc0 temperature cannot be measured. Bulk indium is known to be the type-I superconductor with critical magnetic field equal
to 0.0125 T at 2.5 K [12]. So critical magnetic field for the nanocomposite happened is much higher as compared to that for bulk
indium.

Fig. 3. (a) Magnetic field effect on the superconducting transition; (b) The R vs. T dependences in the vicinity of Tm at various values of magnetic
field. Inset: the Rm vs. B dependence.
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As it has been reported earlier [13,15], indium in the porous glass under external magnetic field behaves as type-II super-
conductor. For type-II superconductors, superconducting state starts to be destroyed at lower critical field (Bcl) but complete sup-
pressing superconductivity takes place only at upper critical magnetic field (Bcu). Between Bcl and Bcu, superconducting and normal
phases coexist, but the volume ratio between these phases is changed with varying B. To explain the enhanced critical field of the
nanocomposite, some features of the granular conductor systems should be taken into account. At and below Bcl the individual
indium granules in the porous glass become superconducting, whereas at and below Bcu, all the superconducting granules are already
coupled [15]. Granules size in the nanoporous glass matrix is limited by pore size [26]. Relevant decreasing in electron mean free
path will reduce coherence length (ξ) in the granules as compared to that for bulk superconducting metal. Upper critical magnetic
field is related to ξ by expression

= × −B
ϕ
π

ξ T
2

[ ( )] ,cu
o 2

(3)

where Φ0 is the magnetic flux quantum.
In accordance with expression (3), Bcu should be really increasing with decreasing ξ. The Rm value corresponding to Tm has been

found to be remarkably increasing with increasing B. This tendency is confirmed by the data, presented in Fig. 3(b). The R(T)
maximum related to the superconducting transition becomes more and more expressed at gradual increasing in magnetic field. The
Rm(B) dependence is shown in inset to Fig. 3(b). Magnetic field, shifting the superconducting transition to lower temperatures, at the
same time broads the temperature range of the insulating R(T) behavior, spreading it to the lower temperatures. In other words,
magnetic field, supressing the superconducting transition, recovers the low-temperature R(T) dependence, characteristic for normal/
insulating state that has been before masked by transition itself. The insulating R(T) behavior, observed in the nanocomposite
PG7+In, is qualitatively different from the R(T) behavior, characteristic for bulk indium (metallic behavior). This difference can
originated from forming granular structure of indium, embedded into the pores of the glass matrix. The granular conductor systems
are electrically inhomogeneous and disordered systems, consisting of metallic granules with high enough electrical conductivity,
distributed inside the insulating matrix. In accordance with Refs. [11,26], the nanocomposite can be considered as a bundle of single
mutually crossing In nanowires in the glass making up a three-dimensional grid of nanowires with cells with ~20 nm size and
nanowire diameters of ~7 nm. Since pores filling factor is usually less than 100%, metallic filler cannot form a continuous media. In
this case, each of In nanowires can also consist of numerous granules that can be separated or clustered into extended enough islands.
Actually, in accordance with the data of Ref. [27], indium in the porous glass can really form nanosized clusters. “Diffraction” sizes of
these clusters estimated from broadening in the Bragg peaks in X-ray pattern is equal to ~15 nm (along the nanowires) and ~11 nm
(across the nanowires). Hence, the In granules are slightly elongated along the nanowires. According to the EDX analysis, the
nanocomposite is characterized by elemental composition as follows: 52.04 at.% (O), 37. 40 at.% (Si) and 10.56 at.% (In). For this
elemental composition, the weight ratio of the elements is 26.90 wt.% (O), 33.94 wt.% (Si) and 39.16 wt.% (In). Then, pores filling
factor can be estimated as ~65%.

One of fundamental quantum size effects, specific for the granular conductor systems at low temperatures, is pronounced dis-
creteness of electronic levels due to electron confinement within an individual granule [1]. The mean level spacing (δ) in the granule
can be determined as δ = (ν•V)−1, where V is the granule volume and ν is the density of states at the Fermi energy. Thus, δ is
inversely proportional to V. If granule size is corresponding to several nanometers, then δ is equal to several Kelvin degrees. For
example, δ is ~1 K for aluminum granule having radius r = 5 nm. One can conclude that the discreteness of the electronic levels can
be neglected to analyze the R(T) behavior in the nanocomposite studied. Then, hopping transport of electrons based on their tun-
neling through potential barriers, related to the granular structure, can be considered as main conductivity mechanism, responsible
for the insulating R(T) behavior. Generally, the intergranular electron coupling can be related to tunneling process. It is known [1],
that key parameter affecting on the most of the physical properties of the granular conductor systems is an average tunneling
conductance, G, between neighboring granules. In turn, this quantity is related to dimensionless intergranular (tunneling) con-
ductance, g, measured in units of the quantum conductance, e2/ħ, i.e. g = G/(2e2/ħ), where e is the elementary charge and ħ is the
Planck's constant. The granular systems with g ≥ 1 are characterizing by metallic transport behavior, while those with g ≤ 1 are
usually behaving as insulators. Besides, g is usually assumed to be much smaller than the intragranular conductance g0. Usually, the
intragranular conductance is due to electron scattering on impurities or granule boundaries. For strong intergranular coupling in the
granular system, the electrons move easily from one to another granule under external electric field. But, for weak intergranular
coupling, the insulating state is already forming due to strong Coulomb correlations that block electron transport at low tempera-
tures. Besides the Coulomb interaction effects, the quantum interference resulting in localization of electron states at absence of
interaction should be also taken into account for low conducting granular systems. Naturally, at high enough temperatures and for
metallic regime of the conductivity, both Coulomb correlation and interference effects in the granular conductor systems will be weak
enough. It should also be noted that the intergranular electron coupling strength will strongly effect on forming superconducting state
in the granular conductor systems. Since the coupling reduces phase fluctuations, the systems with strongly coupled granules will be
able to maintain superconducting coherence in whole sample. But, in case of weak coupling, strong Coulomb interaction can result in
the Coulomb blockade of the Cooper pairs. Long-range superconducting order in the granular conductor system is known to take
place when the Josephson coupling between neighboring granules exceeds the Coulomb charging energy [1,28,29]. Indeed, the
Josephson coupling tends to lock the phases of the granules and delocalize the Cooper pairs, while the Coulomb interaction tends to
localize the Cooper pairs and, hence, enhance the quantum phase fluctuations. Comparing the Josephson energy, J, with the Coulomb
energy, Ec, one can conclude that the granular conductor systems with g > gs ~ Ec/Δ (Δ is the superconducting energy gap) are
superconducting systems, while those with g < gs are insulating systems. Estimation of ability of some granular conductor system,
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being transformed into long-range superconducting state based on comparing Ec and J, is known as the Anderson-Abeles criterion.
The criterion predicts that superconductivity may take place even in such granular systems that behave as insulators, if they have
been made from normal granules under equivalent conditions. Indeed, in accordance with Ref. [1], for the granular conductor
systems with the small ratio of Ec/Δ << 1, there is a parametrically large interval of the conductance, Ec/Δ << g << 1, where
superconductivity should exist, although corresponding normal material would be insulator. Actually, granular samples of some
conductor systems show really the clear insulating behavior above temperature of the superconducting transition, confirming this
prediction [30, 31].

The insulating R(T) behavior in the PG7+In nanocomposite is really expressed very weakly. Actually, in accordance with the data
presented in Fig. 3(b), the ΔR(T)/R(8 K) = [Rm - R(8 K)]/[R(8 K)] is changed from ~0.9% at B = 0 T to ~9% at B = 5 T. It means
that at zero magnetic field the electrical properties of the nanocomposite is very close to a boundary, which distinguishes metallic
behavior (g ≥ 1) and insulating behavior (g ≤ 1). That is, the g conductance can be believed to be close to unit and, hence, one can
conclude that G ≈ 2e2/ħ. At gradual increasing of magnetic field, the insulating behavior becomes more expressed, that is obviously
related to gradual decreasing in G, but the R(T) change corresponding to the insulating behavior is still remained small enough. So the
insulating R(T) behavior of the nanocomposite is rather corresponding to so-called weak insulator [1].

The conductivity in the granular materials in insulating state can be often described as hopping conductivity in the same manner
as in heavily doped and disordered semiconductors [1, 32]

∼ ⎡
⎣

−⎛
⎝

⎞
⎠

⎤
⎦

σ exp T
T

,0
1/2

(4)

where T0 is a characteristic temperature depending on the particular microscopic characteristics.
For heavily doped and disordered semiconductors, this expression is corresponding to variable-range hopping (VRH) conductivity

of the Shklovskii–Efros type [27]. In these solids, hopping conductivity starts to be developing as electron gets ability to tunnel from
one to another localized state within some energy band, related to either impurity or structural disorder. There are the nearest
neighbor hopping conductivity (NNH) and VRH conductivity. At NNH conductivity, the electron localized in initial state obtains
energy sufficient to hop to the nearest localized state. Thermal energy of the electrons will limit the hopping conductivity in this case.
Probability of the electron thermal activation between states, which are close in space but far in energy, is gradually decreasing on
cooling. At some temperature, this probability becomes smaller than probability of electron hopping between some more remote
states whose energy levels are very close to each other. Therefore, the transition to VRH conductivity will take place. Average
hopping distance in VRH conductivity is steady increasing at temperature decreasing. The hopping conductivity is one of the main
mechanisms of low temperature conductivity, applying to describe features in the electrical properties of many heavily doped and
disordered semiconductors [33–39].

The model of the granular conductor system, resulting in expression (4), considers this system as an array of the identical in size
and shape, but mesoscopically different metallic particles, and the intergranular electron coupling is described via a tunneling matrix
[1]. To analyze both metallic and insulating behaviors of conductivity, the granule arrangements can be taken either periodic or
irregular. For the insulating behavior, an electrostatic disorder in the granular system can be taken into account via random potential,
Vi (i is the granule index). This potential results in a flat bare density of states at the Fermi level. In turn, this potential is induced by
carrier traps in insulating matrix of the granular conductors. In this case the traps with energies lower, than the Fermi level, are
charged and induce the potential of e2/kr order on the closest granule (k is the dielectric constant of the insulator and r is the distance
from the granule to the trap). This potential is comparable with the Coulomb blockade energies, resulted from charging metallic
granules during the transport process. The random potential Vi, applied to each granule, will lift the Coulomb blockade on part of the
granules. Then the conductivity will be mediated by electron hopping between the sites, where the Coulomb blockade is practically
lifted. The electron hopping in the granular conductor system can be realized as tunneling via virtual electron levels in a sequence of
the granules. The virtual electron tunneling through a single granule can be attributed to two different mechanisms of a charge
transport in the Coulomb blockade regime. At the first of them known as elastic co-tunneling, the charge is transferred via the
tunneling of the electron through an intermediate virtual state in the granule. In this case, energy of the electron is constant during
the tunneling process. In the second mechanism of inelastic co-tunneling, energy of the electron coming out the granule is different
from energy of the electron incoming in the granule. To absorb the in- and out- energy differences, the electrons leaves behind in the
granule the electron-hole excitation. It should be noted that both elastic co-tunneling and inelastic co-tunneling are realized via
classically inaccessible intermediate states, i.e. both mechanisms take place in form of the charge transfer via virtual states. Elastic co-
tunneling is the dominant mechanism for the hopping conductivity at low temperatures, while inelastic co-tunneling processes take
place at higher temperatures. Tunneling probability is falling off exponentially with increasing distance. This behavior coincides with
exponentially decaying probability of tunneling between the localized states near the Fermi level in the theory of Mott-Efros-
Shklovskii, developed for heavily doped and disordered semiconductors [27]. Thus, the hopping processes in both semiconductors
and granular conductors systems are implemented in the same manner and, hence, can be described by the same expression (4).

Let us to apply the expression (4) to analyze the R(T) dependences for the nanocomposite PG7+In. These dependences taken for
the temperature T* = 12 K÷ Tm ranges and for different values of B have been replotted for the lnR – T − 1/2 coordinates Fig. 4). For
convenience, the data in this Fig. are shifted along vertical axis by using ΔR= 0.05 Ω•m, where m= 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, and 11
for B = 0.0; 0.5; 1.0; 1.5; 2.0; 2.5; 3.0; 3.5; 4.0; 4.5 and 5.0 T, respectively. As it was mentioned above (inset in Fig. 2), the lnR = f
(T − 1/2) dependences can be divided on the two parts separated by some temperature Td. Below Td these dependences are very close
to the fitting lines (dashed lines in Fig. 4). Hence, they correspond to expression ((4), but above Td the experimental curves start to
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deviate from the fitting lines. Since Td is shifted to lower temperatures with increasing B, the temperature T* ≈ 12 K ÷ Td range also
increases simultaneously, i.e. the temperature range, corresponding to the hopping conductivity, is gradually broaden under mag-
netic field. This effect obviously connects with supressing the superconducting transition by external magnetic field. Dash-dotted line
in Fig. 4 allows tracing in the Td change at B increasing. The slope of the fitting lines in Fig. 4 can be used for estimation of the T0
values. These values have been found to be very weakly B-dependent, as shown in the inset in Fig. 4. Since the temperature range,
used to take the R(T) dependences, is rather corresponding to low temperatures, let us believe that co-tunneling mechanism is
responsible for the hopping conductivity in this case. For co-tunneling mechanism, the T0 temperature can be expressed as

∼T e
akξ˜ ,

l
0

2

(5)

where a is the average granule size, k̃ is the effective dielectric constant and ξl is the dimensionless localization length. In turn, the
tunneling probability, Pel, is dependent on ξl in accordance with expression

⎜ ⎟∼ ⎛
⎝

− ⎞
⎠

P exp s
ξ
2 ,el

l (6)

where s is the distance along the tunneling path.
It is obviously, that under magnetic field applied both ξl and Pel are slightly decreasing with increasing B. It should be noted that at

the hopping conductivity the decreasing of localization length is usually connected to shrinkage of electron wave functions in a
direction perpendicular to B [29]. It should be noted that now one more temperature (Td), besides Tm and Tc0, can also be used to
characterize the B-effect on the superconducting transition. The Tm(B), Tc0(B) and Td(B) dependences are presented in Fig. 5(a).

As it was mentioned above, the Tc0 temperature could be measured only for B ≤ 3 T. Since magnetic field supresses a super-
conductivity gradually shifting the superconducting transition to the lower temperatures, all of these temperatures are naturally
decreased with increasing B. Like the temperature interval ΔTmc introduced above, the temperature interval ΔTdc = Td - Tc0 can be
also used to estimate the width of the superconducting transition. In addition, another interval ΔTdm = Td – Tm would be usefully
included also to analyze the R(T) behavior. The magnetic field dependences of ΔTdc, ΔTmc and ΔTdm are presented in Fig. 5(b). Again,
the ΔTdc(B) and ΔTmc(B) dependences have been extracted for B ≤ 3 T. For these magnetic fields, all of three dependences presented
in Fig. 5(b) are weakly B-dependent. For B > 3 T, ΔTdm decreases rapidly with increasing B.

Thus, above Td and up to 12 K, the R(T) dependences taken at various magnetic fields Fig. 4) are satisfactory obeyed the
expression ((4), extracted from the tunneling conductivity mechanism in the granular conductor systems. Then, the fitting lnR vs.
T − 1/2 line prolonged below Td can be considered as background change in the total R(T) behavior due to the superconducting
transition. This background change should be taken into account to extract the correct R(T) behavior, originated from the

Fig. 4. The lnR vs. T − 1/2 dependences at various magnetic fields. The Td corresponds to the temperature above which the experimental dependence
starts to deviate from the fitting line. Dash-dotted line allows to trace the change of Td at varying B. Inset: the T0 vs. B dependence.
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superconducting transition. To do so, the background change have to been subtracted from the experimental R(T) curve to get the
ΔlnR(T) = lnR(T) – lnRb(T) values. Finally, relative change in R, corresponding to the [ΔR(T)=R(T) - Rb(T)]/R(T) values, can be
recovered within the ΔTdc interval. Naturally, ΔR(T)/R(T) is equal to 0 (totally normal state) for T≥ Td, and equal to 1 (totally
superconducting state) for T ≤ Tc0. If the electrical resistance in the nanocomposite is believed to be directly connected to change in
ratio between the volumes of normal and superconducting states during the superconducting transition, then gradual change in ΔR
(T)/R(T) from 0 to 1 will be corresponded to growth in the volume fraction of the superconducting transformed state, Vsp, on cooling.
In other words, the ΔR(T)/R(T) ratio can be believed to be Vsp(T).The Vsp(T) dependences taken at various magnetic fields are shown
in Fig. 6.

Under the Vsp = 0.5 condition, the fractions of normal and superconducting phases are equal. The Tc temperature corresponding
to this condition can be taken as temperature of the superconducting transition midpoint. The Tc(B) dependence for B≤ 3 T is shown
in the inset in Fig. 6. The Tc temperature can be now used to characterize asymmetry in the superconducting transition. To do so, the
magnetic field dependences of the ΔTHT= Td - Tc and ΔTLT= Tc - Tc0 temperature intervals have been plotted (Fig. 7(a)). First of these
intervals characterizes obviously a width of the superconducting transition for high-temperature side above Tc, while ΔTLT corre-
sponds to low-temperature side. For totally symmetric superconducting transition, the ΔTHT and ΔTLT values should be equal to each
other. Since ΔTHT is far larger than ΔTLT for all B values (i.e. high-temperature side of the superconducting transition in the nano-
composite is broader as compared to its low-temperature side), this transition should be considered as sufficiently asymmetric one.
Moreover, with increasing magnetic field, ΔTHT decreases gradually, whereas ΔTLT increases little by little. So, at application of
magnetic field, the superconducting transition becomes more symmetric. To underline this tendency, some asymmetry coefficients
can be introduced as ΔTHT/ΔTdc and ΔTLT/ΔTdc, where ΔTdc = Td - Tc0 is obviously taken as total width of the superconducting
transition. The magnetic field dependences of the ΔTHT/ΔTdc and ΔTLT/ΔTdc coefficients are shown in Fig. 7(b). In this case, totally
symmetric superconducting transition will take place under clear condition of ΔTHT/ΔTdc = ΔTLT/ΔTdc = 0.5. Value of these
coefficients equal to 0.5 is shown by dashed line in Fig. 7(b). For all magnetic fields, the ΔTHT/ΔTdc values happens to be more 0.5,

Fig. 5. (a) The magnetic field dependences of the Td, Tm and Tc temperatures; (b) The magnetic field dependences of the temperature intervals ΔTdc
= Td - Tc0, ΔTdm = Td - Tm and ΔTmc = Tm - Tc0 .
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whereas the ΔTLT/ΔTdc values is less 0.5, but at increasing B both asymmetry coefficients gradually tend to 0.5, that is the super-
conducting transition becomes really more symmetric one under external magnetic field. In other words, magnetic field reduces high-
temperature side (above Tc) of the superconducting transition and, at the same time, broads its low-temperature side (below Tc).

According to Figs. 5–7, the superconducting transition is rather broad. As it was mentioned above, this broadening of super-
conducting transition can be naturally attributed to fluctuation conductivity. Therefore, the superconducting fluctuations developing
near the superconducting transition should be taken into account to analyze the B-effect on forming the superconducting state in the
nanocomposite. Generally, the corrections to the conductivity due to the superconducting fluctuations, δσ, can be expressed as [1]

= + +δσ δσ δσ δσ ,DOS AL MT (7)

where δσDOS is the correction to the conductivity due to the reduction in the density of states owing to the formation of the virtual

Fig. 6. The Vsp vs. T dependences at various magnetic fields. The Tc value corresponds to Vsp=0.5. Inset: the Tc vs. B dependence.

Fig. 7. (a) The magnetic field dependences of the ΔTHT= Td - Tc and ΔTLT= Tc - Tc0 intervals; (b) The magnetic field dependences of the asymmetry
ΔTHT/ΔTdc and ΔTCT/ΔTdc coefficients.

O.N. Ivanov, et al. Chinese Journal of Physics 67 (2020) 376–387

384



Cooper pairs (DOS), and δσAL and δσMT are the Aslamazov-Larkin (AL) and Maki-Thompson (MT) contributions to the conductivity.
The AL contribution is related to a forming the non-equilibrium Cooper pairs above temperature of the superconducting tran-

sition, resulting in a new contribution to charge transfer. The MT contribution is due to the coherent scattering of electrons (forming
the Cooper pairs) on impurities. Near the superconducting transition temperature, but at T> Tc, the AL correction is happening to be
more important than both the MT and DOS corrections. Then, this contribution can be expressed as

⎜ ⎟∼ ⎛
⎝ −

⎞
⎠

δσ T
T T

,AL
c

c

β

(8)

where β is the exponent depending on a dimensionality of the superconducting system (β = 1/2, 1 and 3/2 for the three-dimensional
(3D), two-dimensional (2D) and for quasi-one-dimensional (lD) systems, respectively).

In contrast, for low temperatures (at T << Tc) the DOS correction becomes important enough. This correction remains finite in
the T→ 0 limit, i.e. the virtual Cooper pairs are existing even at T= 0. Unlike the DOS correction the AL and MT contributions at low
temperatures are proportional to T2 and are gradually vanishing in the T → 0 limit. The temperature dependences of δσDOS, δσAL and
δσMT at T < Tc are rather complicated. Therefore, let us estimate the AL contribution correction to the conductivity of the nano-
composite only at T > Tc. Since δσ is regarded as excess conductivity, attributed to partially induced superconductive regions in a
system above the superconducting temperature transition, δσ(T) can be determined as

= −δσ T σ T σ T( ) ( ) ( ),n (9)

where σ(T) is the measured conductivity and σn(T)=[ρn(T)]−1 is the normal-state conductivity.
To extract the δσ(T) dependences, the data presented in Fig. 4 have been used. In this case, σ(T) ~ 1/R(T), where the R(T)

dependences are the experimental curves, and σn(T) ~ 1/Rb(T), where the Rb(T) dependences are the fitting lines, corresponding to
the hopping conductivity mechanism, which describes the experimental R(T) dependences above the Td temperature. The normalized
fluctuation conductivity, δσ(T)/σd, have been finally used as

= −− −δσ T
σ

R T R T R( ) [ ( ) ( ) ] ,
d

b d
1 1

(10)

where σd ~ 1/Rd is the conductivity at Td.
The ln(δσ(T)/σd vs. ln(ε) dependences taken for different magnetic fields are plotted in Fig. 8. Here, ε = (T-Tc)/Tc is the reduced

temperature and the maximum T value is limited by Td. First of all, it is important to note that all of the dependences very well
coincide to each other. In other words, the δσ(T)/σd vs. ε dependences, taken at different B, form the master curve in the ln(δσ(T)/σd -
ln(ε) plot, i.e. scaling phenomenon takes place. Next, linear segment indicated by dashed line can be found in Fig. 8.

In accordance with expression (7), the slope of this line allows estimating β. This exponent is equal to ~ 1/2. So, within tem-
perature range corresponding to the linear δσ(T)/σd change, the fluctuation conductivity is mainly determined by the 3D AL con-
tribution. Since the temperature ΔTHT= Td - Tc interval decreases gradually with increasing B (Fig. 7(a)), this contribution is also
suppressed under external magnetic field due to destroying the Cooper pairs. It is interesting to note that, in contrast to the δσ(T)/σd
suppressing under magnetic field at T> Tc, this magnetic field at the same time seems to strength the fluctuation conductivity at T<
Tc, since the ΔTLT= Tc - Tc0 interval increases gradually with increasing B (Fig. 7(a)). The fluctuation conductivity mechanism should
be correctly identified to analyze the B-effect on formation of superconducting state in the PG7+In nanocomposite.

Fig. 8. The ln(δσ) vs. ln(ε) dependences at various magnetic fields. Dashed line corresponds to the 3D AL contribution.
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4. Conclusion

Thus, the superconducting transition has been observed in the nanocomposite PG7+In. The regularities of the influence of the
applied magnetic field on the features of electrical resistance are found and analysed. It is shown that at application of magnetic field
the superconducting transition shifts to the lower temperatures. The insulating behavior electrical resistance in a normal state has
been satisfactory described in frames of the hopping conductivity mechanism developed for the granular conductor systems. The
superconducting transition has been found to be rather broad. This broadening can be explained by the fluctuation conductivity. At
temperatures above the superconducting transition the Aslamazov-Larkin contribution to the conductivity has been distinguished.
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