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The point-contact spectrum between a normal metal and a superconductor often shows unexpected sharp
dips in the conductance at voltage values larger than the superconducting energy gap. These dips are not
predicted in the Blonder-Tinkham-KlapwijkBTK) theory, commonly used to analyze these contacts. We
present here a systematic study of these dips in a variety of contacts between different combinations of a
superconductor and a normal metal. From the correlation between the characteristics of these dips with the
contact area, we conclude that such dips are caused by the contact not being in the ballistic limit. An analysis
of the possible errors introduced while analyzing such a spectrum with the standard BTK model is also
presented.
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Andreev reflection is a process by which an electron intwo electrodes, originating from both the oxide barrier at the
cident from a normal metal on a normal metal/ interface as well as from the Fermi wave vector mismatch
superconductor interface with energy less than the supercoibetween the normal metal and the superconductor. This po-
ducting energy gapA) gets converted into a Cooper pair in tential barrier, modeled within the BTK formalism asda
the superconductor, leaving a hole in the opposite spin banfilinction barrier of the formV(x)=V,8(x) at the interface,
of the metal. Measurement of Andreev reflections using aauses a suppression of the enhanceme6i(M) below the
point contact between a normal metal and a superconductgap value, and two symmetric peaks ab®ut 0 appear in
has long been used as a probe for conventional and uncothe PCAR spectrum. An experimental spectrum is normally
ventional superconductots! In these kind of measure- fitted with the BTK model using the strength of the potential
ments, a fine tip made up of a normal me®lperconductgr  barrier (expressed in terms of the dimensionless quarzity
is brought into mechanical contact with a superconductore=V,/Av g, wherevg is the Fermi velocity in the supercon-
(normal metal and the differential conductanceG( ducton and A as fitting parameters. According to the BTK
=dl/dV) versus voltage @-V) characteristic of the micro- theory, for large values of this scattering barrigr{«), the
contact is analyzed to obtain useful information regardingposition of the two peaks in the conductance gives the gap
the superconductor, such as the value of the superconductinglue of the superconductor. For intermediate value&,of
energy gap, symmetry of the order parameter, etc. Recentlyhese peaks occur at energies slightly belbwwhen a fer-
it has been shown that this technique can also be used tomagnetic metal is used as the normal metal electrode, all
obtain information on the spin polarization of a the Andreev reflected holes cannot propagate in the normal
ferromagnét® by measuring theG-V characteristic of a metal due to the difference between spin-up and spin-down
ferromagnet-wave superconductor point contact. The point-densities of states at the Fermi level. This causes a suppres-
contact Andreev reflectioPCAR) technique has been put to sion of the differential conductance for<A/e. In this case,
effective use to explore unusual superconductors such ahe spectrum can be fitted with a modified BTK motfeft*
MgB, and superconducting borocarbiddseavy fermioné;®>  where the transport spin polarization of the ferromagnet
as well as to measure the spin polarization in half-metallid P;=(N;vg; —Njvg )/(Njvg;+Njvg )] is used as a fitting
ferromagnets like Cr@(Ref. 10 and Lg St ;MnO5. 1 parameter in addition t@ andA. In either case, no structure,

The PCARG-V spectrum between a normal metal and anapart from a smooth decay of the conductance to its normal
s-wave superconductor is usually analyzed in the frameworlstate value, should appear in the spectrum above the super-
of the Blonder-Tinkham-Klapwijk (BTK) theory, which as- conducting energy gap.
sumes that an electron does not undergo any inelastic scat- In practice, the measured PCAB-V spectrum often
tering within a spherical volume of the diametee.,a) ofa  shows sharp dips in conductarfet,®1>~**which cannot be
given point contact. This can be achieved when the contact isasily accounted for within the ambit of the BTK formalism.
in the ballistic limit, i.e., when the diametéa) of the point  These dips often appear at energies larger than the supercon-
contact is smaller than the electronic mean free gatimn the  ducting energy gap and have been observed in a wide variety
solid. The BTK theory predicts that, for a clean contact be-of combinations between normal metals and low- and high-
tween a normal metal and amwave superconductor, the T, superconductors, such as Nb/Eu, Nb/Pt!°
conductance for voltages below the superconducting gapt-Ir/Bi,Sr,CaCyOg. 5,2 and Au-MgB,,'® as well as in
(V<Ale) is enhanced by a factor of 2 over that in the nor-combinations of normal metal tips and heavy fermion
mal state {/>A/e) due to Andreev reflection. For a real superconductor$®8For a contact made with a conventional
contact, a potential barrier almost always exists between thewave superconductor, the superconducting proximity
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In the current work, we present a systematic study of the
above stated dip structures in point contacts made up of con
ventional superconductors and ferromagnetic and nonferro
magnetic normal metals. The point contacts were made by
pressing the tip on the sample using a 100 threads per incl -1
differential screw arrangement in a liquid He cryostat in =

. . e 1.
which the temperature and the magnetic field could be cong
veniently varied and controlled. For point contacts on super- 12
conducting samples, a mechanically cut Pt-Ir wire was usec g4 06
as the normal tip. For the normal samples the PCAR spectr: 3 4 290 3 3 6 YYo= 3 3
were measured by making contacts either with electrochemi:
cally etched Nb tips or with mechanically cut Ta tips. A 13{(€)V,Si/PtIr  T=3.6K
four-probe modulation technique operating at 362 Hz was H=0
used to directly measure the differential resistanég (
~dV/dl) versusV characteristics, from which the differen-
tial conductancéG) was calculated, e.gG=1/Ry.

In Figs. I@—-1(d), we show some typical point-contact
spectra between Nb/Ta tips and Au, /AyFe,, and Fe foils.
Figures 1e) and 1f) show the spectra of a superconducting -5 -0 -5 0 5 10 15 -15-1.0-0.5 00 05 1.0 1.5
V;Si single crystal and a polycrystalline,FdGe sample?° V(mv) v(mV)
respectively, taken with a Pt-Ir tip. All the spectra exhibit - )
sharp dips at voltage values above the superconducting en- FIG. 1 Co_nductance versus voltage characteristics of point con-
ergy gapsias marked by arrowsThe dips are qualitatively tacts using d'ﬁerem S”perconducm.rs and r.lormal metalsAu

2% I . . foil/Nb tip at different temperatures in zero fielth) Aug o5 Fey o5
similar in all these spectra. The dips disappear close to th%il/Nb tio in diff N . (
. - p in different magnetic fields at 2.43 Kg) Fe foil/Nb tip
superconducting transitiof, or H., of the superconductor.

. C ; at different temperatures in zero fiel@) Au foil/Ta tip; (e) V3Si
The observation of sharp dips in Nb/Fsee Fig. 1c)], where single crystal/Pt-Ir tip{f) Y,PdGe polycrystalline sample/Pt-Ir tip.

Fe acts as a strong pair breaker, rules out the possibility qf; () 5 zero-bias enhancement of the order of 5 is observed. Sharp
the superconducting proximity effé€tplaying a significant  gips in conductance are observed for all spegtrarked by arrows

role in the origin of these dips. Also, the observation of thet yoltage values larger than the corresponding superconducting en-
dips in single-crystalline ¥Si sample rules out the the pos- ergy gaps. All curves shown if8)—(c) except the bottom curve in
sibility of intergrain Josephson tunneliigbeing a primary  each case are shifted upward for clarity.

cause of these dips.

To investigate whether these dips are caused by the poits the point-contact diameter is reduced, these dips gradu-
contact not being in the pure ballistic limit, we studied theally disappear, and the spectra tend toward the spectra pre-
G-V spectra of a Ta/Au and an Fe/Nb point contact by sucdicted by BTK theory*
cessively reducing the diameter of the point contact. To ob- To comprehend the gradual emergence of the dips with
tain a series of successive spectra the superconducting tipcreasing point-contact diameter, we note that a point con-
was initially pressed on to a Au/Fe foil, giving a low- tact between the two metals can be categorized into three
resistance, large-area contact. The tip was then graduallyroad regime$22 depending on the siza. In the ballistic
withdrawn in small steps so as to reduce the contact aresegime, wherd>a, an electron can accelerate freely within
(i.e., increasing contact resistapedthout breaking the con- a lengtha from the point contact, with no heat generated in
tact, and the spectra were recorded for each successive cahe contact region. For two normal metéts a metal and a
tact. Figures @) and 2b) show the spectra obtained in this superconductor at voltag&s>A/e) the contact resistance in
way for Ta/Au and Fe/Nb point contacts, respectively. Forthis limit is given by the Sharvin resistanceRg
clarity, we have plotted hergy versusV instead of thez-V =2(h/e?)/(akg)?. In the opposite scenario, whérea, the
plots. Although the softness of Au allowed a better control ofpotential varies smoothly over a radia®f the point contact
the point-contact diameter in the Au/Ta contact, a generatlue to the inelastic scattering. In this case, power gets dissi-
trend is easily discernible in the two sets of spectra. Fopated in the contact region, thereby increasing the effective
low-resistance, large-area contacts the two symmetric dips itemperature of the point contact. The contact resistance in
the conductancéppearing as peaks Ry) appear at voltage such a circumstance is governed by the Maxwell resistance
values larger than the corresponding superconducting enerdi, = p(Ter)/2a, wherep(T) is the bulk resistivity and o is
gapsli.e., 0.45 meV for Fig. @) and 1.5 meV for Fig. @)].  the effective temperature of the point contact. The heat dis-
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3.0 (@AUTa, T=2.5KH=07_9 505 1-0.44 contact resistance is determined by the bulk resistivi';y of the
' /‘K two electrodes. At low current values through the point con-
24/ 26,4=0.53 tact, the resistivity of the superconductor is zero. The contact
. resistance will therefore have a contribution frétg and a
%1_3. small contribution fronRy, coming from the finite resistivity
« of the normal electrode. However, as the transmitted current
1.24 through the point contact reaches the limiting critical current
value () of the superconductor, the resistivity of the super-
0.84 conductor rapidly increases to its normal state value. There-
fore, as the current reachks one would expect a sharp rise
14 in the voltage across the junction, and consequently a dip in
the differential conductancex=dl1/dV). As the differential
screw making the point contact is gradually withdrawn, the
_ 12 contribution ofRy, to the point-contact resistance decreases
g and the contribution of the Andreev current increases. Since
= 10l theRy, /R ratio decreases with decreasithe dips become
T smaller and the spectrum takes the shape in conformity with
1.3 '*"’\»\ BTK theory. To illustrate this point further, we have simu-
121 18R o | lated the differential resistance versus voltage characteristics
0.28 a g
1. 1_15 10 5 5 10 15 of the point contact, assuming that above the critical current
V(mv) of the superconducting tip, the voltage across the point con-

tact consists of both the Sharvin contributioxf of the

FIG. 2. Evolution of PCAR spectra fofa) Au/Ta (b) Fe/Nb ~ normal-normal contact and the Maxwell contributiovi/)
point contact with normal state contact resistaR¢V>A/e) of  arising from the finite resistivity of the superconductéy.is
the contactsolid circles. Solid lines in the two topmost curves in calculated from the BTK modégkolid line in Fig. 3a)]. For
panels(a) and(b) are BTK fits with fitting parameters as shown in V> A/e, where Andreev reflection is suppressed, this gives
the figure. The appearance of two peaks at voltage values highghe voltage contribution arising from the Sharvin resistance
than A/e for Ry(V>A/e)=1.3Q in (b) is shown with arrows.  of the normal-normal conta¢tFor the superconductor above
Some curves have been omitted for clarity. the critical current, a typical-V curve such as the one

shown with a dashed line in Fig.(&® is assumed. At high

sipated in the point contact in this regime is primarily carriedbias where the superconductor is in the normal state, this
by the conduction electrons. When the Wideman-Franz lawoltage \,) is proportional toRy, of the normal-normal
holds it can be shown that the effective temperature is relatedontact. Since for a given current the voltage drop across the
to the applied voltage through the relati'oTﬁﬁ=T2+V2/4L, point contact is given b=V, +V, thel-V characteristic
wherelL is the Lorentz number When the situation does not of a contact with a particulaRy, /R ratio is simulated by
conform to one of these two extreme regimes, the contacicaling the dashed curve with respect to the solid curve such
resistance is given bR=Rs+I'(I/a)Ry, wherel'(l/a) is a  that at the highest bias curre¥, /Vs=Ry, /Rs.?* The dif-
slowly varying function of the order of unity. SincB,  ferential resistance versus voltage for different values of
~(1/a)? whereaRy, ~ (1/a), the Sharvin contribution to the Ry /Rs at V>A/e calculated by differentiating thé-V
resistance will increase more rapidly than the Maxwell con-curves generated in this way is shown with open circles in
tribution with decreasing contact area, and for very smallFig. 3@&). Although the assumelV curve of the supercon-
area it will go toward the pure ballistic limit. In between ductor is empirical, the trends in Fig(é3 conforms to the
these two regimes there also exists a diffusive regime, foexperimental data: With increasing contribution fréty (i)
which the contact diameter is smaller than the inelastic scatwo pronounced peaks appearRy at V>A/e [marked by
tering length, but is larger than the elastic mean free path. larrows in Fig. 8a)] and(ii) there is an increase in the relative
this case, no significant heating occurs at the contact, but thenhancement in the zero-bias conductance compared to its
Andreev reflection is suppressed as compared to that in theigh-bias value. It is interesting to note that if a contact is
ballistic casé>*3A point of caution here is that the relation- made between a good normal metal and a superconductor
ship for Ry, strictly holds only for contacts between similar with very large normal state resistivitywhere the contact is
metals. For dissimilar metals, an effectig€T) ought to be likely to be in the thermal regime due to the short mean free
substituted, which could be a weighted average ofdfiE) path in the superconductor and becalRg/Rs>1), a
of the two metals. several-fold enhancement in tl&V=0) value compared to

Within the above scenario, it is now possible to accountG(V>A/e) is expected, arising from the critical current
for the gradual surfacing of the dips with the increase in thealone. Such a behavior is evident in Figf)1where a five-
resistance value of the point contact. In the data offold enhancement is present in a contact made between an
superconductor—normal metal contacts as shown in Figs/,PdGe polycrystalline sampléwith normal state resistiv-
2(a) and Zb) the tip is initially pressed on the sample to ity ~400 u{)cm) and a Pt-Ir tip. A similar explanation such
generate a low-resistance—large-area contact. These contaats the one outlined here for the occurrence of dips in the
are expected to be in the thermal regime, where the poinPCAR spectra in amorphous (MgRUy 45 0.sPo 2 Was pro-
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3 pends on the contact diameter as well as on the densities of
5 states and Fermi velocities in the two metals. A general prac-
tice when analyzing a point-contact spectrum comprised of
-1 dips is to fit it with the BTK model while ignoring these dips,
using A and Z as the fitting parameters, and determine the
proportionality factor by normalizing the calculated-V
-1 curve to the experimental value of conductance at a high bias
) value. The result of such fits for the two uppermost Ta/Au
point-contact spectra in Fig.(® is shown with solid lines.
4.8 - T-2.588K -3 This analysis ignores the fact that at high bias the measured
ARt K 040a-074 Ry(V>A/e) values for these spectra contain contributions
; from bothRg andR), whereas the spectra calculated from the
BTK model will have a contribution only fronRs. A quan-
titative estimate of the contribution froRy, is difficult with-
| out a detailed knowledge of thieV characteristic of the
;j:%&%:m superconductor above the critical current. To get a qualitative
/ understanding of the error involved in this kind of fits, we
W tried to fit the calculated curves in Fig(eB (generated by
8 -6 -4 -év(gv)é 4 6 8 adding a finite contribution fronRy) with BTK model
0.75 alone, ignoring the contribution of the finite resistivity of the
© superconductor above [see Fig. &)]. Although with suit-
able choice ofZ and A the curves can be fitted for bias
voltages below and above the dips, the valueA afe over-
estimated. Figure (8) shows how this error increases with
increasingRy, /Rq ratio in the spectrum. Although this pro-
S M T T T AT _cedgrg may mtrodu_ce a small error when the dlps_are small,
R,/R, it will introduce a significant error il when the dips are
large. Similarly, for a contact between a ferromagnet and a
FIG. 3. Current versus voltage characteristics of asuperconductoP, is underestimated as the contribution from
superconductor/normal metal point contact generated theoreticallR,, increases. This trend can be seen in the fits shown in Fig.
adding the effect of critical current over the BTK mod&) The  2(p).
solid and dashed lines are the/ characteristics obtained fromthe  As a consistency check of the proposed explanation
BTK model (with Z=0.5 andA=0.56 meV) and the typical-V  of the dips, we can also try to estimate the critical current
characteristic assumed for the superconductor, respectivBlyvs density (J.) of the superconductor from the observed dips.

M curves(qpen circley for different Ry to RS_ ratios are shown in When the contribution oRy, in the spectra is small the nor-
the same figure. Two sharp peaks symmetric abou0 (shown by mal state differential resistance iRy(VsAle)~R,

arrows in the Ry vs V spectra arise and become sharper with in- =2(h/ez)/(ak,:)2. For Au?® ke~ 1.21x 10 em-L. This

creasingRy /Rs. (b) BTK fits of the curves generated i@ ne- . .
glecting the contribution of the critical current. Solid lines show the gives the contact diameter~120 A for the Au-Ta contact

fits and open circles are generat®j versusV with different with Rd(V>A/e):2_'8Q' A rough estimate of_the critical .
Rw /R ratios. A vertical shift has been given to all curves exceptCUTTeNt can be obtained from the voltage at which the experi-

the bottom one for clarity(c) Variation of A obtained by fiting the ~Mental curve deviates from the BTK best fit. Comparing this
curves generated ifa) with the BTK model. voltage with the corresponding current in th&/ curve, ob-
tained by integrating th&-V curve, we get a critical current
posed by Hassleret al?® However, their explanation was Of 0.41 mA. This givesl;~3.6x10° A/cm® a reasonable
based on the formation of a single vortex in the type Il su-number considering the approximations involved.
perconductor when the current reaches a critical value. We It should be noted that in the preceding analysis we have
have shown that the origin of the dips is more generalfeglected the effect of contact heating on the critical current
namely, they occur for both type (ITa) and type Il (Nb) of the superconductor. Since contact heating primarily hap-
superconductor when the current reachgsand not neces- Pens due to the contribution from Maxwell resistance, this
sarily associated with the formation of a vortex at the pointassumption is justified for low area contacts whefg/Rs is
contact. small. However, for very large-area, low-resistance contacts
In the above context it becomes pertinent to carefully ex{whereRy, /Rs>1), significant heat dissipation will occur at
amine the analysis of the point-contact spectra in the preghe contacts. For these contacts the effective temperature
ence of dips in the conductance. It is apparent from Fig). 2 (Tex) of the contact will rise rapidly with applied voltage.
that, even for the smallest-diameter Au/Ta contact that waJsing the expressiofil §ﬁ=T2+V2/4L and substituting the
could stabilize, the conductance has a finite contributiorvalue for the Lorenz number, we get a ris€Tig at the raté®
from Ry, . TheG-V curve calculated from the BTK model is of 3.2 K/mV atT=0. At low temperatures the contact heat-
indeterminate within a proportionality constant, which de-ing will therefore drive the superconductor into the normal

o
I (mA)

4.2+

= X #.Z2=0.45,A=0.61
R /R.=0.05 //‘ / %%0 5,A=0.6

S36{rm=008 | | /2-0.47,1-0.58

A (meV)
o
&
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0.8

kind. This possibility should, however, be kept in mind while

AuTa, T=25K H=0 studying superconductors with very low critical current den-

o7 sities or at temperatures closeTgwhere the critical current
_ 0.6 is small.
a 0.5. In summary, we have presented a study of the emergence
o of anomalous dips in the conductance in point contacts be-
0.4+ tween normal metals and conventional superconductors.

0_3_%@: From the correlation between the structure of the dips and
the area of contact, we conclude that the dips arise from the
4 o2 0 > ' finite resistivity of the superconducting electrode above the
V (mV) critical current when the contact is not in the ballistic limit.
We have also shown that in the thermal limit of the point
contact an enhancement of the zero bias conductance larger
than twice the value at high bias can be observed if the
contact is made between a good normal metal and a super-
state before the current reaches the critical value. In this cas®nductor with large normal state resistivity. It is useful to
no sharp dip will be observed in the spectrum, but®@¢&/  recall that in unconventional superconductors this kind of
characteristics will not show any feature associated with Anenhancement has been observed and often attributed to the
dreev reflection. A few examples of this kind of Au-Ta con- formation of Andreev bound states. It could be worthwhile to
tact with very low resistance are shown in Fig. 4. The dips inexplore the extent to whiclRy, may contribute in the en-
the conductance gradually start appearing in this regime agancement of zero-bias conductance even in such systems.
the point-contact diameter is reduced, thereby driving the ) _
contact away from the thermal regime. We would like to acknowledge Professor A. K. Nigam
In principle, one could also think of an opposite situationand Professor E. V. Sampathkumaran for providing samples
where the contact is in the ballistic limit but where the su-0f Au;_.Fe& and Y,PdGg, respectively, and Professor S.
perconductor reachds at voltage values smaller than or of Ramakrishnan and Professor H.péer for single crystals of
the order ofA/e. Since the features unambiguously associ-V3Si. We would like to thank Professor S. Bhattacharya for
ated with Andreev reflection occur in the voltage rangeencourangement and guidance and Professor A. K. Grover
+2A/e, one would get a spectrum with sharp dips and nofor critically reading the manuscript. Two of U&.S. and
feature associated with Andreev reflection will appear. Of theS.M.) would like to acknowledge the TIFR Endowment Fund
many contacts studied, we never observed any spectra of thier partial financial support.

FIG. 4. Ry versusV for Au-Ta point contacts with very low
normal state resistané®(V>A/e). In this regime the shape of the
spectrum is dominated by heating at the point contact.
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