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Superconductivity enhancement in thin films of niobium
in superconducting double-barrier structures
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We report the experimental results on the investigation of superconducting double-barrier structures with
niobium interlayer and AIO; barriers. The experimental results can be explained by an extreme enhancement
of superconductivity in the interlayer in accordance with the quasiparticle balance model, where the energy
dependence of the inelastic relaxation time of quasiparticles with energy close to the superconducting gap is
taken into accoun{.S0163-182M06)06742-3

[. INTRODUCTION SDBS'’s is realized, although the tunnel barriers transparency
in Nb/Nb’/Nb SDBS’s are the same order of magnitude as
The enhancement of superconductivity has been observddr the Nb/Al/Nb one. The obtained temperature dependence
in thin films of Al, Sn, and In both under microwave radia- of the gap in the interlayer could be explained by the en-
tion and quasiparticle injection. It is explained by the chang-hancement of superconductivity in a thin niobium film even
ing of a quasiparticle energy distribution functi¢nia an ~ at a low degree of the nonequilibrium stater(,<1).
electron-phonon interactigrirom the Fermi form under ex-
ternal influencesee, for_ example, Refs. 1 ang Zhere have Il EXPERIMENTAL RESULTS
been no any observations of the enhancement of supercon-
ductivity in thin films of superconductors with a short mean Nb/Nb’/Nb SDBS’s with Al,O3 tunnel barriers of 2—3
free path (<10 nm), for example, Nb. In this case the qua- Nm thicknesses are made as described elsevih@mefly, a
siparticle energy distribution function keeps the Fermi form five layer structure consisted of Nb and-@l; layers evapo-
because of a strong electron-electron interaction in the%film.ratesin situ. A lift-off technique, plasma and chemical etch-
As was analyzed by Parmenfethe enhancement of su- N, anodization processes, and SiO evaporation are used to
perconductivity could be intensified in the thin film of super- define the area of the SDBS{10um?). I-V curves and
conductorS', placed between two superconducting elec-Voltage dependences of the differential re&staﬁlae_are
trodes S (a superconducting double-barrier structureMeasured at the temperaturés-4.2-10 K for the thick-
S/S'/S, where the solidus represents a tunnel barriehis ~ N€SSES of the mterlayefz_ 10 and 20.””?- An eIeptromag-
effect is caused by the injection of quasiparticles with highnet'c screening and filtration of the biasing circuits decrease
energy into superconduct® and extraction of quasiparti- ¢ €xternal noise. . .
cles with small energy from it. The latter process is equal to 12p0le | presents some parameters of the investigated

an effective cooling of the interlayer. Zaitsev made a theoS@MPles. The normal resistance of the SDBS is measured as

retical analysis of this effect in superconducting double-2n @symptotic oRy at high voltages/>A/e. The procedure

barrier structureSSDBS'S on the basis of a microscopic for the determination of the critical temperatures of the elec-
. o )

theory® Calculations on the basis of the quasiparticle balanc&©desTc and the interlayef; will be discussed later. We

model were carried out by Heslinga and Klapwijihe first estimate the transparency of the barrolgssmg an equation

experimental detection of the extreme enhancement of supef@' the normal resistance of SDBS'S?

conductivity was observed in the Nb/AI/Nb structure, where _ _

a sufficiently high degree of the nonequilibrium state of qua- TABLE I. Parameters of the investigated SDBS sampieshe

siparticles in an Al interlayer is realized: The injectitex- thickness of the Nbinterlayer;Ry , the resistance of SDBS’s in the

traction rate of quasiparticles over the tunnel barriernormal statejT, and T the_critical temperatures_of the supercon-

I'=vD/d (d is the thickness of the Al interlayes, is the ducting electrodes and the |nterlay_e'r c_orrespondlrigl,yme barrier

Fermi velocity, andD is the barrier transparenis greater .transparency; andl' 7;,, the unequilibrium parameter of the Nb

than the reverse of the inelastic relaxation time of quasipar"€"ayer-

ticles in the interlayerri;1 (I'ry>1). For temperatures

) " . ] Sample J6N1 J6N3 J6N5 H3N1
higher than the critical temperature of the interlaygyr,the
experimentally observed superconducting gap in Al in-d (nm) 20 20 20 10
creases up to 60% of the gapBt0./~° Rn(Q) 6.5 6.0 6.1 15.3
In this paper we present the results of the experimentaf, (K) 8.5 8.5 9.2 9.2
investigation of the-V curve of Nb/Nb/Nb SDBS's at vari- T, (K) 7.0 7.0 7.4 9.0
ous temperatures. The inelastic relaxation time in Nb i(107%) 4.1 4.4 4.4 1.7
about 20 times smaller than in Al. So the case of a lowr (1072 3.1 3.3 3.3 1.3

degree of the nonequilibrium state of the interlayer in
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hysteresis on thé-V curve (a dotted line in Fig. Lis re-
placed by a gap feature #=4.5 mV. A linear part of the
|-V curve is observed at higher voltages. The essentially ver-
tical character of the gap feature indicates the small tolerance
for parameters of tunnel Nb/Nbjunctions in SDBS’s. The
value of this gap featureM=4.5 mV) is approximately
——.. N twice that of the gap for a single Nb/NRunction. There are
40 50 60 70 80 90 also two other features on th&V curve at voltages
T(K) V.=(A+A')le and V__=(A;+A,—2A')/e, where
A;=A,~A and A’ are the superconducting gaps of the
/ \ electrodes and interlayer, respectively. Furthermore, as the
02 _/IC ---------- critical current is decreased by an external magnetic field or
temperature, the gap feature\at =(A—A')/e is observed.
o1 l The gap feature¥, andV_ could be explained by the ex-
| _ -~ - istence of subharmonic gap featuds V,/2 andV=V_/2
0.0 : : : ‘ : ' in Nb/Nb' junctions. They could be presented on th¥
V (mV) curve because of a multiparticle tunneling and intensified by
a multiple Andreev reflection in superconducting tunnel
’ ' ‘ junctions with a high transparency of the barrier,
RyS<1000 um?2.*2 The barriers in our SDBS’s answer this
condition. The temperature dependences of all features con-
firm the suggestion of their gap natyreee the inset to Fig.
1@].
The temperature dependences of the gap features near
T. are measured frorRy(V) [see Fig. 1)]. From Fig. 1b)
we can conclude that the difference between the critical cur-
rents (or the normal resistancedor two barriers in our
SDBS'’s is small; atv>V_ both tunnel junctions are in a
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FIG. 1. (a) Thel-V curves of the SDBIEN5 with the thick-
ness of the Nb interlayed =20 nm atT=4.2 K. The dotted line
presents the hysteresis part of th¥ curve.l . is the critical current
of SDBS'’s without an external magnetic field. The temperature de- 3
pendences of the gap features for the same sample are shown in the .
inset: 1, V=V, =(A;+A,+2A")/e; 2, V,=(A+A")e; 3,
V__=(A;+A,—2A")]e; 4,V_=(A—A")/e. Two lines for each 0.2 4
feature caused by the limited precision in the determination of
T.. The size of the marks for the experimental points in the inset
(0.2 mV) corresponds to the experimental precision in determina-
tion of the gap features position from the dip on the derivative curve
R4(V). (b) Ry(V) dependences for the same SDBS's at different -1.5 -1.0 =05 00 0.5 1.0
T:1,7.46 K; 2, 7.28 K; 3, 6.97 K; 4, and 6.72 K. (eV-243) /2 43(0)

-Ag) /A (0)

o
N
i

2| FIG. 2. The deviation of the experimental values of the super-
|t )

1+ —— 1 conducting gap in the interlaye’A() from the BCS theory one

3dD (Ag) at different voltages for the investigated samples with the
. s . . thicknesses of the interlayett=20 nm @6N1, J6N3, andJ6N5
Wherelzd andp is the resistivity of the interlayer Nb film samples andd=10 nm (H3N1 sampl¢. The experimental results
(p~10">Q cm). for the SDBSJ6N5 at T=7 K are marked by a solid circle for

The 1-V curve of the SDBSJ6N5 (d=20 nm at y=v,=(A+A’)/e, and by the open circles both for
T=4.2 K is shown in Fig. (8. The form of thel-V curve  v=v, =(A,+A,+2A")/e and V=V__=(A,;+A,—2A")/e.
corresponds to two superconducting tunnel junctions Nbfrhe calculated curves for 7,,(E)=const and
Nb’, connected in series: At=0 we observe a critical cur- 7, (E)=r,,o{1+[A'/(|E|—A")]*% at T'7,=10"2 are shown by
rent due to the Josephson effect; as the current increasesdashed and solid lines, respectively.
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resistive state. There is no sharp increasRgf which is  for superconductor/normal-metal junctions. Thus, the ab-
observed if one of the tunnel junctions goes into resistivesence of experimental data for gap features in the inset to
state.T. and T, are determined fronRy(V) at variousT: Fig. 1(@ is caused by a smearing of the gap features
T.=9.2 K is determined from the deviation &4(V) from  and uncertainty in the determination of the gap n&ar
Rs=Ry [see curve 1 in Fig. (b)], andT;=7.4 K from the At T<T. the interlayer is a superconductor, and so all
onset of the critical current on thBV curve Ry<Ry at  gap features appear dR4(V) [curves 2—4 in Fig. (&)].
V=0 [see curve 2 in Fig. (b)]. In the temperature range The temperature dependences\of, V.., V., andV_
T.<T<T, the electrodes are superconductors, but the interare shown in the inset to Fig(d). The solid lines correspond
layer is in the normal stat®4(V) has the maximum value at to the calculations from the Bardeen-Cooper-Schrieffer
V=0, and it corresponds to two superconductor/normal{BCS) theory of superconductivitytwo lines for each fea-
metal (Nb/NB) tunnel junctions connected in series. It is ature caused by a limited precision in the determination of
well-known fact that the gap features for supercon-T.: 0.1 K). We use the following approximation for
ductor/superconductor junctions are more pronounced thafg(T):

(1-T?2799%0.9847+0.157T—0.09532), 1>T>0.7,
Ag(T)=4 (1-T%%°%0.971+0.1786M—0.20352),  0.7>T>0.36, 2
1—1.89T%5 exp(— 1.76/T), 0.36>T.

The experimental data forA(+ A’)/e at BK<T<7.4 Kob-  wave vector. AtE—A'>A’, 7,(E) is the same as the

the superconducting gapr’ is observed in the interlayer 7o=5X10"s atT=7 K for Nb13 [The inelastic relax-

Nb’ film. o ation of the quasiparticles, injected to the interlayer of
Figure 2 presents the deviations &f(V) from the BCS  Np’ goes through electron-electron and electron-phonon in-
theory, obtained from experimental data Mt _, V..,  teractions f;, = 7,4+ 7.4, butin the case of tunnel injec-

V., andV_ for all investigated samples. The suppression of;on (see estimations in Refs. 1418e electron-electron

the gap is not presented in Fig. 2. According to the theoretiinteraction is small in the Nb interlayer of SDBS's
cal calculations;® there is no enhancement of superconduc~ Tin™ Tepr) -]

tivity for voltagesV>V, , and it is small fov<V__ even
in the case of strong quasiparticle injection. In our experi-

ment, the enhancement oA’ occurs in the range 1.0 7
2(A—A")<eV<2(A+A") in good agreement with Refs. 5
and 6. The gap enhancememt’(-Ag) is less than in the
theory>® because of the absence of strong nonequilibrium
state in the interlayer, as is suggested in Refs. 5 and 6. In our:
experimentI' 7,,=10 2<1 at 7,,=5%x10 %° s for Nb at
T=7 K. The substitution of the experimentBlr;, to the
calculatior? gives a very small enhancement aof'(— Ag)
(the dash-dotted line in Fig,) 2which is less than the experi-
mental one foV=V, .
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Ill. DISCUSSION

In the calculation® 7, is considered as a constant, inde-
pendent of the energy of the quasiparticles in the interlayer.
But it is known that the relaxation is slow Bt~ A due to the ]
factor of coherency and divergence in the quasiparticle den-
sity of states(DOS). The following equation forr;, takes 0.0

into account these factors phenomenologicély, 0.4 06 0.8 10
! 3) FIG. 3. The experimental temperature dependence of the devia-

T/Te
A’ 3.5
|E] —A’>
tion of the superconducting gap in the interlayar J from the BCS
under assumptions of a linear dispersion for phonons and #eory one (A’—Ap)(T) for the SDBS J6N5 at
suggestion that the square of the matrix element for th&/=Vv,=(A+A’)/e. The solid line presents the calculated results
electron-phonon interaction is proportional to the phonorfor V=V, at 7,,(E)=rno{1+[A’/(|E|-A")]?S, ['7,=10"2.

Tin(E) = Ting| 1+




54 SUPERCONDUCTIVITY ENHANCEMENT IN THIN FILMS . .. 13187

The numerical calculation of the gap in the interlayer issiparticles extracted from ito the second electrogiend
made on the basis of the quasiparticle balance model: Thguasiparticles, relaxed to the Fermi level in the interlayer.
number of quasiparticles injected into the interlaggom  The energy distribution function in the interlayer has the
the first electrodemust be equal to the total number of qua- form®®

Ny (E—eVi2)fo(E—eVI2)+Ny(E+eVI2)fo(E+eVi2) + fo(E)/T 7in(E)

F(E)= Ny(E—eVi2)+ No(E+eVi2)+ LT 7(E) ’ @

where N;(i=1,2) are the DOS functions in the electrodes,one fitted parameter;,q. The ratio of the unequilibrium gap
normalized to the value at the Fermi level in the normalto the equilibrium one increases with It could be explained
state, fo(E) =[expE/kT+1)] ! is the Fermi function, and by the fact that the deviation of the quasiparticle distribution
the relaxation process is supposed to be a linear function dfinction from the Fermi form grows with the increaseTof
Tin. Due to the conditiord>hvD/4A(0), we canneglect The experimental values df’, obtained fromv, ., V__,

the proximity effect in SDBS'S:'%To find A’ we should andV_, differ from the calculated ones possibly due to the

solve the self-consistent equation phenomenological character of our dependence, 6E).
fwdE PEO(e-a) 1 [EV_ (T IV. CONCLUSION
0 JEZ—A'2 E | 2kT T’

(5 The experimental results of the investigation of the super-
conducting double-barrier structure Nb/NbIb indicate the

WhereQ(X) is the Heaviside Step function. The relsu|t$ of theenhancement of Superconductivity in thin Nh'nteﬂayer

numerical solution of Eqsi4) and (5) are shown in Fig. 2  fiims. Reasonable agreement is found of our experimental

(solid line) for d=20 nm atT=7 K. Three points for the results to the quasiparticle balance model with the energy

SDBS J6N6 (d=20 nm for T=7 K (which correspond dependence of the inelastic relaxation time.

with the calculation conditionsare marked in Fig. 2. There

is good agreement between the calculated and the experi-

mental results foA’ obtained fromV, (solid point in Fig. ACKNOWLEDGMENTS
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