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Variation of the Josephson current with carrier concentration in the barrier
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A phenomenological investigation of the dc Josephson current in supercondu&9r-ndrmal-metal—
(N) [semiconductor£SmJ] superconductor junctions is carried out as a function of the carrier concentration
in the barrier. The occurrence of a nonmonotonic dependence of the Josephson current on the carrier concen-
tration is predicted within some limits. This study suggests th& M- (Sm- S structures there is an optimum
carrier concentration range which gives the maximum value of the Josephson dgrand the junction
parametet Ry . [S0163-18207)01226-3

[. INTRODUCTION the junction. This could also be applied to structures based
on HTCS grain-boundary junctions, if one assumes a corre-
Junctions based on the Josephson cffad of great in- spondence between some properties of the grain boundaries
terest for a wide range of electronic applications and for theand the carrier densiti€sin the GB barrier,
study of fundamental properties of superconductd®s$.cru- We study the Josephson currdit as a function of the
cial importance for the realization of these structures is thesarrier concentratiohls and temperaturg within the frame-
nature of the barrier and its interfaces with superconductingvork of the proximity effect. Our analysis can be applied to
electrodes. Metallic barriers have advantages over insulatoi$-N- (Sm- S junctions, provided that the system is in the
for some applications. Moreover, the boundary between dirty limit and theS/N (Sm) interfaces are characterized by a
superconductorg) and a normal metalN) [semiconductor low transparency, common in many types of juncti6fid?
(Sm)] (Refs. 2 and Balso has particular interest for funda- Once the correlation between the properties of the barrier
mental physics. In these interfaces basic phenomena such asd the carrier concentration is establisRadrucial point is
the proximity effect and Andreev reflection occdrSeveral  to study the effect of the modifications of t&N interfaces
investigations have been performed on junctions, which emen the Josephson currelg when the carrier concentration
ploy both low-critical-temperature superconductd®® Ng in the barrier is changed. This is the main aim of the
(LTCS'’s) and high-critical-temperature superconductbrs®  present paper. If we change the number of carriers by em-
(HTCS’9. In some structures, the presencestifl interfaces  ploying, for example, barriers that have been doped to dif-
seems to be unavoidable. For instance, this can occur iferent percentages, the Josephson current will vary. This be-
HTCS grain boundarie&GB’s), where GB'’s do not seem to havior can be quantitatively described through the variation
act as simple insulating barrie¥slt can also take place in of some parameters typical of the proximity effé€t such
LTCS nominalS-insulator-(I-) S junctions because of the as the coherence length in the barrigr= (hD/27wkgT)*?
existence of high-transparency transmission for a small fracand the boundary resistancéD being the diffusion
tion of electrons. constant* These depend on the Fermi velocities and, as a
In this paper a phenomenological analysis of the Josephconsequence, ohlg. Variations of Ng influence both the
son properties 08-N- (Sm9 S structures is carried out. The mismatch of electronic properties between the electrodes and
carrier concentratioMg in the barrier can be varied over a the barriet® and the boundary conditions for the order pa-
wide range Ng=10"-10"2cm ®) (the semiconductor is rameter at thés/N (Sm) interface.
usually heavily doped and can be regarded as a low-carrier- Depending on the nature of the barrier and 81N inter-
density metal In multilayered structures, for instance, the face, two different situations can occur. The Josephson cur-
barrier layers are usually produced by sputtering or by laserent |- dependence oiNg can be either monotonic or non-
ablation from targets in whichg is controllably adjusted?®  monotonic. In the latter case, we found the existence of an
The first motivation of this analysis originates from the ex-optimal doping of the barrier, which gives the maximum
perimental problem of determining a suitable carrier concenvalues ofl c andV. In the next section, the main formalism
tration to optimize the Josephson curréptand the junction  will be presented, while the results and conditions that deter-
parameteV =Ry (Ry is the normal resistangeAs far as  mine the two different behaviors will be discussed in Sec.
applications are concerned, the tuning of the parameters dfi.
individual junctions to optimum operation values is very at-

tractive. This. problem also exi_sts in thg context of HTCS |, AN FORMALISM AND LIMITS OF VALIDITY
Josephson trilayers, where various doping levels of the bar-
rier material are commonly exploré@.Moreover, helpful We use the model developed by Kupryanov and

information can be obtained on gated Josephson devicesp-workerg to investigate the properties &N bilayers on
where an electric field in opportune conditions can producéhe basis of the Usadel equations in the “dirty” limit. This
variations of the carrier concentration and the properties opproach has the advantage of taking into account a varying
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boundary resistance and describing, in some detail, the ngye assume that the coherence Iength\té@m 10° ecm™ ! has
ture of the prefactor of the exponential dependenck-adn  the same value as the barrier thicknesgL/£5=1) in the

the ratio L/&y (L being the barrier thicknessThe order  .5iculations below. This choice is arbitrary.

pgramgter in &/N bilayer can be expressed through two |4 order to evaluatéc, the dependences &f, andpy on
dimensionless parametérs Ng have to be established within some approximations. The
role of Rz has to be pointed out. According to traditional
proximity theories®"17 g ocvexNY® for a three-
wherepy s and £y s are the normal-state resistivities of the dimensional N barrier and ¢yxvexNg? for a two-
junction materials and their coherence lengthNirand S, dimensionalN barrier.

respectively, whileRg is the specific resistance of tf&N For py the free electroriga9 approximation pyec1/Ng)
boundary.yg is a measure of the coupling between the twocan be used The case in which the mobility. depends on
slabs of the bilayer: The higher the value of the resistanceg (Ref. 18 is also considered. Despite the fact that the
the weaker the coupling betweéth and S is. The tunnel microscopic picture is rather complicated, different effects of
regime at theS/N interface is obtained forg>1. Direct  ¢y\(Ng) and py(Ng,u) can be simply identified and corre-
information on the spatial variation of the order parameter idated to the results. Once the limits are chosen, the calcula-
given by vy. For y<1 the effects on the superconductor duetions are straightforward. Results will be presented in the
to the proximity of the normal metal are small, in contrast tonext two subsections. In the latter the possibility that the
the limit y>1. In this case many quasiparticles diffuse from specific resistancBg can be related tdls will be taken into

N to S.” Both the parametergand yg are related tdNg, due  account.

to the dependence @l andés y on the carrier concentra-

y=psés/pnén,  ¥8=Rs/pnén.

tion Ns. . o _ A. Rg independent ofNg
On the basis of such a general formalism, it is possible to ] ) ) )
obtain the expression forc and thereford Let us first consider the case Bf substantially indepen-

dent ofNg in the limit of py>1/Ng. In the case of a three-
dimensionalN layer, |-, calculated from Eq(l), is plotted

eygVe/(27Te)= 2(T/Tc)llzwz0 [A%(A%+ w?)] as a function of the carrier concentrating in Figs. Xa) and
1(b) in a low- (0.2<T/T:<0.5) and in a high- (0&T/T¢
X 7Tl o sinhfl[ngﬁr/w/(wTC)], <1) temperature range, respectivélly: being the critical

temperature 08). The behavior at intermediate temperatures
oy is analogous. A nonmonotonic dependence of the Josephson

wherew=(2n+1)#T and & is the coherence length iN currentlc on Ng is evident. In this case, it has been assumed
atTc. Equation(1) is valid in the limit of low transmission thatNsis almost independent of temperatifer T<Tc), as
probability at theS/N interface foryg>max(1y). Itis ap- ~ occurring, for example, in materials such as Nb-doped
plicable to short and long bridges, provided tha* SITiO;, where no carrier freeze-out is observed. At all tem-
<L/&5<yg and yg>(Tc/T)Y2 This situation occurs in peratures, the carrier concentration can be tuned in order to

junctions that employ interfaces with a HTCS electrode or,Opt'm'Z(aIC andV of a Josephson junction. The maximum

more often, of Schottky natuf@L The limits of the model's of | seems to occur at a carrier concentration of the order of
s . _ 9 —3 i

validity allow an extension of the traditional theories, valid Ns= 101_ cm . Such a value w_eakly depends on T and is

for long bridges, to short bridgés The above conditions do almost independent of the barrier material, unless the scat-

. . . . . 8
not allow the extension of the proposed approach to very loW€/ng time is very different from the typical valués’ For
temperatures. carrier concentrations dependent on temperaflird Ng

32 yp( : - _
In the present investigation, the effectpfs neglected, as > 1 €XP(-Ey/ksT), wherek, is the energy dlffggence be

a first approximation. For high values of the boundary resistWeen the conduction and the valence Bfid” 1¢(T)

tance (z>1), the critical current . depends very weakly quallyatlvely exhl_b|ts a nonmonotonic beha_V|or also as a

on y. Nevertheless, the qualitative results we find are nofunction of T. This result is in agreement with the predic-

affected if the dependence b on y is taken into account, tons of 7the microscopic approach by ltskovich and
Shekhtert” In the case of semiconductinglike behavieg

ocNgﬁ (with 0< 8<2/3), a monotonic behavior df; is sub-

stantially found®® The same situation occurs if we extend
Equation(1) allows the calculation of the dependence of the same proximity approach to the two-dimensional case. In

the critical currentlc on T/T. for SNSsandwiches {5  this work, effects due to localization and interfereftcare

>1) for different values of th& /&y, ratio. In this case, the neglected and could be suitably taken into account in a more

normal junction resistance is mainly due to the interface regeneral frame.

sistance

Ill. RESULTS AND DISCUSSION

. 1 1 B. Rg dependent onNg
Rn~2yepnén S "~2RgS 7, . .
In a more general approach than the one just described,
whereS is the cross section of the junction. the Rg variation induced byg through the boundary condi-
Thereforel depends on the carrier concentratibly  tions should be taken into account. As is known from clas-
throughpy and &y . Once the temperature is set in Ed),  sical theories, if we produce a mismatch of the Fermi veloci-

I can be straightforwardly obtained as a functionNof. ties at an interface, an increase of the interface resistance will
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FIG. 1. |, calculated according to Eql) in the limit for py
«Ng, is reported as a function of the carrier concentratinin a
low- (0.2<T/T:<0.5) (a) and in a high- (0.9 T/Tc<1) (b) tem-
perature range, respectively. A nonmonotone behavior of the J
sephson currerliz on Ng is evident.

occurl® The experimental variation dRy as a function of
doping or of a gate voltageV(;) could be a sign of &g
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FIG. 2. I dependence oNg for py=<NZ%: (a) for Ry inde-

geendent olNg and(b) for Rg according to Eq(2). The temperature

range is 0.2 T/T:<0.3 (kgg has been assumed of the order of
107 cm™3). A nonmonotone behavior 6f on Ny is evident only in
the latter case.

dependence oflg in the case where other effects can beaccording to Eq(2) (b), respectively. This is calculated for

ruled out® and yg>1. This last condition guarantees that
Ry R .
We assume thaRg(Ng) can be approximated as

Re(Ng) =Rg[1— e+ R(a)|Kes(Ng) — Ken(Ns)| %/ | kes(NS)

+ken(Ng) |21, 2

where « is the transmission probability at the interface,
R(a) a coefficient depending omy, and keg (Ng) and
ken (Ng) the Fermi momentum in th8 and N layers, re-

0.2<T/T<0.3 in the approximation of low values of the
transmission probabilityr and for pycNZ? (kg5 has been
assumed of the order of 3%cm™3). Only in the latter case is
a nonmonotonic behavior found. This means that a maxi-
mum | ¢ value can occur also in junctions employing semi-
conductinglike barriers provided that the boundary resistance
depends omNg.

The monotonic or nonmonotonic behaviorlgfvs Ng can
be explained by the competition of the various factors,
mainly related to the nature of the barrier. In this context, we

spectively. The classical dependence of the Fermi momerexpect that both a decrease of the resistipifyof the barrier

tum on the carrier concentratiomF(NocNé’S) is assumed.

Equation(2) is a phenomenological extension of the micro-

(asNg increasesand an enhancement of the boundary resis-
tance at theS/N interface can reduck- [Egs. (1) and (2)].

scopic expression in Ref. 16, obtained for a completely transthese effects tend to counterbalance the influence of the in-

missive interface. We notice that far=1, R(a)=1 is in
agreement with established theortésyhile R(«) vanishes
for a approaching 0. The term depending kys and kgy

crease of the coherence Wi(£y). The conditions fol - vs
Ng to be nonmonotonic are more favorable in the case of a

weak dependence of on &y(Ng) (i.e., for highNg values.

takes into account, within certain approximations, the mis+urthermore, wherRg depends orNg, the position of the
match of the electronic properties of the materials formingmaximumIc(Ng) can change. This last will approximately

the interface.

correspond to the value of the carrier concentratiorin

In Figs. 2a) and 2Zb), | -(Ng) is reported in the two cases which minimizes the boundary resistance.

of Rg independent ofNg (a) and of Rz dependent orlNg

For two-dimensional barriers, under the previous hypoth-
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eses and in the limipyx1/Ng, a nonmonotonid: vs Ng  both monotonic and nonmonotonic, depending on the nature

relation similar to Fig. &) is also obtained. of the barrier and its interfaces with the electrodes. These
The same ideas could be also applied to HTCS grainfesults partially enlighten some aspects of the problem of

boundary junctions, as long as we suppose that changes aptimizing the critical current by changing the carrier con-

the microstructure of the GB could modify properties of thecentration in the barrier, once the electrode materials are

GB interface(such as transmission probabilitgnd the car-  given. A junction employing Nb or YB&Zu,0; as electrodes

rier concentration in the “barrier.” Within this framework and Nb- or Ta-doped SrTi{as a barrier could turn out to be

the variations of the&/c value as a function of the morphol- an interesting systeth'3to study the dependence bf and

ogy of the GB(which can be correlated to critical current V. on Ng.

densityJc, normal conductance, etavould also be related

to changes oNs. ACKNOWLEDGMENTS
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