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Comment on “Intrinsic resistance fluctuations in mesoscopic superconducting wires”

I. L. Landau
Institute de Physique Exgmentale, Universitede Lausanne, CH-1015 Lausanne, Switzerland
and Kapitza Institute for Physical Problems, 117334 Moscow, Russia

L. Rinderer
Institute de Physique Expgmentale, Universitade Lausanne, CH-1015 Lausanne, Switzerland
(Received 24 April 1996

Experiments on superconducting nanostructures have discovered an interesting resistance anomaly: at tem-
peratures just above superconducting transition the sample resistance exceeds its normal-state value. The recent
model proposed to explain this effedfloshchalkovet al, Phys. Rev. B49, R15 412(1994)] is strongly
connected to the small sample size. We believe, however, that this anomaly is due to an extra resistance of the
normal-superconducting interface in combination with some geometrical factors. In this Comment we present
a simple model to explain experimental resul80163-18207)02525-3

We discuss here resistance anomalies observed on sup@t for detail$, and a step of the electric potentidljust on
conducting transition curves of narrow aluminum strips. It isthe boundary. The last term is essential to provide the conti-
a surprising behavior wheR(T) curves show a pronounced nuity of the electric current near the interface. The charge
increase of the sample resistance at the top of supercondudtabalance cannot give resistance values higher than in the
ing transition:~ The recent model proposed to explain this normal stateit is clearly seen in Fig. 14 of Ref. 21In this
effect is based on a concept of phase slip certtelswever,  case one could think that only the stepdfcan be respon-
the approach seems to be wrong. The main assumption of tietble for the resistance anomaly. However, the analysis be-
model is that normal and superconducting currents canndbw shows that the actual experimental situation is more
coexist. It is in obvious contradiction to most of the theoret-complicated and one has to take into account the shape of the
ical papers on this subje¢see, for example, Ref. 5 and NS boundary when it crosses the contact region. It will be

references therejnThe co-existence of currents is one of the shown that in some cases both parts of the boundary resis-
main features of phase slip centers and it has nothing to dgynce contribute to the resistance anomaly.

with spatial distribution of the modulus of the superconduct-

ing order parameter as it was supposed in Ref. 1. We do not

discuss the model proposed in Ref. 1 in more detail as well Electrical resistance of the NS boundary

as other modefs* because, in our opinion, these models ) B o

have no relation to the experimental effect they have to ex- We consider the “clean limit” when the mean free path

plain. Instead we present a simple qualitative model, whictPf electronsl is much greater than all other characteristics

is based on well-known phenomena. Our model has virtuallfistances because in this way one can show very clearly the

nothing new, but it can explain rather well all features ob-origin of the interface resistance. At the end of this section

served experimentally. We want to mention, also, recentve point out corrections to this simplified picture.

paperS8’ where a similar resistance anomaly was observed Let us consider a superconducting half-spage Q) in

on aluminum strips that were about 50 times wider than incontact with a half-space made of a normal metal with a

Refs. 1-4. These experiments clearly show that the resisveak electric current across the boundary pfaiAt T<T,

tance anomaly is not an intrinsic property of mesoscopidhe energy of current carriers in the normal metal is less than

samples. the superconducting energy gapand they cannot penetrate
We strongly believe that the origin of the resistanceinto the superconductor. In this case electrons must be re-

anomaly observed in Refs. 1-4 is the same as in Refs. 6 arftected as holes and vice verandreev reflectionand the

7. This origin is the normal-superconductifigS) boundary ~ boundary has no resistanteHowever, the situation is dif-

that enters into the space between potential probes. At tenferent close tal. where the reflection coefficieWY is less or

peratures close to superconducting critical temperaliye even much less than 1 and in this case the NS boundary has

the boundary has an electric resistance. The resistance of tha electric resistance.

NS interface was discovered experimentally in the interme- To calculate this resistance let us consider, first, electric

diate state of type-1 superconductors more than 25 yeapnductivity in the normal metal far from the boundary.

ago® Numerous theoretical studies of this problem have beetn the electric field all electrons have an additional drift

published=1"as well as experimental papers where the intervelocity Vg, along the field. The drift velocity is due to ac-

face resistance has been investigated in d¥tail:141618-20  celeration of electrons by the electric field and can be written

The boundary resistance manifests itself in two phenomenas Vy=eEl/pg, wheree is the electron chargek is an

the quasipartical charge imbalance, which gives an exponemlectric field, andpg is a Fermi momentum. The current

tial decay of the electric field into superconduct{eee Ref. densityj=en.Vy (N is density of electrons
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The situation near the boundary is different. At tempera- R/R

tures close td'., whereW<1, all electrons, which are mov- " wide probes
ing towards the boundary freely penetrate into the supercon- narrow probes
ductor and disappear from our consideration: their drift

velocity will be lost somewhere inside the superconductor 1
due to scattering. About the same number of electrons is

coming into the normal metal from the superconductor.

However, if there is no electric field in the superconductor

one would have for these electrog,=0. Therefore, only

half of the electrons near the boundary have the drift velocity

and the current density would be twice smaller than that in

the normal metal far from the boundary. Since it is not pos- 0 I ' J

sible, one has to expect some additional electric field in the 3 2 1

boundary region. The solution is the formation of a step of

electric potentiakb on the NS boundary!° The amplitude FIG. 1. Schematic dependence of normalized resistance on tem-

of this step ®\s can be easily calculated in the one- perature for infinitely narrow and for wide potential probes. The

dimensional case. The continuity of the electric current givesnset shows positions of the NS boundary for three different tem-

for W=0 peraturegdashed lines The superconducting domain grows from
the left to the right with decreasing temperature.

CI)N*S: EI
eratureT; should be slightly different in different parts of

If W#0 one has to take into account that the reflection takeafhe strip. Direct evidences of this nonuniformity can be
place atx<0 and reflected quasiparticles pass the potenti ound in Ref. 2 where transitions of different parts of the

step twice while quasiparticles coming from the supercon—same sample were studied. In this case superconducting tran
ductor pass it only once. In this case P : P 9

sition (in decreasing temperatyrehould start in one or a few

1—W places with highesT., and then at lower temperatures su-
o\ _s=El W (1) perconductivity will spread throughout the sample. For a
small part of the strip between potential probes there will be
The boundary resistance per unit area a gradual movement of the NS boundary from one probe to

another. Since the boundary has a resistance, its entering into
_Pns pe 1-W h Pr ~10°1 O cn? the space between probes increases the voltage. For an ide-
PNs—= i eng1+wW’ where e2ne~ cnr. alized sample with infinitely narrow potential probes there is
o o a jumpwise increase of the resistar(€ég. 1). However, in
In the clean limitpys is independent of the mean free path the experiments the probe width was about the same as the

and it is about the same in different metals. width of the strip and one should expect a smooth resistance
In the three-dimensional case one has to use the valuggaximum.

averaged over the Fermi surface and it makes the procedure 1o boundary resistance is strongly dependent on the

rather complicated. At the same time it does not change thg,opapility of the Andreev reflection. To find the reflection
picture qualitatively. That is why we do not consider this cefficient one has to considar(x) nearx=0. In this case
case here. Another reason is that the continuity of the Cu”e@tpatial variations ofA are due to variations of, along the
in the normal metal, discussed above, gives only a part of th ample. Using the standard expression AqiT) close to
interface resistance. Another part is due to transformation o? it can be written as
the normal current into supercurrent>at 0. This transfor- ¢
mation produces the quasiparticle charge imbalance and it a4y 12
gives an exponential decay of the electric field into the A(X)ZAToll_ - ] ]
superconductot®~*° However, the charge imbalance alone Te(x)
cannot provide the continuity of the electric current and the_. .
potential? step on the NS boyundary must exist as well. The 9ure 2 ShOW$(X) fqr QTC/dx= const at d|ffer¢nt_ values
shorter isl, the smaller is a part of the total interface resis-Of he applied magnetic field. Parameters for.th|s figure have'
tance, which corresponds to the potential step. The importaﬂeen chosen to b_e of the order Of. experimental values:
point is that the absolute value of the potential step als TC/.dX can p? esumatgd from the width of the supercon-
decreases with decreasihgnd Eq.(1) gives the upper limit duct|r)g transition assuming t.hat the samr%lﬁe honuniformity is
for &g that can be realized only in very pure samples. A2 Main reason for_the transition broadeningVe used t_he
the same time a total value of the interface resistance in(_jata of Ref. 2 to findiT,/dx and the value OE(T_:Q) IS
-rrﬁl_ken from Ref. 1. One can see that normal excitations have
to overcome some distanteg inside the superconductor be-
fore reflection will happen and there is a finite probability to
be scatter. In the case of scattering the reflection process
cannot be considered as the Andreev reflection. Thus, the
The experiments we discuss here have been made on naeattering inside the superconductor effectively decreases the
row strips made of aluminum filrff: Samples of this kind are probability of the Andreev reflectior.g can be found from a
not perfectly uniform and the superconducting critical tem-simple relationA(Lg) =&, wheree is an energy of a normal

Superconducting transition in narrow strips



6350 COMMENTS 56

1.0 T T : . 12 . . . . -
T'=09T,; H=H(0T,) oh O magnetic field
0.8 T=096T,; H=H,(0.96T,) ’ ¢ current
— 08
= S
< 06 5 osf |
=
Xa)
<1 0.4 0.4 b
02 .
0.2 [oF PN
0.0 . . . .
1.32 1.33 1.34 1.35 136
0.0 TIK]
-8 -6 -4 -2 ] 2
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of the position of the resistance maximum for various values of the

FIG. 2. A(x) for the boundary created by the gradienfigfwith current and the magnetic field according to RefAR=R,,—R,
and without the external magnetic fielt,o=T.(x=0); A_gisan  Where R, is the maximum value of the sample resistance and
equilibrium value ofA at T=0. dT./dx=0.02T,ou "1, &T=0) R, is the normal-state resistance.
=0.13u.

resistance anomaly should be more pronounced. For bound-

excitation above the Fermi levels depends orz and also ~ ariesB andB’ the current density near the probe is smaller
on the magnetic field because the magnetic field changes ti@d the anomaly is to be smaller as well. In the latter case the
A(x) dependencésee Fig. 2 boundary crosses the potential probe when the sample resis-

As has been already pointed out the charge imbalanc&nce is already less than its normal-state value and the
gives an exponential decay of the electric field into the su@nomaly can be unobservable B(T) curves. It is difficult
perconducting region and in the case of a flat boundary pefto imagine thatT. distribution can be reproducible and,
pendicular to the current it cannot produce resistance valud§erefore, the resistance anomaly will be different for differ-
higher than in the normal state. On the other hand, in experient samples. This simple conclusion is in agreement with
ments| is short and in this case the potential step is far togeXperimental results:*
small to explain the magnitude of the experimentally ob- We can consider also the influence of the magnetic field
served resistance anomaly. However, the boundary normal ®nd the current density on the effect. An increase of the
the current is not necessarily the case in experiments. Devidnagnetic field or of the current density should move all of
tion of the boundary from the perpendicular direction canthe transition curve to lower temperatures. In this case, in
make the resistance anomaly significantly greater as well a&ddition to space variations df., we have also depression
significantly weaker depending on the sign of this deviation Of the superconductivity by the magnetic fieflor curreny
To illustrate this influence a few different boundaries areand it makesA(x) steeper neak=0 (Fig. 2). Thus, the
shown in Fig. 3° The preferable way for electric current is reflection coefficienW must be enlarged and the resistance
along the superconductor and it makes the current densignomaly should be correspondingly decreased. The stronger
nonuniform across the sample. BoundadeandA’ produce is a shift of the transition curve to low temperatures the

the higher current density near the potential probe and thBigher isW.?” Thus, the temperature shift of the resistance
maximum can be used as a parameter, which defines the

. amplitude of the effect independently whether this shift is
potential probes caused by the magnetic field, by the current, or by their com-
/ \ bination. To check this we have plotted the amplitude of the
a) A H Il resistance maximum versus its position for different mag-
. netic fields and different currents from Ref(Big. 4). Both
S [ ) ) N types of symbols are lying along the same curve in complete
_ J agreement with the consideration above.
The quantitative analysis is difficult due to an uncertain
experimental situation. The reflection coefficient depends
sample greatly onA(x), however, this dependence is not known and
l I the actual experimental situation can be sufficiently different
<7 from dT./dx=const used in Fig. 2. The shape of the bound-
S AN — N ary when it crosses the contact region is also unpredictable.
That is why we have considered only the amplitude of the
resistance anomaly. One could see how many parameters
FIG. 3. Possible shapes of the NS boundary. Only symmetricaflefine this amplitude and how few of them are known. In
boundaries are shown. However, one can expect more complicatdbis case we do not see any sense in discussing the particular
shapes especially in the contact region. form of R(T) curves. It should be noted that our consider-
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ation does not depend on the sample size and, therefore, it died to strips directly. At the same time, developing the
applicable to experimerfté as well. theory to describe thin and narrow strips is not justified un-
In conclusion we want to say that the effects discussediess the experimental situation is sufficiently improved.
above cannot be avoided in experiments. They can explain
rather well all features observed experimentally. However,
uncertainty of the experimental situation does not permit
guantitative analysis of experimental results. It should be We are grateful to K. Yu. Arutyunov who attracted our
noted also that most of theoretical results have been obtaineattention to this problem. This work was supported by the
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