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Reentrant superconductivity mechanisms in amorphous carbon-silicon films containing tungsten

S. M. Chudinov, R. Ferretti, S. Fusari, G. Mancini, and S. Stizza
INFM, UdR Camerino, Dipartimento di Matematica e Fisica, Universita` degli Studi di Camerino, Via Madonna delle Carceri,

62032 Camerino (MC), Italy
~Received 25 February 2000; revised manuscript received 5 June 2000!

A model—based on Josephson junctions array and Coulomb blockage—is presented that is capable to
explain reentrant resistive peaks in diamondlike carbon-silicon films containing tungsten. Such systems show
a main transition together with one or two reentrant or quasireentrant ones: computer simulations for one
reentrant resistive peak have been performed that confirm with clear evidence the experimental data.
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I. INTRODUCTION

Reentrant or quasireentrant superconductivity phenom
in disordered metals have been the object of experime
and theoretical research for many years.1 The interest shown
for these phenomena is due to their fundamental importa
in highlighting new aspects of the quantistic nature of el
trons in solids. The reentrant superconductivity~RS! has
been observed in magnetic superconductors of the
HoMo6S8 and ErRh4B4,2 and it appears as a superconduct
dielectric transition at a certain temperatureTr,Tc , where
Tc is the critical temperature of the superconductor. FoT
,Tr the system remains in the normal state down toT
50 K. The superconducting transition atT5Tc may be
complete or incomplete. In the latter case~the so-called
‘‘quasireentrant phenomenon’’!, it consists of a resistanc
minimum of varying depth atT,Tc . This phenomenon—
indicated as the ‘‘traditional’’ one in the following—ha
been often observed in nonhomogeneous metallic films
which the growth is of Volmer-Weber type or in granul
metals.1 Granular metals consist of superconducting meta
grains—approximately the same dimension—embedded
dielectric matrix. At the present time, the RS and quasi-
phenomena in magnetic superconductors or traditional o
are studied in great detail and their microscopic mechani
have been clearly understood.2 In traditional granular super
conductors, the transition to the dielectric state atT,Tc is
due to the Coulomb interaction between Cooper pairs,
scribed by a charging energyEc . This explanation has bee
proposed by Abeles3 and it is known as the ‘‘Coulombian
blockage.’’

During the last ten years a different kind of reentrant
perconductivity phenomenon has been revealed, observe
amorphous carbon-silicon films containing tungsten, gro
on a dielectric substrate by the classical plasma decomp
tion method.4,5 In more detail, after having become supe
conductors, some samples show a small but clear increa
resistance when going down in temperature, followed b
return of the resistance to the former nearly zero value.
result is one or more resistive peaks in a range of temp
tures that should correspond to the superconducting sta
looks like an attempted superconducting-dielectric transit
in which the system, far from becoming an insulator a
remaining in this state for lower temperatures, soon beco
superconducting again. The present paper is devoted to
PRB 620163-1829/2000/62~18!/12516~6!/$15.00
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qualitative analysis of the possible microscopic mechanis
for the reentrant superconductivity phenomenon in its p
manifestation. The proposed mechanisms have been use
a base of the computer simulation in the case of one or
peaks.

II. EXPERIMENT

Films were grown on dielectric substrates by plasma
composition of siloxane vapors in a dc diode reactor.4,5 At
the same time, during film growth, W atoms were deposi
by using magnetron sputtering in order to vary the electri
conductivity from the insulating to metallic behavior. W co
centrations were ranging from 1–2 at. %~corresponding to a
resistivity of 1014–1016 V cm) to 50–60 at. %~correspond-
ing to 231024 to 431024 V cm).6 For the samples of in-
terest that show reentrant peaks, resistance measurem
were based on the four-probes dc technique, with a curren
0.1 mA. Electrical contacts were prepared from silver pa
Magnetic susceptibility measurements were performed w
an ac susceptometer, based on the mutual inductance
nique. The source field used for measurements can be s
two different frequencies, 80 Hz and 2.5 kHz. Data can
collected both on warming and on cooling from 1.4 K
room temperature.

III. RESULTS

In these films the Anderson dielectric-metal transiti
~DMT! is obtained for relative tungsten concentrationsxc
.0.25–0.30.5 The metallic phase forx.xc presents a granu
lar system in which, according to measurements by elec
microscope, the grains dimensions are distributed betw
100 and 1000 Å . The Poole-Frenkel effect and hopp
conductivity measurements at the dielectric phase forx,xc
show that the matrix is characterized by a dielectric cons
k519.6

On the metallic side of DMT (x.xc), the superconduct-
ing transition is observed at a temperatureTc varying from 2
to 4 K, depending on the metal concentration.6 Although
large, the main superconducting transitions are sharp
show no evidence of different superconducting phases.
entrant transitions of the new type in carbon-silicon film
containing tungsten manifest themselves as one or
normal-state ‘‘peaks’’ atT,Tc ~Figs. 1 and 2! ~Figs. 9 and
10 in Ref. 6! and a steady superconducting state at l
12 516 ©2000 The American Physical Society
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temperatures—at least down toT516 mK. Peaklike reen-
trant transitions have been studied in detail by our grou6,7

and we established:
1. Reentrant peaks group by a single or two narr

ones—.0.1 K wide—and in all samples peaks are observ
at T.1 K.

2. Peaks are associated to the quasireentrant supe
ducting phenomenon, i.e., the main superconducting tra
tion is often incomplete, a nonzero resistance appearin
the temperature regions bounded by the main transition
the peaks themselves.

FIG. 1. Superconducting resistive transition with one reentr
peak in diamondlike carbon-silicon films containing tungstenx
.xc) ~Ref. 7!.

FIG. 2. Quasireentrant resistive transition with two reentr
peaks in diamondlike carbon-silicon films containing tungstenx
.xc) ~Ref. 7!.
d

on-
i-
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3. The height of each peak is very small when compa
to the main transition one: it is of the order of 1023Rn , Rn
being the normal resistance immediately overTc .

4. Reentrant peaks are not observed in magnetic sus
tibility measurements carried out using a resolutionDx/x
.1026.

5. The superconducting main transition in susceptibilityx
is shifted by;1.5 K towards zero with respect to the ma
transition in resistanceR ~Fig. 3!.

6. A strong non-ohmic behavior of the system is observ
in proximity of the peaks.

7. The critical magnetic field for the reentrant peaks
always less than the main superconducting transition on

IV. DISCUSSION

In principle, the superconducting phase in the aforem
tioned films may be constituted by any type of superco
ductor:

~i! experiments on amorphous thin W films8 have shown
the bulkTc @12 mK ~Ref. 9!# can be increased of two order
of magnitude up to 2 or 3 K. It has been suggested9 that this
enhancement may be due to the presence of tungsten o
havingTc close to 3 K. Another explanation of the enhanc
superconductivity in the amorphous W films might be d
rived from Ginzburg’s surface-state superconductivity;10

~ii ! tungsten-carbon compounds W2C and WxC12x for
0.45,x,0.5 are superconductors showing aTc in the range
2–10 K;11

~iii ! tungsten-silicon compound W0.6Si0.4 is also a super-
conductor with aTc52.8 K.8

The superconducting inclusions are most likely of the~ii !
type since carbides have been detected that lead to cri
temperatures of the main transitions as high as 3.9 K
certain W concentration. In order to explain the reentr
peaks phenomenon, the concepts to which we shall refer
the same used for granular metals, in which the superc
ducting to dielectric transition is decided by two releva
energies. The Coulombian blockage is due to the charac

t

t

FIG. 3. Typical main superconducting transition in resistanceR
and in magnetic susceptibilityx in carbon-silicon films containing
tungsten forx.xc .
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istic energyEc
i , j , expressed by the capacitance matrixCi j

describing the electrostatic coupling between Cooper p
on grainsi and j:

Ec
i , j5

1

2

QiQj

Ci j
, ~1!

where Qi , Qj are, respectively, the charge excess due
Cooper pairs~charge 2e) in the grainsi and j. Diagonal
elements of the matrixCi j

21 provide the charging energ
(2e)2/2Cii , whereCii is the self-capacitance of the graini.
Off-diagonal elements withi 5 j 61 describe the charging
energy for the nearest-neighbors interaction.

In granular metals, the grains are weakly coupled by t
nel junctions with characteristic energy:

EJ~T!5
p\

4e2

1

Rn
D~T!tanhS D~T!

2kBTD , ~2!

whereD(T).D(0)(12T/Tc)
1/2 is the superconducting ga

andRn is the resistance for single-electron tunneling betwe
neighboring grains. This means that a granular metal ca
seen as a disordered Josephson junction array~JJA!. The
behavior of this system at low temperatures is governed
the competition between the two above-mentioned ener
Ec and EJ . In the limit Ec.EJ , the Coulombian blockage
pins Cooper pairs to the grains and at low temperaturesT
,Ec /KB) the array is insulating. In the opposite limitEJ
.Ec , the Josephson coupling between the grains allows
transport of Cooper pairs and the array is superconduct
The theoretical analysis of the superconducting-dielec
transition in JJA has been made for a periodic system
which the metallic grains are placed at the vertices of a c
tal lattice.12–14 The phase diagram showing the transiti
from superconducting to dielectric state has been mappe
the planekBTc /EJ2Ec /EJ , either if the main contribution
to Coulomb blockage is given by the self-capacitan
Cii ,12,13 or by intergranular capacitanceCi j ( iÞ j ).14 The
analysis developed in Refs. 12 and 13 is able to describe
main features of the superconducting-dielectric transit
that has been observed in granular metals like Al, Bi, In, e1

However, these models do not predict a peak existence: o
the reentrance to the dielectric state appears, the system
mains in this state until low temperatures.

In recent years, a certain interest has been oriented tow
two-dimensional periodical networks artificially fabricate
by planar technology~see Refs. 15 and 16 and referenc
therein!. These systems are ordered ones and clearly they
be better described by the theory12–14 for a periodic JJA. A
control parameter that can be used to induce phase trans
in JJA is the magnetic field. In this case, the transition
namics is determined by vortices motion, whereas at the
electric side of DMT dynamics is determined by 2e charge
excitation. It is important to pay attention to the fact that,
periodical networks, the superconductor to dielectric tran
tion has a macroscopical character. On the contrary, for u
is worthwhile to pay attention to the small height of ea
peak (1023Rn), showing that changes in the metallic syste
occur at the mesoscopic level only, with relatively few gra
involved.
rs

o

-

n
be

y
es

e
g.
ic
in
s-

in

e

he
n
.
ce
re-

rd

s
an

ion
-
i-

i-
it

s

In order to build a qualitative model explaining the pe
existence, it is important to remark that superconducting s
ceptibility transition is shifted about 1.5 K towards lowe
temperatures with respect to the one in resistivity~Fig. 3!.
This fact constitutes the physical base for using the perc
tive model to explain the superconducting transition in
granular system carbon-silicon-tungsten. The transition s
in R in respect to the one inx indicates that a superconduc
ing path linking sample electrodes appears at higher t
peratures with respect to the diamagnetic transition. In or
to obtain a superconducting shunt in a percolative system
is enough to have a path consisting of superconducting c
nected grains; it can have a low dimensionality, being pr
tically quasiunidimensional. On the contrary, to obtain t
diamagnetic transition, most of the grains must be organi
in big superconducting clusters. To break the supercond
ing path across the sample it suffices to restore the nor
state in a small number of grains, thus cutting the superc
ducting links on a mesoscopic level; the resulting variation
the volume of the superconducting phase produces no
sible change in our measurements of susceptibility. So a
build a qualitative physical picture, consider what happen
a granular superconductor for temperatures lower thanTc .
Suppose the grains consist of a material becoming a su
conductor at the bulk transition temperatureTco . Let us ana-
lyze the superconducting state appearance when going d
in temperature, starting fromT&Tco . The complex order
parameterc can be written in the formc5De2 if, whereD
represents the amplitude andf is the phase. It is well known
that disorder can destroy the superconducting state by
creasing the amplitudeD and by destroying the phase cohe
ence between superconducting electrons. The system u
examination is on the metallic side of DMT, so it is nonh
mogeneous since the critical cluster linear sizeL(x) near the
percolation threshold is much bigger than the cohere
lengthj. For similar systems, the effective temperatureTc of
the superconducting transition is less thanTco for the coher-
ence phase suppression between weakly linked super
ducting clusters of metallic grains.1 In Refs. 17–19, the
strongly disordered (g;1) superconductors behavior ha
been studied near the percolation threshold, in two and
three dimensions, on the base of BCS models. The param
that characterizes the disorder isg5(kFl )21, kF being the
Fermi wave vector andl indicating the mean free path for th
elastic scattering. It has been shown that the thermodyna
fluctuations near Tc become stronger with increasin
disorder.20,21This explains the decrease inTc with respect to
Tco .

For the three-dimensional case

Tc

Tco
512

s min

s

kBTco

«F
, ~3!

wheresmin is the Mott’s minimum conductivity in a metal
s is the normal conductivity just over the superconducti
transition temperature. For a dielectric thicknessSi j between
two neighboring grains of about 10–20 Å , electrons are able
to tunnel from one grain to a neighboring one. This effe
defines all the system properties. In a granular system
superconducting transition occurs in two steps. First, wh
the system reaches the temperatureT5Tco , the supercon-
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ducting gap appears in each grain, but the order param
phases of different grains are not correlated. Then, at a lo
temperatureT5Tc,Tco , the tunneling of Cooper pairs es
tablishes long-range phase coherence and all the system
dergoes the electronic phase transition to the supercond
ing state. This transition consists in the formation of a b
superconducting cluster or even a macroscopic one~infinite
cluster!, partially or completely shunting the sample. It
worth paying attention to the fact that this explanation for
transition into the dielectric state does not take into acco
the screening effect between charged grains due to si
electrons, whose number is proportional to the fac
exp@2D(T)/kBT# and is high in the temperature range ne
Tc . The screening effect strongly decreases the effective
ergy of the electrostatic interaction between the grains. W
going down in temperature, the single electrons number
creases according to an exponential law so that atT; 1

2 Tc
the screening effect becomes practically negligible. In t
case, at the temperature

Tb.
Ec

kB
~4!

if Ec.zEJ , wherez is the nearest neighbors average nu
ber, at least a few grains may undergo the transition into
dielectric state, destroying the macroscopic superconduc
cluster that shunts the sample. For temperatures lower
Eq. ~4!, the system behavior is governed by the concurre
of the Josephson coupling energyEJ(T) that gets higher and
the Coulombian energyEc , whose effective value become
practically constant. As a result, the dielectric state es
lished in any cluster at a temperatureTb is removed at a
temperatureTub defined by the following equality:

zEJ~Tub!5Ec , ~5!

wherez should be the number of the nearest neighbors. M
correctly, the unblockage condition in a regular grains latt
is given by1,14

zEJ~Tub!5Ec1kBT. ~6!

Nevertheless, for temperatures close toTub the following
condition, kBT!zEJ ,Ec , holds so that the thermal energ
kBT can be neglected. This is especially true for disorde
systems for which thez value is unknown and may be treate
as a free parameter. The equality~5! holds only if zEJ(0)
.Ec . Otherwise, the system remains blocked in the diel
tric state down toT50 K. According to our model, the re
entrant peak is the manifestation of the normal state for o
a few clusters in the small temperature range:

Tub,T,Tb ~7!

The small peak height;1023Rn reveals the dielectric
state does not appear in the whole system, but only in a
clusters involving a relative number of grains not bigger th
;1023. Experimental data obtained for different samples
carbon-silicon films with W show three different situatio
in the temperature rangeT,Tc : reentrant phenomenon wit
one peak, the same with two peaks or the absence of
peak.
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To prove that the proposed mechanisms are respons
for the reentrant superconductivity with ‘‘peaks,’’ we hav
performed a numerical simulation for the case of one pe
To evaluate the parameters necessary for numerical sim
tion, we used the experimental temperature valuesTr
52.36 K and Tub52.16 K obtained for a typical sampl
chosen at random among the ones showing one peak, w
Tr andTub correspond, respectively, to the beginning and
end of the peak when going down in temperature. To sim
late the system behavior, a numerical sample has been
erated consisting of nonoverlapping spherical grains, w
radii and intergranular distances Gaussianly distribu
around the respective mean values. Then we devised a
gorithm ~to be published elsewhere! to check the presence o
the absence—in each temperature interval—of at least
superconducting path between the sample electrodes. C
sider two grainsi, j ~Fig. 4!, Ri andRj represent the respec
tive radii andSi , j5di , j2(Ri1Rj ) the intergranular dielec-
tric thickness. The relations used to compute the Coulomb
energyEc

i , j and the Josephson oneEJ
i , j are Eqs.~1! and ~2!;

the capacitance of two neighboring grains has been c
puted in planar approximation:3

Ci , j5
apk~Rmin

i , j !2

Si , j
, ~8!

whereRmin
i , j indicates the minimum radius among the ones

two neighboring grains,k519 is the dielectric constant,a
50.3–0.5 is the correcting factor that takes into account
fact the capacitors surface is not flat.3 For we are interested
in electrons tunneling between nearest-neighboring gra
we considered only the casej 5 i 61, with the capacitance
represented by a flat capacitor whose plates are the gr
Having chosen the mean values for grains radiiR̄i5200 Å
on the base of experimental data and for nearest-neighbo
grains distances̄i , j&10 Å , the virtual sample has been ge
erated and the Coulombian energyEc

i , j5Q2/2Ci , j is practi-
cally known for each grains pair. In our numerical simul
tion, the effective Coulombian energyEc at T& 1

2 Tc turns
out to be practically temperature independent, the scree
effect of the grains being negligible. On the contrary, t
Josephson energyEJ

i , j depends from temperature and i
value is given by Eq.~2!, whereD(T)5D(0)(12T/Tc)

1/2.
To computeD(0), weused the BCS relation

2D~0!53.53kBTc . ~9!

Then, in the Josephson energy expression there remains
one unknown quantity, namely the resistanceRn

i , j for single
electrons tunneling between neighboring grains.Rn

i , j must be

FIG. 4. Two neighboring grains in the dielectric medium sep
rated by the distanceSi , j .
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surely dependent from grains radii and distances. For
quantity we have chosen the following form:

Rn
i , j5A

1

ap~Rmin
i , j !2

expS Si , j

d D , ~10!

whereA is a constant andd is a characteristic exponent fo
tunneling barrier that may be defined using Eq.~7! consider-
ing S̄i , j5d. The constantA in Eq. ~9! has been evaluated b
using the mean values for grains radii, the mean dista
S̄i , j , and the experimental result for the unblockage tempe
tureTub . In our numerical example the mean value forR̄n is
equal to 15.9 kV. The obtained value forR̄n demonstrates
the grains system is on the metallic side for DMT: in diso
dered systems of grains DMT corresponds to the valueR̄n
;\/e2;25.8 kV.1 Once all the relevant energy paramete
are known, for each value of temperature the algorithm
search for the number of superconducting paths linking
electrode to the other. The algorithm compares the Josep
energy with the Coulombian one. In conclusion, Coop
pairs tunneling between nearest-neighboring grains can
allowed only if Josephson energyEJ is greater than the Cou
lombian ‘‘gap.’’ If such condition holds, we say two neares
neighboring grains are connected. If not, we say grains
not linked. For each temperature, the algorithm counts
number of macroscopic paths crossing the whole sample
linking one electrode to the other. For we are interested o
in determining the eventual temperature interval in wh
there is not any superconducting path crossing the wh
sample, an upper limit on paths counting has been set
fixed on 10 000 paths. Varying the temperature, our simu
tion showed the inexistence of any superconducting path
tween the electrodes forT varying from 2.25 to 2.35 K,
nicely corresponding to the experimental range (Tub
52.16 K and Tr52.36 K) ~Fig. 5!. A similar numerical
simulation can be developed for the case of two reent
peaks~Fig. 2!. Following the same approach, the presence

FIG. 5. Percolation paths number vs temperature obtained f
computer simulation. An upper cutoff of 10 000 paths has b
used. Comparison with the experimental reentrant resistive p
shows good agreement.
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two peaks may be due to the existence of two different k
of grains, composed for instance by W2C and WxC12x for
0.45,x,0.5 or by W0.6Si0.4 and W2C having slightly differ-
ent dimensions. In fact, different sizes yield different bloc
age temperatures. The numerical analysis varying simula
parameters shows that in order to obtain two close reent
peaks it is enough to allow the overlap of the radii distrib
tion for the two grains kinds. To run the numerical simul
tion, we have employed the experimental data turned out
a typical sample among ones showing two peaks. The c
acteristic temperatures for such sample were

Tb
I 52.1 K; Tub

I 51.9 K; Tb
II 51.65 K; Tub

II 51.45 K,
~11!

where the apicesI andII select the peak among the existin
two. These data allow us to determine the average valu
the radii distribution, which are given by

R̄15220.1 ÅR̄25248.3 Å , ~12!

where apices 1 and 2 refer to the grains kind. The search
for superconducting paths across the whole sample is
same applied to the case of one peak: the dielectric s
unblockage is governed by the equality~5! corresponding to
the particular grain kind. The simulation results show t
absence of superconducting paths in two temperature ran
1.4–1.5 K and 1.9–2.1 K in good agreement with expe
mental data~Fig. 6!.

V. CONCLUSIONS

The agreement between simulation results and the exp
mental values allows us to suppose that the mechanisms
plaining the reentrant phenomenon with one or two peaks
connected with the Coulombian blockage, due to the in
granular capacitance of two nearest-neighbors grains, and
unblocking process indicated by the equality~5!. The micro-

m
n
ak FIG. 6. Percolation paths number vs temperature obtained f
computer simulation for a system containing two different gra
distributions.
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scopic mechanisms responsible for the reentrant peak ca
tested in an independent way by the numerical simula
just developed and by the evaluation of the critical curr
for each superconducting path, consisting of a chain
grains mutually connected, to obtain the global critical c
rent. The algorithm we developed may in fact be extende
,

,

.

e,
be
n
t
f

-
to

find out not solely peaks position in the temperature sc
but also the temperature dependence of resistance for
peak, their current-voltage characteristics, and finally
temperature dependence of their critical magnetic fie
These aspects will be the object of future investigations
this interesting reentrant phenomenon.
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