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Conductance suppression in hormal-metatsuperconductor mesoscopic structures
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Using a scattering matrix approach and quasiclassical Green'’s function technique, we calculate the conduc-
tance of the superconductor—normal-mé&N) system(see Fig. 1L We establish that the difference between
the superconducting and normal state conductad=Gs— G,)) is negative for large S/N interface resis-
tances Rg,) and changes sign with decreasiRg. [S0163-18208)03742-4

I. INTRODUCTION show thatéR; may be positive if the interface resistariRg
is large enough compared with the resistance of the metallic
Recent studies of transport properties of mesoscopidjlm in the normal stat€r,. The variationdR is determined
normal-metal—superconductéi/S) structures(see Refs. 1, by two factors: a variation of the shunting interface resis-
2), have revealed a number of new physical phenomena. ExancedRy,, leading to a positive change in resistance and a
amples include the measured subgap conductance wofriation of the normal film resistance due to a condensate
superconductor—insulator—normal-met8iN) junctions®=®  induced by the proximity effect. In view of these conflicting
oscillations in the magnetoconductance of N/S systems witleffects it is not obvious what sigaRg will adopt for any
normal or superconducting loopst? and the nonmonotonic given parameters of the system. In what follows we use two
dependence of the conductance on temperature arethods to study the change in resistance, namely an ana-
voltagel®®® Although the majority of experimental results lytical quasiclassical technique and a numerical scattering
have been successfully explained, there are some which repproach. The scattering approacomplements the quasi-
main anomalous. In particular the increase in resistance aflassical method, and enables us to probe areas of parameter
diffusive N/S systems in a certain temperature range belowgpace which lie outside the region of validity of the latter.
T. (Refs. 14—1Y has remained unexplained for a number of
years. An early theoretical predictiithat superconductiv- Il. QUASICLASSICAL THEORY
ity induced conductance suppression is a generic feature of
N/S nanostructures was followed by quantitative theories of Consider the diffusive regime where the mean free path is
this effect in the ballistic and Anderson localized regidms  shorter than any other characteristic length in the sygesm
well as in resonant structuré$.However a quantitative cept the Fermi wavelengthSuch a case is realized in most
theory in the diffusive region has remained elusive. Severagxperiments performed on metallic films or on doped semi-
authors have suggested possible explanations of this puzzlirgpnductors. For diffusive S/IN mesoscopic structures, equa-
phenomenon. In the simpledRef. 14 the resistance change tions for the quasiclassical Green’s functions were derived
SR,=R,—R, is determined by a change in the interface re-many years ago and are presentgdthe most convenient
sistanceR,, which is larger in the superconducting state thanform suitable for the present analysis Larkin and Ovchin-
in the normal state. Another possibility is presented in Refsnikov’s paper® These equations must be supplemented by
21, 22 where a two-dimensional, multiprobe geometry wadoundary conditions at the S/N interface derived by Zaftsev
considered. The current, passes through two contacts on (see also Refs. 25, 2@nd have been used extensively for
one side of the normal film contacting a superconductor anthe theoretical study of transport properties of S/N mesos-
the voltageV, is measured between two probes located orcopic structure$!~%’
the opposite side of the normal film. The authors of Refs. 21,
22 showed that the quantify,,=Vy /I, may exhibit an in-
crease belowl . compared with its normal state value. In
this geometry the spatial distribution of the current is non-
uniform. However in some experiments, the geometry is al-
most one dimensional with the current distribution across the
width of the normal film almost uniform. Therefore this
mechanism may not be responsible for all the experimental
observations of enhanced resistance.
In this paper we suggest an alternative mechanism which
determines the change in resista@$®, (or the conductance
6G~ — 5RS/Rﬁ) of the structure shown in Fig. 1. We will FIG. 1. The structure considered.
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In this paper we shall assume that the proximity effect is In the reservoirs the distribution function has the equilib-
weak, i.e., the amplitude of the condensate induced in thdum form
normal film is small. We will show that this is true for struc-
tures where the S/N interface resistan&g)( in the normal f(e,L)=F,=[tanKe+eV)S—tanhe—eV)B]/2, (7)
state, exceeds the resistance of the normal film. When th\ﬁ/hereﬁ=(2TkB)‘1. By matching the functions and their
condition is satisfied, the condensate functions obey the "”derivatives ak=L, and using Eq(7), we find for the *
earized Usadel equation and the distribution function obey§,; current” 3(e) ’
the equatior(see Refs. 29, 34

par-

J(e)=(F,/L)[1—=(m)+11(My;—(My)1)]. (8)

) ) . ) The angle brackets mean a spatial averaging over the regions
where the function3(x) is equal to 1 in the S/N region and (O.L) and (OL;); my;=my(L;), I;=L,/L. With the aid of
zero otherwisem= 2 Tr(FR—FA)2 andFR™ is the retarded  Egs.(5) and(8), we find the normalized difference between
(advanceyl Green’s function,g,=pL?/Rynd=gp;(L/L,), the differential conductances of the system in the supercon-
Op1 is the ratio of the normal film resistance to the S/Nducting state and the normal state
resistanceR, is the S/N interface resistance per unit area in

L20,[ (1—m)dyf]=fgpGpd[x e (SIN)], )

the normal state, ang andd are the specific resistivity and _Gs—Gn _ ” / n
the thickness of theiormal film. Thepfunctit@b(x) de){er— 05= G, Jo deF,{{m) +11[(Mp = M)
mines the local normalized conductance of the S/N interface
in the superconducting state, — (Myy—mpy) TH[1+0p13/3]. 9
1 HereGg ,=(dl/dV), is the differential conductance below
Gp(X) = vevy+ §Tr(l“:R+ FAYFR+ED), (2)  and abovel.s; mj is the functionmy(x) in the normal state:
mp=gyXx?/2L2, F.=0F,l3(eVB).
where the density of staté®OS) in the superconductor, Let us discuss the physical meaning of the different terms

=Re((e+iT)/\[(e+i)2—AZ]) and »,, is the DOS in the in Eq._(9). The_first term gives a positive contribution ﬂS.
normal film (for simplicity we assumer, =1, i.e., theSand ({M) is negative). This term arises from the renormaliza-
N metals are regarded as identical apart from the criticafion of the normal film conductance caused by the induced
temperature, we also assume tfig{=0). I' is the damping condensate. This has been calculated in several pibéfs,
rate in the excitation spectrum of the superconductor. Thavhere it was established that this term has a nonmonotonic
first term in Eq.(2) describes the contribution of the quasi- voltage and temperature dependenzcg decreasing to zero at
particle current to the conductan@é I'=0 it differs from [V, T]=0 and[eV,T]>¢_(e =D/L"is the Thouless en-
zero only at energiese|>A). The second term is due to ergy). The second term in Ed9) determines the change in
Andreev reflection and describes a conversion of the lowconductance due to different values of the S/N interface re-
energy quasiparticle current into the condensate cugient Sistance in the normal and superconducting states. The con-
I'=0, the current is not zero fdre|<A). The condensate tribution of this term toéS is negative because the S/N in-

functions |ESR(A) in the superconductor are assumed unolis_ten‘ace resistance in the superconducting state is larger than

L o ; the normal state interface resistanees long as the barrier
turbed b2y the proxmglty eﬁecﬁthli;lls true provided thad transparency is not too highLet us estimate the magnitudes
> y,=K;D, whereK;=(Rygdo) "], and they are equal to

of these terms. I§, is small, the second term in E@) (the
SRA)_ -~ CRA) subgap conductangés small compared with the first term.
FoV=irF €)) ht

s y's Therefore at low temperatures the contribution caused by the

whereFR® = A/\[(e11T)?— AZ]. Assuming that the right- second term in Eq(9) is related to a change in the DOS of
S . ' . S the superconductor. This yields
hand side of Eq(1) is a small perturbation we easily find a

solution for 5Spos~ — gpl3/3. (10

[‘]l X+ fxdxl(m+ mb)” 0<x<L, As we shall see, the amplitude of the condensate functions
f= 0 (4 ER® induced in the normal film by the proximity effect is of
[I(x—Ly)+f(L], L,<x<L, the ordergyly, i.e., of the order of the ratio of the normal

film and the S/N interface resistances. The characteristic en-
whereJ; and J are the energy-dependent integration con-grgy of decay of-R®)(€) is the Thouless energy . Thus
stants. The currertthrough the system is expressed in termsine” contribution tosS from the proximity effect[the first

of J (see Refs. 33, 34 term in Eq.(9)] is (if ¢, <T<A andl;<1),
2
| = (odi2e) J ded(e). 5) S~ 0pl1- (1D
Comparing Egs(10) and (11), we see that the sign afS
The functionm,, in Eq. (4) is given by changes from negative to positive &g increases and
8Smin~—11 is reached whegy~I,.
X : ER(A)
me(Qb/Lz)f dx %, Gp(Xy). (6) In orQer to fmd_&S, we need to calc_ulaté . As noteq
0 above, in the limit of a weak proximity effect the function
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FIG. 4. Dependence aofS on g, for differing depairing rates

FIG. 2. The two curves show the dependence®fon g, , for ¥~ 0:0-4.0.8, with’=0.1,1,=0.4,A=10, andv=0.

the solid curvel ;=0.4 and for the dashed curig=0.2, where

both curves have the paramete=0.1(=T/¢), A=10 From Eq'(_l?’)j we can f_ind the quantitie@m)_, Mp1, an_d
(=Ale), y=0(=yle)), a=1.0=al(2TKg)], and v=0 {Mp1). Substituting them into Eq9), we obtain the varia-
(=Vie). tion of the normalized conductan@S as a function of tem-

peratureg,, |, etc.(see the Appendjx In the general case

ER® obeys the linearized Usadel equation which may pdhe expression fo6S has a rather complicated form, but may

presented in the forrtsee, for example, Refs. 33, 34 be simplified drastically by taking the zero-bias, zero-
’ ’ ' temperature limit, in which caséS becomes

FolF A = (KRW)ZERA = — (g, L2 FEM 9 x e (SIN)],

4 1
12 8So=gpl3 gb|1( 1_'1E) ~3/ (14)
where kf™)2=(F2ie+y)/D, v is the depairing rate in
the normal film. The solution to Eq(12) satisfying the In this case the contribution due to the variation of the
boundary conditionﬁR(A)(i L)=0 is the function normal region conductance goes to zgt® term(m) in Eq.
(9)]. The variation8S is caused by a change in the S/N
E—(gu/O)F [1-cp coshikx)],  0<x<Lg, 13 interface conductance,; the first term in Eq.(2) gives a
b S {sy sinfk(L—x)]}, L;<x<L. negative contribution, and the second tefire., the subgap

conductancegives a positive contribution. This expression

) also changes sign ayl,~1/3. However, in this case the
012=KLy,, Lp=L—L,. For convenience we have dropped ¢ondensate amplitude is not small, and strictly speaking, Eq.
the indicesR(A). One can see from E@13) that at charac-  (14) is not valid wheng,l, is of order 1. Nevertheless, we
teristic energies~ e, <A the amplitude ofF*(* is of the  show later using numerical calculations that this conclusion
ordergpl;. It is worth noting that ifi,; <1 (this condition is  regarding the change in sign 68 remains valid in the zero-
satisfied in most experimentghen the magnitudg,l, cor-  bias, zero-temperature limit. Figure 2 shows the dependence
responding to the actua, is of the orderl?, i.e., asl; is  §5(gy) for I;=0.2 andl,;=0.4. We see that in accordance
small, the proximity effect is small. with qualitative speculations given abowS is negative at

Here 6=KkL, c,=cosh@,)/cosh@), s;=sinh(@,)/cosh@),
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smallg,, reaching a minimum with increasirgy, and then observed in the recent work of Ref. 39. We note that al-
changing sign. The magnitude @5, decreases with de- though the effect of the conductance decrease is small
creasingl,; and depends on temperature in a complicated<5%), in dimensional units the conductance decreéGe
nonmonotonic waysee Fig. 3. may be much larger than the quantum conductaned 2

In Fig. 4 we show the dependence 88 on y (y may  (8G>2e?/h). Only in this limit can we use quasiclassical
increase by applying an external magnetic figld;H?), the  theory.
effect of a negative’S becomes more pronounced. This be-
havior is quite clear from a physical point of view. The ap- 1. NUMERICAL SIMULATIONS
plied magnetic field suppresses the proximity effect, but af-
fects the DOS only weakly. Therefore the relative : : L : i
contribution §Spog increases with increasing magnetic field. Ref. 2 to determing3S, for a tight binding lattice with the

A similar situation takes place in fluctuation paraconductiv—geommry of Fig. 1. In the linear-response limit, at zero tem-
Epgrature, the conductance of a phase-coherent structure may

In this section we use the scattering approach reviewed in

ity in layered superconductors where an increase in the re- lculated  f the fund tal i it
sistance due to superconducting fluctuations is enhanced caicu aﬁu?_M rom the Tundamental current voltage

the magnetic field® relationship,

In Fig. 5 we plot the voltage dependenceds. One can | a;; Ay vi—ov
see that two maxima exist in this dependence; one is close to <|1 =( ) Ul_v), (15)
zero bias and another one locatece®t=A. A similar volt- 2 421 822/ \V2
age dependence of the phase coherent conductance has bedere, at finite temperatures,
|
(au alz) 2¢? xdE( af(E)) N (E) —Ro(E) + Ra(E) TAUE)=To(E) ) 16
ay ax»/ h Jo JE Ta(E)—=To(E) N, (E) —Ry(E)+Ry(E) |

Equation(15) relates the current from a normal reser- =0. The nearest neighbor hopping elementerely fixes the
voir i to the voltage differencess(—v), wherev=u/e (u  energy scaléi.e., the bandwidth whereas, determines the
is the chemical potential of the supercondugtdrihe a;;’s band filling. In what follows we choose=1. By numeri-
are linear combinations of normall§,R;) and Andreev cally solving for the scattering matrix of E¢L8), exact re-
(Ta,R,) scattering coefficients. The primes on the coeffi-sults for the dc conductance can be obtaiffeth** In the
cients refer to quasiparticles originating from the right-handzero bias, zero temperature limit, HQ.7) is greatly simpli-
reservoir, while the coefficients without primes refer to par-fied and reduces to
ticles from the left reservoir. Setting=1= —1, and solving
Eqg. (15) the two probe conductance (see Ref. 45 a 2(RaR—ToTY)

G=Tg+Tgt ————. (19
R+ R+ T+ T,
_ 8118 818 17
Ayt agtag,tay, For the structure shown in Fig. 1, with a superconductor
of length 2., and a barrier resistand®, evaluation of this

As noted in Ref. 45 in the presence of disorder, the variexpression yields results f¢G,), (Gs), and(5G) shown in
ous transmission and reflection coefficients can be computefiable 1. In each case, the normal diffusive region is 40 sites
by solving the Bogoliubov—de Gennes equation on a tightwide and 64 sites long. The superconductor is of width 20
binding lattice of sites, each labeled by an indeand pos-  sites withA,=0.1 (A,=0) in the superconductingorma)
sessing a particléhole) degree of freedon(i) [¢(i)] [(¢)  state. Results are obtained by averaging over 100 disorder
is the particle(hole) wave functiorj. In the presence of local realizations, yielding an estimated error in the mean values
s-wave pairing described by a superconducting order paranmef approximately 0.04. The first row of the table shows re-
eterA;, this takes the form sults forL,=30,R=2 and demonstrates that a negatf@

TABLE I. The numerical results for the structure shown in Fig.

Edi=ei— 2 (v st dhios)+Aigi,

S 1, for various lengths of superconductdr,f with various barrier
resistance$R). The conductances shown are the ensemble cover-
ages.

Eoi=—€git > m(@isst i)+ A Y. (18
0 Ly R (Gn) (Gs) (6G)
In what follows, in the normal diffusive region, the on- 30 2 3.70 3.40 —-0.30
site energye; is chosen to be a random number, uniformly 30 0.5 4.10 4.26 0.16
distributed over the intervady— 1 to €y+ 1, whereas in the 20 2 2.93 3.06 0.14
cleanN regionse;=¢;. In the S region, the order parameter 30 2 3.79 3.47 ~0.33

is set to a constant\;=Ag, while in all other regionsA;
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can indeed occur, and comparison with Re 0.5, shows a stronger effect (10—20 %) is observed, which decreases
that lowering the interface resistance caus&to change when a rather weak magnetic field is applied. Meanwhile in
sign. As discussed previously, this result was expected athe experiment of Ref. 17 a small increase of the resistance
though could not be proved using quasiclassical theoryAR was observedless than 1%and this effect of positive
Also, as discussed previously, whenp is decrease@e.g., to AR (negativeAG) was enhanced by applying a weak mag-
L,=20 with R=2) the table shows tha#G changes sign netic field. The results of the latter experiment are in quali-
and becomes positive. Finally, to examine the effect of aative agreement with our theoretical results. A guantitative
magnetic field, the fourth row of the table shows results withcomparison is difficult to carry out as the valuegyf which
a magnetic field applied to the normal regi@orresponding is crucial in the theory is unknown. If we accept that the
to 0.8 flux quanta through the whole structur€his demon- conductances of the S/N interfadgisere were several super-
strates that the introduction of a magnetic field causes aonducting strips on thél film) are comparable, i.eg,
negativesG to become more negative in agreement with the~1 andl,~1/2, then we obtain foBS~g,l3/3<5%. As
quasiclassical approach but in conflict with experimental evinoted in Ref. 17 the effect of positiv&R and its magnetic
dence. field dependence is very sensitive to technological treatment.
Finally we note that at a finite temperaturkgT=¢), This suggests that the magnitude of this effect is dependent
where the full integral of Eq(16) needs to be evaluated, we both on the geometry of the structure and on the fabrication
find for the structure of row 1 in the tabléG,)=3.68, method used. For the future, it would be of interest to con-
(Gg)=3.56, (6G)=—0.12, which confirms the prediction firm this experimentally by measuring the conductance of
made using the quasiclassical approach, that the onset &N structures of the type shown in Fig. 1 with different
superconductivity causes a drop in the conductance of theatios of the normal channel and S/N interface resistances.
structure, even at finite temperatures.
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APPENDIX

Using Eq.(12) we easily find the expression for the quantities in EB). We have

1
(m)=— STIF4(bl?) +Re((b?)F2)1, (A1)

whereF; is defined in Eq(3),

T Y NCE TN R R T AR A
(A2)
(b2>=%§[ll{l+%(w+l)—202W} |ZS§(%§:0)—1)], (A3)
M 03| 55 + Pre |5 oo T - || (ad)
(mb>1—(mg)1=gbli[VST_1+ %Re% %— %z (cosk( 6l)+1— Zsanlml))H (A5)

c,=cosh@,)/cosh@), s,=sinh(@,)/cosh@), 6=kL, A=|F¢?>—F2, 0'=Rd 6], 0"=Im[4].
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