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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, Universiegli Studi di Camerino, Via Madonna delle Carceri,
62032 Camerino (MC), Italy
(Received 25 February 2000; revised manuscript received 5 Jung 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.

[. INTRODUCTION qualitative analysis of the possible microscopic mechanisms
for the reentrant superconductivity phenomenon in its peak
Reentrant or quasireentrant superconductivity phenomen@anifestation. The proposed mechanisms have been used as
in disordered metals have been the object of experimenta base of the computer simulation in the case of one or two
and theoretical research for many yehfhe interest shown peaks.
for these phenomena is due to their fundamental importance
in highlighting new aspects of the quantistic nature of elec- [l EXPERIMENT
trons in solids. The reentrant superconductiviyS has
been observed in magnetic superconductors of the typg,
HoMogS; and ErRhB,,? and it appears as a superconductor-
dielectric transition at a certain temperatire<T., where
T, is the critical temperature of the superconductor. For
<T, the system remains in the normal state downTto
=0 K. The superconducting transition dt=T. may be
complete or incomplete. In the latter caghe so-called
“quasireentrant phenomeno#n’it consists of a resistance

Films were grown on dielectric substrates by plasma de-
mposition of siloxane vapors in a dc diode reaétoAt
the same time, during film growth, W atoms were deposited
by using magnetron sputtering in order to vary the electrical
conductivity from the insulating to metallic behavior. W con-
centrations were ranging from 1-2 at.(@orresponding to a
resistivity of 134-~10° O cm) to 50-60 at. %correspond-
ing to 2107 % to 4x10* Q cm) ® For the samples of in-
L . : terest that show reentrant peaks, resistance measurements
minimum of varylrlg de_pth a‘I<TC' .Th|s phenomenon— were based on the four-probes dc technique, with a current of
indicated as the tradmonal one in the foIIOW|r)g—.has .0.1 mA. Electrical contacts were prepared from silver paint.
begn often obseryed in nonhomogeneous me;alllc films Irﬂ/lagnetic susceptibility measurements were performed with
which fhe growth is of VoImgr-Weber type or in gra”“'a.r an ac susceptometer, based on the mutual inductance tech-
me'gals. Gfa”“'?r metals consist of_super_conductmg metal"'Cnique. The source field used for measurements can be set at
g.rams—.appro?qmately the same phmensmn—embedded N 8vo different frequencies, 80 Hz and 2.5 kHz. Data can be
dielectric ma.tnx. At the_ present time, the RS and_ qua3|-R ollected both on warming and on cooling from 1.4 K to
phenomena in magnetic superconductors or traditional ON&s om temperature
are studied in great detail and their microscopic mechanisms '
have been clearly understobdh traditional granular super- . RESULTS
conductors, the transition to the dielectric stateTatT, is '
due to the Coulomb interaction between Cooper pairs, de- In these films the Anderson dielectric-metal transition
scribed by a charging enerdy,. . This explanation has been (DMT) is obtained for relative tungsten concentrations
proposed by Abelésand it is known as the “Coulombian =0.25-0.3¢ The metallic phase fax>x, presents a granu-
blockage.” lar system in which, according to measurements by electron
During the last ten years a different kind of reentrant su-microscope, the grains dimensions are distributed between
perconductivity phenomenon has been revealed, observed 00 and 1000 A . The Poole-Frenkel effect and hopping
amorphous carbon-silicon films containing tungsten, growrconductivity measurements at the dielectric phasexfox,
on a dielectric substrate by the classical plasma decomposshow that the matrix is characterized by a dielectric constant
tion method*® In more detail, after having become super- k=198
conductors, some samples show a small but clear increase in On the metallic side of DMT X>x.), the superconduct-
resistance when going down in temperature, followed by ang transition is observed at a temperatiigevarying from 2
return of the resistance to the former nearly zero value. Théo 4 K, depending on the metal concentratfoAlthough
result is one or more resistive peaks in a range of temperdarge, the main superconducting transitions are sharp and
tures that should correspond to the superconducting state. show no evidence of different superconducting phases. Re-
looks like an attempted superconducting-dielectric transitiorentrant transitions of the new type in carbon-silicon films
in which the system, far from becoming an insulator andcontaining tungsten manifest themselves as one or two
remaining in this state for lower temperatures, soon becomeasormal-state “peaks” af <T, (Figs. 1 and 2 (Figs. 9 and
superconducting again. The present paper is devoted to thi® in Ref. § and a steady superconducting state at low
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and in magnetic susceptibility in carbon-silicon films containing

FIG. 1. Superconducting resistive transition with one reentranfungsten fox=xc.

peak in diamondlike carbon-silicon films containing tungsten ( . .
3. The height of each peak is very small when compared

> . ).
%) (Ret. 3 to the main transition one: it is of the order of TR, , R,

_ being the normal resistance immediately oVer
temperatures—at least down To=16 mK. Peaklike reen- 4 "Reentrant peaks are not observed in magnetic suscep-
trant transitions have been studied in detail by our gfdup tihility measurements carried out using a resolutibg/ y
and we established: ~10"6.

1. Reentrant peaks group by a single or two narmow 5 The superconducting main transition in susceptibjity
ones—=0.1 K wide—and in all samples peaks are observeds shifted by~ 1.5 K towards zero with respect to the main
atT>1 K. _ _ transition in resistanc® (Fig. 3.

2. Peaks are associated to the quasireentrant supercon-g A strong non-ohmic behavior of the system is observed
ducting phenomenon, i.e., the main superconducting transjg, proximity of the peaks.
tion is often incomplete, a nonzero resistance appearing in 7 The critical magnetic field for the reentrant peaks is

the temperature regions bounded by the main transition angyays less than the main superconducting transition one.
the peaks themselves.

IV. DISCUSSION

200 | . |
20 e ] In principle, the superconducting phase in the aforemen-
175 L _ tioned films may be constituted by any type of supercon-
] ductor:
150 | 15 . | (i) experiments on amorphous thin W filfisave shown
the bulkT, [12 mK (Ref. 9] can be increased of two orders
of magnitude up to 2 or 3 K. It has been suggetadt this
127 g 1o 1 7 enhancement may be due to the presence of tungsten oxide
- ] havingT, close to 3 K. Another explanation of the enhanced
= 100~ B superconductivity in the amorphous W films might be de-
;’ 05 | 1 rived from Ginzburg’s surface-state superconductiVity;
75 . (i) tungsten-carbon compounds,® and WC,_, for
0.45<x<0.5 are superconductors showing ain the range
0.0 L L L L L 11
50 - 115 225 3 35 4 2-10 K;
T(K) (ii ) tungsten-silicon compound Y¥Siy 4 is also a super-
1 conductor with ar,=2.8 K8
The superconducting inclusions are most likely of (g
| ) type since carbides have been detected that lead to critical

temperatures of the main transitions as high as 3.9 K for
certain W concentration. In order to explain the reentrant
peaks phenomenon, the concepts to which we shall refer are
FIG. 2. Quasireentrant resistive transition with two reentrantthe same used for granular metals, in which the supercon-
peaks in diamondlike carbon-silicon films containing tungsten ( ducting to dielectric transition is decided by two relevant
>x.) (Ref. 7. energies. The Coulombian blockage is due to the character-

T(K)
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istic energyE.’, expressed by the capacitance matfix In order to build a qualitative model explaining the peak
describing the electrostatic coupling between Cooper pairgxistence, it is important to remark that superconducting sus-
on grainsi andj: ceptibility transition is shifted about 1.5 K towards lower
temperatures with respect to the one in resistiyiig. 3.
L 1QQ This fact constitutes the physical base for using the percola-
Evl=5—— (1)  tive model to explain the superconducting transition in a

2 G granular system carbon-silicon-tungsten. The transition shift

where Q;, Q; are, respectively, the charge excess due td’n Rin respect to the one if indicates that a superc_:onduct-

Cooper pairs(charge 2) in the grainsi and j. Diagonal Ing path I|nl_<|ng sample electr_odes appears at _h|gher tem-
elements of the matrxC;* provide the charging energy peratures with respect to.the dlame}gnetlc transition. In ordgr
(2€)2/2C,. , whereC; is tHe self-capacitance of the graiin to obtain a superconducting shur_lt in a percolative system, it
Off-diagonal elements withi=]+1 describe the charging is enough to have a path consisting of superconducting con-

. ) . nected grains; it can have a low dimensionality, being prac-
energy for the nearest-neighbors interaction. . S : .
tically quasiunidimensional. On the contrary, to obtain the

nell?u?]rca,:ir:)lﬂ2rwrﬂﬁt2:?értgggrzgtli?;rgré\;fakly coupled by tun?:liamagnetic transitic_m, most of the grains must be organized
’ in big superconducting clusters. To break the superconduct-

ing path across the sample it suffices to restore the normal

wh 1 AT (T) ,  Stae in a small number of grains, thus cutting the supercon-

462 R, (T)tan 2kgT)" 2) ducting links on a mesoscopic level; the resulting variation in
the volume of the superconducting phase produces no sen-

whereA(T)=A(0)(1—T/T,)¥2is the superconducting gap siple chang_e ir) our mgasurgments of s_usceptibility. So as.to

andR, is the resistance for single-electron tunneling betweerPUild & qualitative physical picture, consider what happens in

neighboring grains. This means that a granular metal can k@ granular superconductor for temperatures lower fhan

seen as a disordered Josephson junction a@a. The Suppose the grains COI’]SIS.'[. of a material becoming a super-

behavior of this system at low temperatures is governed b§onductor at the bulk transition temperatilig . Let us ana-

the competition between the two above-mentioned energie¥Z€ the Superconduc_tmg state appearance when going down

E. andE;. In the limit E.>E,, the Coulombian blockage N temperature, starting fromi<Tc,. The complex order

pins Cooper pairs to the grains and at low temperatufes (Parameters can be written in the formy=Ae™'?, whereA

<E./Kg) the array is insulating. In the opposite lin&, represents the amplitude agdis the phase. It is well known

>E_, the Josephson coupling between the grains allows thif1at disorder can destroy the superconducting state by de-

transport of Cooper pairs and the array is superconducting'éasing the amplituda and by destroying the phase coher-

The theoretical analysis of the superconducting-dielectri€nce between superconducting electrons. The system under

transition in JJA has been made for a periodic system, i§*amination is on the metallic side of DMT, so it is nonho-

which the metallic grains are placed at the vertices of a crystogeneous since the critical cluster linear di¢®) near the

tal lattice!> '* The phase diagram showing the transition Percolation threshold is much bigger than the coherence

from superconducting to dielectric state has been mapped #§ngthé. For similar systems, the effective temperatiigeof

the planekgT./E,—E./E,, either if the main contribution the superconducting transition is less thiay for the coher-

to Coulomb blockage is given by the self-capacitanceeNC€ phase suppression between weakly linked supercon-

Cii 2™ or by intergranular capacitano@ij(iaﬁj).l“ The ducting cll_Jsters of metallic grairtsin Refs. 17—19_, the

analysis developed in Refs. 12 and 13 is able to describe tirongly disordered ¥~1) superconductors behavior has

main features of the superconducting-dielectric transitiorP€en studied near the percolation threshold, in two and in

that has been observed in granular metals like Al, Bi, Inletc.three dimensions, on the base of BCS models. The parameter

However, these models do not predict a peak existence: ondBat characterizes the disorderys=(kel) *, ke being the

the reentrance to the dielectric state appears, the system fgermi wave vector antindicating the mean free path for the

mains in this state until low temperatures. elastic scattering. It has been shown that the thermodynamic

In recent years, a certain interest has been oriented towaftictuations nearT. become stronger with increasing

two-dimensional periodical networks artificially fabricated disorder®** This explains the decrease T with respect to

by planar technologysee Refs. 15 and 16 and referenceslco-

therein. These systems are ordered ones and clearly they can For the three-dimensional case

be better described by the thebry**for a periodic JJA. A

control parameter that can be used to induce phase transition Te omin kgTe,

in JJA is the magnetic field. In this case, the transition dy- T =1 e eg )

namics is determined by vortices motion, whereas at the di-

electric side of DMT dynamics is determined bg 2harge  where o, is the Mott’'s minimum conductivity in a metal,

excitation. It is important to pay attention to the fact that, ino is the normal conductivity just over the superconducting

periodical networks, the superconductor to dielectric transitransition temperature. For a dielectric thickn&gsbetween

tion has a macroscopical character. On the contrary, for us two neighboring grains of about 1084 , electrons are able

is worthwhile to pay attention to the small height of eachto tunnel from one grain to a neighboring one. This effect

peak (10 °R,,), showing that changes in the metallic systemdefines all the system properties. In a granular system, a

occur at the mesoscopic level only, with relatively few grainssuperconducting transition occurs in two steps. First, when

involved. the system reaches the temperatlireT.,, the supercon-

Ey(T)=
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ducting gap appears in each grain, but the order parameter
phases of different grains are not correlated. Then, at a lower
temperaturelTl=T.<T,,, the tunneling of Cooper pairs es-
tablishes long-range phase coherence and all the system un-
dergoes the electronic phase transition to the superconduct-
ing state. This transition consists in the formation of a big
superconducting cluster or even a macroscopic (@nfeite
cluste), partially or completely shunting the sample. It is FIG. 4. Two neighboring grains in the dielectric medium sepa-
worth paying attention to the fact that this explanation for the, 4 by the distancs; ; .

transition into the dielectric state does not take into account .
the screening effect between charged grains due to single
electrons, whose number is proportional to the factorfor
exd —A(T)/kgT] and is high in the temperature range nea

To prove that the proposed mechanisms are responsible
the reentrant superconductivity with “peaks,” we have

T Th : fect st v d the effect "performed a numerical simulation for the case of one peak.
c- IN€ screening efiect strongly decreases ne electve efrq o\ 51 ate the parameters necessary for numerical simula-

ergy of the electrostatic interaction between the grains. Whep, . * '\ o sed the experimental temperature valdes
going down in temperature, the single electrons number de- "

. ) =2.36 K and T ,=2.16 K obtained for a typical sample
creases ac_cordlng to an exponenna_l law so thaT[Aa%TC . chosen at random among the ones showing one peak, where
the screening effect becomes practically negligible. In thls.l.r andT,, correspond, respectively, to the beginning and the
case, at the temperafure end of the peak when going down in temperature. To simu-
E late the system behavior, a numerical sample has been gen-
~_c (4) erated consisting of nonoverlapping spherical grains, with

Kg radii and intergranular distances Gaussianly distributed

around the respective mean values. Then we devised an al-

if Ec>zE;, wherez is the nearest neighbors average num-_ ", .
ber, at least a few grains may undergo the transition into th orithm (to be pubhshed elsewhere thCk the presence or
e absence—in each temperature interval—of at least one

dielectric state, destroying the macroscopic superconductin .
cluster that shunts the sample. For temperatures lower thagnuperconductmg path between the sample electrodes. Con-

Eqg. (4), the system behavior is governed by the concurrenc§Ider two graing, j (Fig. 4, R; andR, represent the respec-

. . e radii andS; ;=d; ;— (R;+R,) the intergranular dielec-
of the Josephson coupling energy(T) that gets higher and Ve re Jo T AT .
the Coulombian energi,, whose effective value becomes tric thickness. The relations used to compute the Coulombian

] k| -
practically constant. As a result, the dielectric state estab@nergyEc .and the Josephs_on O'E% are I_Eqs.(l) and(2);
lished in any cluster at a temperatufg is removed at a the capacitance of two neighboring grains has been com-

temperatureT ,,, defined by the following equality: puted in planar approximatich:

Ty

ZEy(Tup) =Ee, (5) _amk(Ry)? ®

Cij= _ .
wherez should be the number of the nearest neighbors. More S
correctly, the unblockage condition in a regular grains |attiCQNhereRin*]jin indicates the minimum radius among the ones of
is given by two neighboring grainsk=19 is the dielectric constant
=0.3-0.5 is the correcting factor that takes into account the

ZEy(Typ) =EctkgT. (6)  fact the capacitors surface is not flaEor we are interested
. in electrons tunneling between nearest-neighboring grains,
Nevertheless, for temperatures closeTg, the following we considered only the cage-i+1, with the capacitance

condition, ksT<2E;,E¢, holds so that the thermal energy represented by a flat capacitor whose plates are the grains
kgT can be neglected. This is especially true for disordered P y P P 9 '

systems for which thevalue is unknown and may be treated Having chosen the mean values for grains r&liF 200 A
as a free parameter. The equali®) holds only if zE,(0)  ©ON the base of experimental data and for nearest-neighboring
>E_.. Otherwise, the system remains blocked in the dielecgrains distancs; ;=10 A, the virtual sample has been gen-
tric state down toT =0 K. According to our model, the re- erated and the Coulombian enery'=Q%2C, ; is practi-
entrant peak is the manifestation of the normal state for onlgally known for each grains pair. In our numerical simula-

a few clusters in the small temperature range: tion, the effective Coulombian enerdy, at T<3T, turns
out to be practically temperature independent, the screening
Tup<T<Ty (7) effect of the grains being negligible. On the contrary, the

Josephson energi}' depends from temperature and its

The small peak height-10 °R, reveals the dielectric value is given by Eq(2), WhereA(T)=A(O)(1—T/TC)1’2.
state does not appear in the whole system, but only in a fewWo computeA (0), we used the BCS relation
clusters involving a relative number of grains not bigger than
~1073. Experimental data obtained for different samples of 2A(0)=3.5%KgT,. 9)
carbon-silicon films with W show three different situations
in the temperature range<T,: reentrant phenomenon with Then, in the Josephson energy expression there remains only
one peak, the same with two peaks or the absence of argne unknown quantity, namely the resistarR#é_ for single
peak. electrons tunneling between neighboring graRis. must be
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computer simulation. An upper cutoff of 10000 paths has been

used. Comparison with the experimental reentrant resistive peak FIG. 6. Percolation paths number vs temperature obtained from

shows good agreement. computer simulation for a system containing two different grains

distributions.

surely dependent from grains radii and distances. For this

quantity we have chosen the fo”owing form: two peaks may be due to the existence of two different kind
of grains, composed for instance by,® and WC,_, for
0.45<x<<0.5 or by W, ¢Sig4 and W,C having slightly differ-

, (10 ent dimensions. In fact, different sizes yield different block-

age temperatures. The numerical analysis varying simulation

parameters shows that in order to obtain two close reentrant

tunneling barrier that may be defined using Ef.consider- peaks it is enough t.o allpw the overlap of the ra}dii di_stribu—

. = i tion for the two grains kinds. To run the numerical simula-

ing $,;= 6. The constanA in Eq. (9) has been evaluated by tjon e have employed the experimental data turned out for

using the mean values for grains radii, the mean distancg typical sample among ones showing two peaks. The char-

Si ;. and the experimental result for the unblockage temperaacteristic temperatures for such sample were

tureT,p. In our numerical example the mean value Ryris

I _ . I _ . I _ . I _
equal to 15.9 R. The obtained value foR,, demonstrates Tp=21K T,p=19K T, =165K T;,=1.45 K(il)
the grains system is on the metallic side for DMT: in disor- _ o
dered systems of grains DMT corresponds to the vﬁhle where the apicekandll select the peak among the existing
~#/e?~25.8 K).! Once all the relevant energy parameterstWO- These data allow us to determine the average value of
are known, for each value of temperature the algorithm cafhe radii distribution, which are given by
search for the number of superconducting paths linking one
electrode to the other. The algorithm compares the Josephson R!=220.1 AR?=248.3 A, (12)
energy with the Coulombian one. In conclusion, Cooper

pairs tunneling between nearest-neighboring grains can hghere apices 1 and 2 refer to the grains kind. The searching
allowed only if Josephson energy is greater than the Cou- for superconducting paths across the whole sample is the
lombian “gap.” If such condition holds, we say two nearest- same applied to the case of one peak: the dielectric state
neighboring grains are connected. If not, we say grains argnblockage is governed by the equali) corresponding to

not linked. For each temperature, the algorithm counts théne particular grain kind. The simulation results show the
number of macroscopic paths crossing the whole sample anghsence of superconducting paths in two temperature ranges,
linking one electrode to the other. For we are interested only 415 K and 1.9-2.1 K in good agreement with experi-
in determining the eventual temperature interval in whichmental data(Fig. 6).
there is not any superconducting path crossing the whole

sample, an upper limit on paths counting has been set and

fixed on 10000 paths. Varying the temperature, our simula-

tion showed the inexistence of any superconducting path be- The agreement between simulation results and the experi-
tween the electrodes fof varying from 2.25 to 2.35 K, mental values allows us to suppose that the mechanisms ex-
nicely corresponding to the experimental rangé&, plaining the reentrant phenomenon with one or two peaks are
=2.16 K andT,=2.36 K) (Fig. 5. A similar numerical connected with the Coulombian blockage, due to the inter-
simulation can be developed for the case of two reentrangranular capacitance of two nearest-neighbors grains, and the
peaks(Fig. 2). Following the same approach, the presence ofinblocking process indicated by the equaly. The micro-

. 1 ;
Rj=A———— exp(i
0177'(R'n’]'m)2 o

whereA is a constant and is a characteristic exponent for

V. CONCLUSIONS
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scopic mechanisms responsible for the reentrant peak can fied out not solely peaks position in the temperature scale,
tested in an independent way by the numerical simulatiorbut also the temperature dependence of resistance for each
just developed and by the evaluation of the critical currenpeak, their current-voltage characteristics, and finally the
for each superconducting path, consisting of a chain ofemperature dependence of their critical magnetic field.
grains mutually connected, to obtain the global critical cur-These aspects will be the object of future investigations on
rent. The algorithm we developed may in fact be extended tthis interesting reentrant phenomenon.
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