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Zero bias anomaly phenomena in conductance spectra relative to superconductor/normal metal—
constriction—normal metd5,;/N;-c-N,) junctions are interpreted in terms of the proximity effect. Attention is
focused in particular on the influence of the magnetic field on the conductance in point contact junctions and
microjunctions with nonhomogeneous base electrg8gd\,). We find that the highly transmissive nature of
the N;-c-N, interface is fundamental in determining the weak dependence of zero bias conductance on the
applied magnetic field. The predictions of our model are compared with experimental data on Nb based
junctions by Xionget al. [Phys. Rev. Lett71, 1907 (1993], supplying helpful information on the actual
morphology of the structures.

[. INTRODUCTION ence of an external magnetic field. In this regard the configu-
ration of a spatially nonhomogeneous base electrode gives

Normal metal(N) [semiconductofSm)]—superconductor the possibility to point out interesting aspects of proximity
(S) heterostructures are the objects of an active interest foeffects. Following some experimental evidefi¢éa nonho-
two main reasons. First, they are a powerful probe to invesmogeneous electrode may be modeled in several cases as an
tigate the nature of superconductivity in the material em-S;/N, bilayer, where the two slabS,; and N, are weakly
ployed in the junction, including highi, (HTCS),! heavy coupled. The configuration we will discuss is, therefore, of
fermions (HF),” and organic superconductctsMoreover, the type S;/N;-c-N,, wherec stands for the constriction
they represent an important step toward the realization obetween the two sides of the junction.
several electronic devices, ranging from mesosc&Bm Our model based on proximity effect reliably restores
three terminal devicédo some types of interferometetés  some experimental phenomenoldg§°of a zero bias peak
pointed out by several theorifs’ the nature of the interface usually reported as a zero bias anomé&BBA), which is
between theN andS layers in the junction and the level of among the most significative deviations from the classical
the disorder in theN layer plays a primary role in the defi- results of Bonder, Tinkham, and Klapwijk(BTK) and
nition of transport phenomena, laying some basic physics ifrnold.!® Furthermore we find that the zero bias anomaly is
the interplay of Andree\ reflections and quantum coherent almost insensitive to the magnetic field. Conversely the
impurity scattering. However, some problems relative to theoump which corresponds to the gap value of $helectrode
interpretation of the observed phenomenolédy'?such as  (eV=Agp) significantly depends on the magnetic field. Ac-
the dependences of conductance on voltafetemperature cording to the model, the physical origin of ZBA can be
(T), and magnetic fieldH), are open. Among the others, a related to the base electrode and more precisely to the
basic issue, presently debated, is the appearance of a zeseakly coupled nature of the interface betwé&randN; of
centered conductance peak and its dependence on magnetie bilayer (transmission probabilitye<<1). On the other
field and temperature. hand, Andreev reflection processes at the methljieN, in-

In the present work we consider within certain approxi-terface(between the needle and the normal part of the base
mations the occurrence of proximity effettand their influ-  electrodé seem to be crucial in determining the weak depen-
ence on the conductance spectra in point corfa€t) and dence of the conductance on the magnetic field. This has
high transmittance microjunction spectroscopy in the presbeen experimentally observed for various types of junctions.
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Il. MODEL: BASIC CONCEPTS AND MAIN FORMALISM Based on the technique of the exact Green function,
Arnold® found a general expression of the current in a PCJ,
which in the case of5;-c-N, configuration reduces to the

following:
We first briefly report on the conductance behavior

in the simple superconductor—constriction—normal metal %

(S;-c-N,) configuration and in the more complicated case of (V,T)= f dE[Gop(E,T) +Gsd E, ) {f(E—eV,T)
S;/N;-c-N,, where the nonhomogeneous base electrode is 0

represented by th8,/N; bilayer. Afterwards we discuss the —f(E+eV,T)}, )
solution of the model equations as an external magnetic field

is applied to the structure. where

A. Point contact junctions: Nonhomogeneous base
electrode

[(1+2Z%)ReA(E,T)}+ 2(1+]|A(E,T)|?—|B(E,T)|?)]

GodE,T)= P % ID(E,T)|? ’
|B(E,T)|?
GSU[{E!T) 2 |D(E T)|2

The explicit forms of the function®\(E,T), B(E,T), and characteristic of the “bulk” materials, and on two parameters

D(E,T) are I'y.s, Characteristic of the whole assembfy:
A(E,T)= [El iTnsAsn(E,T)
’ . N, SN ’
iVAge(E, T)?—E2 Ays(ET) =] AT+ e
|A | for |E|$Re{ABE(E1T)}= E _AS’N(EvT)
BE
BE D= Ao ET e iTy s -
BEL = x| 1+ —EZ—AZV =T 2
v SN '
A(E,T)= B
' \/EZ—ABE(E,T)2 The indicesN andS refer to the side of the bilayer facing the
Auc(E T ET for [E|>Re{Age(E,T)}, counterelectrode, respectively. For the configuration
BE( ’ )Sgr( ’ ) . . .
B(E,T)= > > Si/N4-c-N,, we are mainly interested in the case
VE“—Age(E,T) Ape(E.T)=A\(ET). In particular, Iyp=hveyesal

R _ 2 R (2mBdy s), Where « is the transmission probability coeffi-
DA(E.T)=(1+225+ANET), cient at theS/N interface,B is basically a constant value,
respectively, wheré\ge(E, T) is the order parameter of the gy s indicate the Fermi velocities iN andS, anddy, s are
base electrode. The paramefetakes into account the resis- the respectlve thicknesses of the normal and superconductmg
tance at the interface between the needle and the batayers®® As is well known, the model is valid in the weak
electrode1® coupling regimga<1) and the conditiongy s>dy s have to

GoeE,T) represents the usual quasiparticle currentoe fulfilled*"*®whereg, andés are the coherence lengths
through the junctionsG4,{E, T) contributes also to voltages in N and S, respectively, and can depend in generalton
below the gap value o8. (Ref. 19.

The expression of the currefEqg. (1)] is obtained under
the assumptions that the barrier is ideal and structureless and
the entire voltage drop occurs across the barrier. Furthermore
quasiparticles in the electrodes distribute according to the The effect of a magnetic field, applied parallel to the junc-
equilibrium distribution function in each electrotfe. tion, on the quasi-particle current has been widely considered

In the simplest case we can depict the nonhomogeneous the literature'®=22 In the S;/N;-c-N, configuration, the
base electrode as formed by two spatially homogeneous rexternal magnetic field can basically influence the order pa-
gions, which are weakly coupled. As a consequehexhib-  rameter of the bilayét??> and the Andreev reflection
its a steplike shape. According to such a scheme, we use teechanisms® At an S/N interface, characterized by a low
order parameter expression of the McMillan tunneling prox-barrier transmittance, the Andreev reflection probability is
imity model" for Ag=(E, T) in the formalism previously pre- sensitively affected even at low magnetic fields of the
sented, through\(E,T) andB(E,T). order ofH* =®y(v o) YH[2m &y (A)],2° where is the London

In the McMillan theory, the order parameters in the bi- penetration depth®, the magnetic flux quantum, ang, a
layer basically depend on the order paramemﬂgs(T), characteristic voltage determining the width of the conduc-

B. Point contact and microjunctions in a magnetic field
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tance peak at zero bias. In the case of a highly transmissive 2.0 : S
S/N interface, the Andreev reflection probability is not sub- I o
stantially affected byH (Ref. 19. Within such a framework,

Volkov, Zaitsev, and Klapwijk(VZK) (Ref. 19 studied the 1.8
magnetic dependence of the conductance ddBirN’ struc- 7
ture in the limit in whichSNandNN' interfaces are weakly
coupled (a<1). Their model properly predicts the strong
magnetic dependence of the zero bias conductarnaé
=0,H) for S-semiconductofSm) junctions!* On the other
hand, measurements on structures based on highly transmis-
sive interfaces give different results such&¥®=0H) al-

most independent dfl (Ref. 12.

Therefore, some questions are still open and it seems in-
teresting to consider other aspects of the problem, which are
more closely related to the actual nature of the junction. In
particular, it might be of interest to consider the metallic
regime of a point contact or microjunctidd~0) using our
approach. As a matter of a fact, in such a system, corrections 0.0 0.5 1.0 1.5 2.0
to Andreev reflection probability at the metallic interface E/Asph(0)

N;N,, due to the magnetic field, are negligible. It is therefore

necessary to take into account the effect of the magnetic field Fig. 1. Conductance vs normalized enefgyergies are divided
on the order parametersy, andAs of the base electrode. py AR"(0)] calculated according to the proposed model for the set of
These give complete information about the weakly coupledarametersI'y=0.1 meV andI's=0.05 meV (crossep I'y=0.1
S/N; bilayer (A, <Ag) and its interface. The magnetic meV andl's=0.01 meV(circles, I'y=0.1 meV and’s=0.001 meV
behavior of the conductanesH) will finally depend on the ~ (fiangles, Iy=0.01 meV and’s=0.0001 meV(squarek respec-
modified value of Ay (H) basically related toAs (H), tively, with A510)=1.0 meV,Ay(0)=0 meV, T=0.5 K, andZ=0.

1.6

E/AsPh(0)

Normalized Conductance

. The presence of a zero centered structure, along with a bump in
through the McMillan model. _ correspondence to the gap valueSokayer of the bilayelS/N, can
In order to determiné s (H)andAy (H), we first guess  pe noticed.

a magnetic dependence of the order parameter in the bulk
materialsS and N [Agh(H) and AR'h(H)’ respectivgl}' and parameters:I'y=0.1 meV andI's=0.05 meV (crosses

then solve_ self-con5|s_tently the_ co_upled equa’uc_ms. AfterTN:Q1 meV and’s=0.01 meV(circles, [y=0.1 meV and
wards we introduce this expression in Et) to obtain con- <=0.001 meV(triangles, I'y=0.01 meV andl's=0.0001
ductance spectra as a functionteéf As far as the magnetic . . phy A _

dependence oAPY is concerned, it can be approximated meV (squarek respectively, - with AS(O)_.l'O mev,

; SN i T ¥ Phio)= =0. =0. Through this choice of
according to general theories in tunnel junctioh&in anal- AN(0)=0 meV, T 0_5 KZ anc_jZ 0. T 9 o
ogy to the case of dilute magnetic alloys in a proximity the parameter;, a situation, in which effects due to proximity
systen?® and on the basis of the main concepts of depairing?"® relevant, is reaphed: _the presence of a zero centered
mechanisms. In the case of a normal metal we havétructure can be noticed differently from BTK and from Ar-
Aﬁ,h(O)zo, whiIeAgh vs H is given by the expression nold’s results. The bump in correspondence to the gap value

of S obviously becomes sharper by increasing the thickness

AR(H,E, T)=ARYOE,T)[1— (H/H)?]*?, (3)  of the superconducting layels (with dy a constant More-

. . - over, a reduction of a factor 10 of the barrier transparency at
whereH_. is the critical magnetic field of the superconductor. the S./N. interface of the base electrode determines a de-
Such classic dependence &fon H is strictly valid in the 1L .
case of a rati@/\ of the thicknessl of the superconductor to crease of_the zero centereq structure and a I.O wering of the
penetration depth close to O(Ref. 23. Our results on ZBA, bump_ at finite voltagé,as eyldept from curve;s indicated by
as we discuss further on, are not sensitively affected by '€ triangles and squares in Fig. 1, respectively. dor-0
different choice of the magnetic dependenc®or by other ~ the BTK limit is obviously restored. e
values of the ratiad/x. Differences due to type-l or type-ll As far' as the zero bias conduqtan(;e is concerned, .S|gn|f|-
superconductivity are neglected as a first approximation. cant deviations from BTK appear in Fig. 2, where/=0) is

reported as a function of/ T, for various proximity param-
IIl. CONDUCTANCE SPECTRA: DEPENDENCE ON eters[BTK (triangles: I'y=1 meV, I's=1 meV (circles;
PROXIMITY PARAMETERS AND MAGNETIC FIELD 'y=0.1 meV,I's=1 meV (squarej I'y=0.05 meV,I's=1
meV (crossel I'y=0.01 meV,I's=1 meV (starg, respec-
The conductance was computed according to the modeively] and is compared with relevant experimental results
presented in the previous section as a function of the prox¢full circles) from high transmission microjunctions from
imity parameters and magnetic fieit] at different tempera-  Xiong et al}? From this study we deduce that an increase in
tures. We first review the dependence of the conductancihe thickness of the normal layer causes a severe reduction of
o(V) on proximity parameters. In Fig. 1 conductanges  the zero bias conductance. It is worth noticing that experi-
reported as a function of normalized energnergies are mental data fall in a regime where effects due to proximity
divided byAgh(O)] for the following values of the proximity are relevan{see below.
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FIG. 2. Zero bias conductane&V=0) vs reduced temperature

TI/T. at Z=0, for the following proximity parameters: BTKtri-
angles: I'y=1 meV, I's=1 meV (circles; I'y=0.1 meV, 's=1
meV (squares I'y=0.05 meV,['s=1 meV (crosses I'y=0.01

meV, 's=1 meV (starg, respectively. Increasing the effect of prox-
imity, i.e., reducingl’y, produces remarkable differences from
BTK. Experimental results from Ref. 12 are reported by full circles.

In Fig. 3 conductance vs normalized enefgpergies are

divided by ARY0)]

S;/Nj—constriction(c)—N, is reported in the metallic regime

of

a

junction

of

the

type

(Zz=0) at different values of the magnetic field (H=0

squaresH=0.2 H diamonds,H=0.4 H crosses, respec-

tively) for the proximity parameterEy=0.1 meV,I's=0.01

meV (dg~10 dy; dy is of the order of one thousand ang-

stroms for a typical transmission probabilit¢z=0.1), being
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FIG. 3. Conductance vs normalized enefggergies are divided

0.5

1.0

E/Aspn(0)

1.5

by Agh(O)] of a junction of the typeS;/N;—constriction(c)—N, in

the metallic regime(Z=0) is reported at different values of the

magnetic fieldH: H=0 (squares H=0.2 H. (diamond$, H=0.4
Hc (crossey respectively, for the proximity parametefy=0.1
meV,'s=0.01 meV aff =0.5 K. In the inset is shown the behavior Point contact and microjunctions involving/N interfaces.

of the bump of the conductance at finite voltage for the same valueBy using our model we will give an interpretation of some

of the magnetic field.
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FIG. 4. Conductance vs normalized enefggergies are divided
by ARY(0)] of a junction of the typeS,/N;—constriction(c)—N, in a
metallic regime(Z=0.5) is reported at different values of the mag-
netic fieldH: H=0 (squares H=0.2 H (diamond$, H=0.4 H¢
(crossey respectively, for the proximity parametdrg=0.1 meV,
I's=0.01 meV aff =0.5 K. In the inset is shown the behavior of the
bump of the conductance at finite voltage for the same values of the
magnetic field.

T=0.5 K. Zero bias conductance is almost insensitive to the
magnetic field. In the metallic regime, this behavior has been
verified in a wide range of proximity parameters up to the
opposite casedy~20dg(I'y=0.05 meV, I's=1.0 meV,
which for the samex value impliesdy of the order of the
micron. Such behavior has been also obtained for higher val-
ues of the magnetic field. Moreover, the bump at finite volt-
age is significantly affected by the magnetic field only for
dy<ds. This is in agreement with the fact that, when
d\>dg, the conductance structures relative to the supercon-
ducting properties o are too weak to be significantly de-
pendent onH. As shown in Fig. 4, similar results are ob-
tained also for less transmissive interfa¢gs=0.5), where

the other parameters used in the computation have the same
values used in the computation of Fig. 3.

IV. COMPARISON WITH EXPERIMENTAL DATA

In conductance measurements on several different junc-
tions employingS/N interfaces, there is clear evidence of
ZBA and of various structures related to the gap of the su-
perconductolS. In contrast to the case of S&interfaces,
the zero bias conductance does not shown significant varia-
tions by applying a magnetic fiel(Refs. 1, 3, and 12in

experimental results>*2
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Structures employing traditional superconductors as
electrodes: Nb-Ag(Al) microjunctions

Nb-Ag(Al) microjunctions are formed near the edge of an
Nb film.*? Two different types of structures were realized: in
some structures the AGAl) counterelectrode was directly
deposited on the edge and on the top of the Nb film, while in
others, the topside of Nb was protected by a layer of®ib substrate
before the counterelectrode deposition. Depending on this
step of the fabrication process, two different behaviors were
observed. In particular, in the case of Nb covered by a thick
oxide layer, BTK-like conductance was observed, in contrast
to the case of bare Nb. In the latter type of junction conduc-
tance spectra exhibit significant deviations from the classical
BTK behavior that could be explained by our model. In par-
ticular ZBA, basically independent of the magnetic field,

were observed, along with a dependence of the Nb gap W//////////////////////////////A
structuré? on magnetic field. A possible interpretation of ex- Ag l Nb

perimental data in terms of our approach needs reasonable

arguments to depict the edge Nb-Ag microjunction as a substrate b
S/N-c-N' structure.

As a matter of fact, such a configuration can occur when
considering the overlap region and the possibility that super-
conductivity is weakly induced in A§\) by proximity effect Nb,Os
due to the presence of K®). Moreover, as revealed by
BTK-like spectra of the junctions employing a thick oxide Ag where superconductivity
layer, the edge geometry, with a width of the Ag lead much has been induced by proximity effect
shorter than the total contact widthis such as to determine
a constriction whereN’ is represented by the normal Ag  FIG. 5. Scheme of a Ag-Nb microjunction witho& and with
lead. The whole structure is reported in Figa)s We there- ~ (0) @ thick NBOs top layer, respectively. Part of Ag is weakly
fore suggest the idea that subgap currents strongly depend §Hperconducting because_ of the pr(_mmlty effect. In the former case
the layout of the electrodes. This was also proposed by Helé»a) electrons can move diffusively in the Ag superconducting part
king and NazaroVin a different picture. anng_the top side, dlffgrent_ly from the _Iattém). As reyealed by

In this context, the transition from BTK-like behavior to BTK-like spectra of the junctions employing a thick oxide layer, the

the ZBA regime can be qualitatively explained as foIIOWS'edge geometry, with a width of the Ag lead much shorter than the
without direct top contact between Nb and Asee Fig “total contact width, is such as to determine a constriction wNére
. LB " is represented by the normal Ag lead.
5(b)], the region of Ag, where superconductivity is mduced,I P y g
is too small to determine evident deviations from BTK. In

where theN andS slabs are strongly coupled ahdis char-
the other case the normal region of Ag, which is supercon gy b

ducting b f . f _ h wid acterized by relevant scattering. This confirms that the Mc-
buctmg efcaﬁse of proximity effedf\gs) 'Sh muc V\(’j'.f?r . Millan approach can be a reasonable approximation to de-
ecause of the top contact. We expect that in a diffusiVeine nroximity effect in the investigated problem in a

regimé? electrong in average probe a I_onggr region ogAg diffusive regime. Spatial dependencefdin each side of the
and the effect of induced superconductivity in Ag espemallyb”ayer could also be taken into accodht.

on the subgap current is the more relevant the lorjeis
(whered’ is the width of the Ag overlap on the Nb top
surface and its value is of the order of magnitude of a few
microns, regime of the typ&y=0.05 meV,I's=1.0 me\j. As far as some measurements on unconventional super-
This is confirmed byr(V=0) vs T/ T (Fig. 2, where effects conductors are concerned, it is by far beyond the aims of the
due to the strong depression Sfproperties(I'y<I's and  present work to enter into the debate of the nature of super-
therefored,,>ds) should be related, in our framework, to the conductivity in such materiaf®. We simply observe that a
experimental parametets >d,,. We also predict that cur- particular spatial dependence &f due mainly to proximity
rent paths, which do not pass through the Ag overlap regiorgffect, allows to explain some conductance anomalies with-
give a significant contribution to conductance at voltages obut invoking unconventional superconductivity mechanisms.
the order of the Nb gap. This results in a relevant magnetic For instance it has been experimentally observed in point
dependence of the Nb gap structure. contact spectroscopy on HTCS and organic superconductors
The idea of proximity effects developed in this paper doed a;-(BEDT-TTF),l 5] that ZBA is insensitive to the magnetic
not exclude the arguments of Ref. 12, based on phase cohdreld H, while the structure, conventionally related to the
ence and Andreev reflection in disordered mesoscopic juncsuperconducting gap, is strongly affected Hy'=>?" The
tions. As a matter of fact they contain concepts that could benagnetic field will move the peak in correspondence to the
linked together in a more general approach. gap structure towards lower voltages, until this last merges
Finally it has to be noticed that Arnditiretrieved the completely in the zero centered conductance peak. Such be-
McMillan order parameter expression even iNgS bilayer,  haviors are in agreement with the predictions of our model. It

Junctions employing unconventional superconductors



53 MAGNETIC-FIELD DEPENDENCE OF CONDUCTANCEN.. .. 11775

has to be noticed that spin flip and Kondo type scattéfing morphology of the interface and the phenomenology of prox-
have been neglected in the present investigation. Therefoiieity effect play to determine conductivity in the various
no comparisons can be carried out with data from junctionsnvestigated structures.

with barriers, which favor such processes.
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