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Resistance anomaly and excess voltage in inhomogeneous superconducting aluminum thin films
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We report measurements of the resistance and the current-voltage characteristics of aluminum thin films
which have two regions of different superconducting transition temperatures. Local suppression of the transi-
tion temperature is achieved by the use of a,CQFactive ion-etching technique. A small gradient in the
transition temperature is induced around the lithographically defined etched-unetched interface. As the tem-
perature is increased from the superconducting state, we observe v@tddence resistancincreases
above the normal-state value when measured with superconducting voltage probes located 2@dthim on
either side of the interface. The excess voltage persists over a range of bias currentk-adood@ventually
disappears, approaching the normal-state value at high bias currents. In an experiment where there are multiple
voltage probes arranged along the film, the excess voltage is eliminated in steps with increasing bias current,
resulting in a series of negative differential resistance peaks. These unusual phenomena are explained by a
nonequilibrium charge imbalance model which requires the spatial dependences of the quasiparticle and pair
electrochemical potentials to be different near normal-superconducting interfaces and phase-slip centers. We
also report the observation of an asymmetry in the current-voltage characteristics which cannot be understood
in terms of the nonequilibrium mod€glS0163-18207)03814-9

[. INTRODUCTION nism of the anomaly was needed. This prompted us to carry
out further transport measurements on aluminum film struc-
Recently, an anomalous increase in the resistance aboveres and study in detail the behavior of the resistance data
the normal-state valueR() has been observed near the su-(R vs T) as well as the current-voltagé-{/) characteristics.
perconducting transition in a wide variety of systeins’ IntheR vs T measurements in our 2D aluminum systems
These systems range from one dimensiofidd) to bulk incorporating a NS interface, the resistance anomaly is ob-
samples, conventional to compound superconductors, argerved only withS probes. We also report related anomalous
single component to multicomponent systems. Due to thé-V characteristics associated with the presence of phase-slip
diversity in sample configurations and material properties, icenters(PSC’ in the W region*® With increasing dc bias
is unclear how(and if) the various observations are con- current the voltage rises to above the normal-state value
nected to each other. Even though several different explangtRy) before it eventually approaches the usual normal-state
tions for the anomaly have been proposed, its physical origih-V characteristics at higher biases. The excess voltage de-
is still not well understood and the question whether there isreases in steps manifested as a series of negative differential
a common physical origin for all these manifestations re-esistance ¢V/dl) peaks. This incremental decrease of the
mains open. In this paper, we present a comprehensive stueyxcess voltage is a nonlocal effect. We have proposed an
of such an anomaly in two-dimension@D) aluminum thin  explanatiof® that thel -V characteristics are modified by the
films. An abbreviated description and explanation of the expresence of PSC’s whose locations and interactions are in-
perimental data are presented in our recent publicafion. fluenced by the sample inhomogeneity and voltage probes
Here we present a detailed description of the data as well as 10 um farther down the conduction path from the region
a more complete discussion than that reported earliethat is sampled. We find that the nonequilibrium charge im-
Throughout the paper, in discussing the different regions obalance model successfully explains the major features of the
the superconducting film, we follow the nomenclature of Yuanomaly in our aluminum films. The different spatial depen-
and Mercereat* A normal metal (\) refers to a supercon- dences of the quasiparticle and pair electrochemical poten-
ductor at temperatures above its superconducting transitiotials which exist in the nonequilibrium region near NS inter-
temperatureT.), and a weak superconductdVj referstoa faces and PSC’s are necessary to understand the behaviors of
superconductor dynamically driven with a dc bias currentheR vs T data and -V characteristics. The spatial extent of
larger than its critical currentl {). this nonequilibrium region is accentuated due to long quasi-
Kwong et al! explain that the resistance anomaly ob- particle relaxation times in our aluminum films.
served in their 2D aluminum system is due to differences In this paper, after first describing the samples and experi-
between the nonequilibrium quasiparticle and pair electromental details, we will discuss the main features of the re-
chemical potentials in the superconductor near the normakistance anomaly in the vs T data and thé-V characteris-
superconductingNS) interface (the nonequilibrium charge tics within the nonequilibrium charge imbalance model. In
imbalance model However, the nonequilibrium nature of our discussion of thd-V characteristics(of the current
the anomaly was not fully explored, and consequently morariven W region), we will first consider a heuristic picture
experimental evidence which clearly explores the mechawhich is a direct extension of the charge imbalance model
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— TecnEr e n patterned as a continuous fil(msets in Figs. 1 and 131
Probe Locations in um AN Such side voltage probes have been used in thelpdét’
o |5 Drebe A i S probes will measure the pair electrochemical potential and
o - . Efs, sy’ N probes will measure the quasiparticle electrochemical
. ((125’ 1232) potential’® The presence of these probes does locally shift
b L T. via the proximity effect over a length scale of the coher-
N o |N Probe Pairs .. .
== a (=20, —12) ence length&(T)~1 um. This is small compared to the film
g o (;25, LZ)) width, and the excess voltage and resistance anomaly are not
- % (18, +12) due to the use of the side voltage probgs.
§ 0 In the inset in Fig. 1, multiple voltage probésothN and
° S) are located at various distances from the etched-unetched
interface. In the inset in Fig. 11, only a single pair $f
o voltage probes is located near the interface. The main discus-
S sion of the paper will concentrate on the experimental results

1.360 1.380 1.400 1.420 1.440 1.460 1.480

obtained in the structure with multiple probes, shown in the
Temperature(K)

inset in Fig. 1. The results from the structure with a single
air of probes shown in the inset of Fig. 11 will be presented
FIG. 1. Resistive transitions of several sections near the etcheqdp, comparison with the multiple probe case in Sec. IV D.
unetched interface at zero-bias current. The curves plotted with For the film with multiple probes described in this paper,
filled symbols show the transitions measured w&hunetchegl T.,=1.407 K andT.,=1.452 K whereT,, andT,, refer to
probes and the open symbais(etched probes. WithS probes the thce T.'s of the etchced and unetched régions f;r away from
resistance anomaly is observed in all the sections. Withrobes, the irc1terface For both etched and unetched regions, the

no resistance anomaly is observed. Inset: The top view of the aluﬁormal state resistivity, diffusion constant, and elastic mean
minum film structure with multiple voltage probes at various dis- Y ’

tances from the etched-unetched interfakeB. . . ., andH refer  [1e€ path are~2uQ cm, ~40 Cm2/33 and~100 A, respec-
to sections between the probes. The hashed areas represent thef¥€ly: The residual resistance ratio is2.2; and£(T) is
gions where thd . is suppressed. The interface is designated as thé~ lpum fqr the _dV/d| curves reported here. The Seco'nd
origin; negative positions represent the etched region and the posi@mple with a single pair of probes has slightly different film
tive positions the unetched region. Each voltage probe is markeBroperties(somewhat cleang since it was prepared in a
with the distancdin um) of its inner edge from the interface. separate fabrication.

The samples are cooled down in“dle cryostat and the
presented as the explanation for the resistance anomaly in tii@ermometry is achieved by monitoring the resistance of a
R vs T data(of the zero-biased casewe will finally focus calibrated germanium sensor. Standard four-terminal mea-
on the explanation of the excess voltage in IHé charac- surements are carried out in the earth’s magnetic field using
teristics and its incremental decrease with increasing dc bia lock-in amplifier with a small ac signal of 0z2A (produc-
current in terms of the PSC modglAn observed asymme- ing a current density of 40 A/cfhat 101 H2. TheR vs T

try in the I-V characteristics with the current bias direction data are measured at zero dc bias current while sweeping the
will be also included in the paper. temperature. The differential resistancBAd| vs1) is mea-

sured at a fixed temperature with an increasing dc bias cur-
rent on which the same small ac modulation is superim-
posed. Thel-V characteristics are obtained by integrating
Two aluminum film structures will be discussed in this dV/dI instead of a direct dc measurement in order to gain a
paper. Schematics of the structures are shown in the insets better signal-to-noise ratigSimilar, though less precise, re-
Figs. 1 and 11. For both structures, the aluminum film andsults are observed by dc technigydshere is negligible hys-
voltage probes are lithographically patterned as a single corteresis except at very high currents 70 uA). This is im-
tinuous film. The details of the fabrication are given portant since it is an indication that the phenomena which we
elsewheré® The T, of the region on the left in each structure present here are not related to self-heating.
is suppressed by the use of a Lfeactive ion-etchingRIE)
technique. The RIE exposure depletes the surface oxygen in . RESISTANCE ANOMALY
the aluminum film, suppressing, by a few percent in the
hashed regions. The normal-state properties are largely unaf-
fected and remain almost identicalThe sharpness of the In Fig. 1, we present thR vs T data which are measured
lithographically defined etched-unetched interface appears with pairs of eitherS (unetched or N (etched voltage
be ~0.1 um or better!s N probes in the inset in Fig. 1 are probes which are located near the etched-unetched interface
created by the same process. The thickness and width of ttend as well as those which span the interface. When
films are 250 A and 2Qum, respectively, and the width of T, <T<T.,, a NS interface is present in the film, and the
the voltage probes is &m. etched probes are normal whereas the unetched probes are
Tunnel junctions are preferred as a means of measuringuperconducting. In all the sections of the film within
potentials since their use minimizes the effect of voltage~ =20 um from the etched-unetched interface, the anoma-
probes on the system. However, due to difficulties in fabri-lous resistance peak aboRRg, is observed in the vicinity of
cation of such junctions and in particular their integrationthe transition only withS voltage probes(For clarity, only
with our etch process, we used narrow side voltage probeseveral transitions are plotted in the figure as examplédss

Il. THE SAMPLES AND EXPERIMENTAL DETAILS

A. Resistance peak irR vs T



55 RESISTANCE ANOMALY AND EXCESS VOLTAGE IN ... 9069

spective electrochemical potentidkee Fig. 2. The differ-

(@) ences between the potentials have been directly measured
N S »position |+~ N probe : :
T i d p <=S probe near NS interface¥’ using bothS andN voltage probes for
,‘%\'" ?} Hg Ep the pair and quasiparticle electrochemical potentials, respec-
. v {7//{\,’“1’655 tively.
- 77V oltage . .
potentialy V=IRy Region A pair of S voltage probes located around a NS interface
samples a potential gradient which exceeds the normal-state
(b) potential gradient that th8 side would exhibit if it were in
- N § »~position its normal state. See Fig(l9. [For now, we will concentrate
} A s only on Fig. Zb). A complete discussion of the figure includ-
4 ing (@) and (c) will be given in Sec. Ill D] This excessive
ﬁ} LT Hg T potential gradient is due to the nearly constant pair electro-
.Y chemical potentiat. Thus, an excess voltage and resistance
potential V=IR are measured witls probes around a NS interface. For ex-
ample, a pair ofS probes around the etched-unetched inter-
v face such as ones located a2 and 2 um registers the
(Cl N S, position resistance anomaliFig. 1). However,N probes do not mea-
sure this excess voltaghence, no resistance anomeasynce
u ! AL they measure the spatial gradient in the quasiparticle electro-
4} chemical potential which never exceeds the normal-state
ﬁ} - s-kn 1g value[Fig. 2(b)]. A more detailed discussion of the anomaly
potentialv//%’ V=IR,, will be presented in Sec. Il D that follows.

The spatial extent of “the excess voltage region,” which
is defined in Fig. 2, is determined by the quasiparticle charge

FIG. 2. Spatial dependences of the potentials around a NS ine |4y ation processes and the resistivity of the superconduct-

terface.(a), (b), and(c) illustrate a simple model for the NS inter- . . . . .
: ‘ o ing film. In aluminum the relaxation lengthys is long and
face traversing the film when the temperature is increased. In

superconductor, the quasiparticle electrochemical potefttiadk ?he resistivity is low. In our f!lm, the_ estlm_atelsiQ* 'S_
dashed linpdecays toward the constant pair electrochemical poten~~ 10-20 um at T=1.390 K with the inelastic-scattering
tial (thin solid line over a distance af o, as shown ir(b) and(c).  time (at T, and Fermi energyof ~10-40 ns, assuming that
[In (a), Ao is not marked due to the crowded sp3cehe normal-  inelastic-scattering events provide the dominant relaxation
state potentialthick solid ling is linear with position and drawn proces$1 24 The enhancement of the relaxation lengths due
assuming the same resistivity for bdthand S sides. The hatched to the proximity toT. makes our aluminum film particularly
region represents the possible locations of the secdmbltage  fayorable for measurements of the nonequilibrium behavior.
probe which would measure an excess voltage if the other probe Eyen though the existence of the nonequilibrium quasi-
were located on thél side. This region is referred as "the excess 5 ticle and pair electrochemical potentials near supercon-
voltage region” in this paper(a At temperatures below local ducting interfaces has been investigated both theoretically

T., S probes measure a zero voltage difference, whelkepsobes . .
start to measure a finite voltage even before the interface move%nd experimentally for about 20 yezir]st has only recently

between the probes due to a long quasiparticle electrochemical p(gnanlf_ested as "_"'1 resistance a_nomaly. Eor example’ in the case
tential tail in theS region.(b) Once the interface moves in between of a single NS interface, the increase in the resistance above
the probesS probes measure an excess voltage, a potential differthe normal-state value results only when one of the sampling
ence larger than the normal-state value, wheMegsobes measure S voltage probes spanning the interface is located within the
the smaller quasiparticle valug) At high temperatures above the excess voltage regiofsee Fig. 2. If the secondS probe is
local T¢, the interface has moved out of the sampled region, andocated deep within th& region, it will measure a resistance
both S andN probes measure the normal-state value. due to theN side and the contribution from the nonequilib-
rium region (proportional toko«). However this resistance
will not exceed the total normal-state value of both thand
Sregions(see Fig. 2. With the use of the recently developed
film fabrication technique, one is able to routinely produce
gtructures with narrow probes located close enough to the
Imterface so as to be within the excess voltage region. Also,
even if the second probe is located close to the interface, it is
difficult to resolve the anomalous excess in resistance when
When a current flows into a superconducting interfacethe normal-state resistance of tNeside is very large com-
from a normal metal, the quasiparticle distribution is drivenpared to the nonequilibrium portion. The anomaly is also
out of thermal equilibrium. This leads to a charge imbalancdifficult to resolve when the nonequilibrium region is dimin-
between the hole and electron like branches of the quasipaished due to a shorkq«. Our fabricated aluminum film
ticle excitations’! In the superconductor near a NS interface,structures with ar, shifted by RIE exposufé have a long
a nonequilibrium region develops where the quasiparticles o+ and low resistivity, and are thus more likely to provide
and Cooper pairs have different spatial gradients of their refavorable conditions for the observation of the anomaly.

resistance anomaly is also reflected in it measurements,
described later in the papédSee also Fig. 3 in our previous
publication.l3) This confirms that our observation of the re-
sistance anomaly in thR vs T data is a true resistance in-
crease and not an artifact of the ac measurement techniqu

B. Nonequilibrium charge imbalance model



9070

Te (K)
1.44° ‘146 148

1.42

1.40

M. PARK, M. S. ISAACSON, AND J. M. PARPIA

*

A

*

A

%
w®

A

aw

¥
L4

a
a

A
A

aa )
T=1.390K]

¥ p
T=1.350K

20 40 60 80 100

-20 -10 0
| Distance from the Interface (um)

10

le (uA)

—40

=30

=20

-10

0

10

20

30

40

Distance from the Interface (um)

D. Motion of the NS interface and anomaly inR vs T:
The simple model

From the spatial dependence ®f in Fig. 3, one can
determine the location of the NS interface at a given tem-
perature and at zero-bias current. When the temperature is
belowT.q, the entire film is in itsS state. As the temperature
is increased, more of the film’'s area becomes normal. Hence,
as the temperature is swept frole< T, to T>T_,, the NS
interface transverses the film from the left to the right of the
etched-unetched interface, through sectiédnsH. Eventu-
ally, the entire film is in itsN state when the temperature is
aboveT,.

Therefore, as the temperature is increased, one can picture
the NS interface with the nonequilibrium potentials propa-
gating along the film, as modeled in Fig?2A pair of S
voltage probes located within the region of varyifig
(~=20 um from the etched-unetched interfadast mea-

FIG. 3. Spatial variation off; near the etched-unetched inter- sures zero resistance at low temperatures since both probes
face. Inset: Spatial variation df, near the etched-unetched inter- measure the constant pair electrochemical poterfa.
face. Each curve corresponds to a different temperature, and bo@(a)]. When the temperature exceeds Theof the section to

temperatures are beloW;.

C. Inhomogeneity induced
around the etched-unetched interface

the left of the sampling probes, the NS interface moves be-
tween the probes and the resistance rapidly rises to a finite
value. As the excess voltage regitiefined as where the

Ohmic potential line crosses the constant pair potential in

) ) o . Fig. 2) passes by the secoi@lprobe, a potential difference
Figure 3 shows the inhomogeneity in the superconductlnqyarger than the normal-state value is measyfed. 2(b)].

properties induced by the presence of the etched-unetcheghis excess voltage is manifested as the resistance anomaly.
interface in the aluminum film. It demonstrates the graduakijnce the length of the film spanned by each pair of adjacent
variation of the superconducting order parameter in our filmprobes is short compared X@y« in our sample, the measured
Figure 3 shows the spatial variation of thg. Far away(on  resistance with adjaceStprobes quickly increases above the
both sideg from the etched-unetched interface, the film has anormal-state value once the NS interface moves in between
constantT, (T, or T.y). The transition temperature varies the probes. With a further increase in temperature, the NS
from T, to T, over a length scale- =20 um around the interface moves out of the sampled region, and the voltage
interface. We note that this length scale is much larger thaprobes(both being now in th& region measure the normal-

the characteristic length scale of the proximity efféct, state resistance valy€ig. 2(c)].

which is estimated to be-1um or less in our film. The According to this picture of the moving NS interface, the
variation of T, over a long range around the etched-unetche@gampling probes need not span the etched-unetched interface
interface in our film is consistent with the previously re- in order to observe the anomaly, as long as they are super-
ported observation in a similarly fabricated aluminum film conducting and located within-20 um of the etched-
structure with periodically modulate®, .8 It was observed unetched interface. 'I_'hus, in Fig. 1, the resistance anomaly is
that the system exhibits a single homogeneous transition foqbserved _not only wit' probe_s located a_round the etched-
modulation lengths up te-50 «m.27 In Fig. 3, the points in unetched interface but also with other pairsSobrobes(see

the figure are obtained from a setRfvs T measurements at the curves plotted with the filled symbgldn contrast, the

zero-bias current using adjacent pairs of voltage probes loqnomaly cannot be manifested using probes (see the

cated near the etched-unetched interfigee the inset in Fig. curves plotted with open symbolsince they measure the

quasiparticle potential gradient which never exceeds the

1). The T, is chosen to be the temperature at which thenormal-state valugsee Fig. ?)]. InsteadN probes start to

resistance falls to one half of the normal-state value. Theneagyre 4 finite resistance value even before the NS inter-
positions are the mean locations of the voltage probes.  face moves in between the probes since they sample the qua-
As expected, in the inset of Fig. 3, theof the film shows  giparticle electrochemical potential which has a long tail in-
a spatial dependence similar to that of fig. The etched side the S region [see Fig. 23)]. Thus, the resistive
side has a lowet, corresponding to its loweT, compared transitions measured wittN probes appear to be more
to the unetched side. The constaptvalues far away from gradual than withS probes, as seen in Fig. (Eompare the
the etched-unetched interface on both sides are referred aarves plotted with the filled and open symbolEhe first
Ic; andl, in the paper. The points in the curves in the insetcurve (A) shows a sharp transition even though it is mea-
are obtained by measuring a setle¥ characteristics of the sured withN voltage probes since the probes are located
sections between the adjacent probes, sec#ortsd (see the farther inside the etched region where the film has a nearly
inset in Fig. 3, at two fixed temperatures beloW,;. We  constantT.. The nonequilibrium picture of Fig. 2 of the
define thd ; to be the value of the current at the maximum in moving NS interface correctly models the anomalous resis-
dV/dl, obtained from measurements which will be describedance peak as well as the shape of the resistive transitions in
later in this paper. theR vs T data.
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FIG. 4. Anomalous behavior of the differential resistaiiedt ! <MA)
axis) and |-V characteristicright axi9 with a current bias at
T=1.390 K. The voltage probes are superconducting and located at FIG. 5. ThedV/dl's are measured across the sectidnsH
—2 and 2um from the etched-unetched interface. The dashed lind!Sing pairs of adjacer§ voltage probes af =1.390 K. Each trace
is the normal-staté-V characteristics. is shifted for comparison. Track corresponds to the measurement
across the sectioA, traceB across the sectioB, and so on.

IV. EXPERIMENTS UNDER CURRENT BIAS .
interface. At low currents, th& probes measure a zero po-

A. Anomaly in |-V characteristics tential differencganalogous to Fig. @)]. When the current

Thel-V characteristics in Fig. 4 also show an anom@ay IS increased above thie of the section to the left of the
region of excess voltagemeasured witls probes at- 2 and prc_)bes, the WS interface moves in between the probes and a
2 um atT=1.390 K. These measurements are qualitativel;f'”'te voltage is measured. As the excess voltage region
consistent with theR vs T data described in the previous Passes by the secostprobe, an excess voltage is measured
section. For the current biased case, both etched and uf@nalogous to Fig. @)]. With a further increase in the cur-
etched probes are superconducting since the measuremeff§t, the WS interface moves to the right of the sampled
are performed at temperatures beldiy and T, and the ~r€gion and_the excess voltage is abruptly eliminated resulting
probes will register the pair electrochemical poterfal. N @ negativedV/dl peak. At high currents, the measured
When |, is exceeded, a voltage develops rapidly and in-voltage should show Ohmic behaviganalogous to Fig.
creases to aboviRy before it approaches the normal-state 2(0)]_- )

Ohmic behavior. Furthermore, an interesting feature is vis- Figure 5 shows thelV/dl's of sectionsA-H. [For the

ible on close examination of theV characteristics. The ex- corresponding-V characteristics, see Fig(l5 in Ref. 13]

cess voltage persists over a range of currents abgwnd They qualltatlvely support the heuristic picture of the mov-
decreases in two steps which are manifested as negatif@d WS interface. The excess voltage peaks are observed

dV/d| peaks. This feature will be discussed in Secs. v cconsecutively in section®—F as the bias current is in-
and IV D. creased. In tracé, when the WS interface moves past the

first probe at-12 um, a positivedV/d| peak is observetht
~30 xA), indicating a rapid development of a finite voltage
as the interface moves into sectién As the excess voltage
In this section, we present a heuristic model in which weregion moves by the second probe -aB wm, an excess
relate the observed anomalyli#V characteristics to the spa- voltage[see Fig. %) in Ref. 13 is measured. When the WS
tial variation of the quasiparticle and pair electrochemicalinterface moves past the second probe, a negativall
potentials in theV andS regions. In the current driven case, peak is observeéat ~35 uA). At this same bias current, a
given the spatial gradient of in the inset of Fig. 3 together positivedV/d| peak is observed in tradindicating that the
with the simple picture of the moving interface as in Fig. 2, WS interface has now moved into sectiBnThis sequential
one can picture that a WS interfad@stead of a NS inter- behavior is repeated until the bias current approaches the
face traverses the film from left to right as the currdimt-  spatially constant value df, (I.,) in the region far from the
stead of the temperatyrés increased. The inset in Fig. 3 etched-unetched interfadsee the inset in Fig.)3 At this
indicates the location of the WS interface along the film ashigh current, the remainder of the film is driven normal si-
the bias current is increased at a fixed temperature. As thewultaneously; hence, neither an excess voltage or negative
current is increased, a larger portion of the film is driven outdV/d| peak is observettracesG andH).
of the S state, and the WS interface moves through sections We have demonstrated that the simple model of the non-
A-F. To the right of sectioifr, the film has a nearly constant equilibrium charge imbalance near NS and WS interfaces
I.. Once the current reaches the constamnalue, the rest of  successfully explains the main features of Revs T data
the film is driven out of theS state nearly instantaneously. measured wittS or N voltage probes, and qualitatively ex-
The main features of the'V characteristics in Fig. 4 can plains the |-V characteristics measured witB voltage
be understood with this simple picture of the moving WSprobes. The experimental results are consistent with the con-

B. Extension of the simple model to the current biased system
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FIG. 6. ThedV/dI’s (left axis) andl-V (right axi9 characteris-
tics of sectionA at T=1.390 K. (It is the dV/dI and -V charac- FIG. 7. The filled circles are the measured spatial dependence of
teristics of the section between tigeprobes located at 12 and otentials around the WS interface wighprobes at a temperature
—8 um.) Note the persisting excess voltage and its |.nc.rementaEe|OW T, and a current between; andl,. The crosses are the
decrease. The dashed line is the normal-statecharacteristics.  neasured spatial dependence of potentials at the same current but at
) L a temperature above boih; andT,,, (i.e., at the normal stateAt
clusion that the origin of the excess volta@end hence the 13 390 K andl=42.1 uA, the WS interface is located between
resistance anomalys the different spatial gradients of the —3 and—6 um (roughly at—5 um from the inset in Fig. B The
quasiparticle and pair electrochemical potentials in the nonwy region is to the left of the WS interface and tSeegion to the
equilibrium S region. right. Note that the pair electrochemical potential does not revert to
the normal-state potential in th& region.

C. Disagreement of the data with the simple model dV/dl peaks. According to this simple picture, once the WS

Now we examine thé-V characteristics in Figs. 4 and 5 interface moves through the pair of the sampling voltage
more closely, and point out the unexpected detailed featurgsrobes, all of the excess voltage should be eliminated, pro-
which disagree with the simple model presented in the preeucing a single negativeV/dl peak and reverting to the
vious section. In Fig. 4, most of the excess voltage is elimi-normal-statel -V characteristics at once. The data show a
nated at a bias current value f65 uA. However, a small  departure from this predicted behavior.
amount of excess voltage persists until the current is in- In a superconductor above ifs, the pair electrochemical
creased to-70 uA. In Fig. 5, we note that traces, B, C, potential has no meaning. The spatial dependence of the po-
and D show a series of smaller negatidd/dl peaks fol- tential is just that of the normal electrons and the linear
lowing the first negative peak which reflects the voltage re-Ohmic behavior drawn in Fig. 2 correctly models the poten-
verting to that of the quasiparticles as the WS interfaceial inside theN region. Inside the dynamically drivew
leaves the sampled region. The simple model gives no explaegion at high currents, where all the current is carried by the
nation for these features. quasiparticles, this picture also correctly represents the spa-

In order to emphasize the disagreement, trade Fig. 5  tial dependence of the potential. However, inside \Wae-
is replotted in Fig. 6. The excess voltage persists over gion nearT, and at bias currents above but closd {0 the
range of bias currents before the voltage reverts to the usuakder parameter is not yet zero. Generally, there are time and
normal-state Ohmic behavior. The excess voltage is presespatially dependent pairing and depairing interactions such
even at currents up te-40 A above the current at which as phase-slip centef$and the simple Ohmic behavior alone
the WS interface moves out of the sampled sectddn inadequately represents the complex dynamics of the quasi-
(~35 uA). Moreover, the excess voltage decreases in stepsarticles and pairs. In Fig. 7, we plot the measured spatial
which are manifested as a series of negatiWd| peaks. dependence of the pair electrochemical potential at a fixed
Similar behavior is seen in other traces in Figs. 4 and 5. Bycurrent value, which can be inferred from a set of the mea-
comparing the current values of tld//dl peaks in traces surements of thé-V characteristics obtained with probes.
A-H in Fig. 5, it is apparent that these peaks occur wheneveFfhe data implies that in th@/ region the pair electrochemi-
the WS interface moves by the locations of other probegal potential does not follow the normal-state dependence.
which can be as far as-16 um away from the sampled Instead, they show a larger gradient than the normal-state
region. If a section is completely driven to a normal state bypotential and appear to vary spatially so as to rejoin the con-
the applied dc current it should not be affected by a changstant pair electrochemical potential in tBeegion. This be-
in the potential which occurs away from the sampled regiorhavior indicates a nonequilibrium between the pair and qua-
as the WS interface passes by a distant section. The heurissiparticle electrochemical potentials in tidé region.
picture of a moving WS interfacé@analogous to that of NS One explanation for the existence of such a spatial varia-
interface as in Fig. Rwith nonequilibrium potential gradi- tion would be a smooth change in the pair electrochemical
ents existing only on th& side gives no simple explanation potential mapped by a line joining the filled circles in Fig. 7.
for the persistent excess voltage and nonlocal negativBuch a variation, together with the simple picture of the
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\\”Il
<> - Hs FIG. 9. The regions between adjacent pairsSoprobes form
A cells for PSC’s, and a single PSC can nucleate in the middle of each

cell. With increasing current, PSC’s successively nucleate from left
) ) ) ) to right, one at a time in a cell. The newest P@E., the right most
FIG. 8. Potentials near a single phase-slip center. The pair elegng s likely located to the right side of the cell since there are no
trochemical potential is constant on both sides of a PSC, and thesc's to the right but there are preexisting PSC’s to the left and
quasiparticle electrochemical potential exponentially decays towargsc's repel each other. When the next new PSC nucleates, the last
the pair electrochemical potential over a distangg from the  psc will be pushed back toward the center of the cell due to the
center of the PSC. repulsion of the new PSC now existing to its right. However, the
last PSC will still be located to the right of the center of the cell
moving WS interface as discussed in the previous sectiorgince there are many more PSC'’s to the left. This allows PSC'’s to
would explain the persistent excess voltage. Still it would note progressively centered within their respective cells deeper in the
produce the nonlocal negatigd//d| peaks(i.e., incremental W region.
decreases of the voltagéNegative peaks would result if the
WS interface were to propagate abruptly to the right withbehavior as in the case of a NS interface previously dis-
increasing bias current. Such an abrupt motion is possibleussed in Sec. Il B, but now extending a distangg on
due to the presence of tf®voltage probes which carry no either side of the PSC. Referring to Fig. 8, we note that
current. Their presence will locally enhance the critical cur-probes around a single PSC would register a voltage drop,
rent and therefore momentarily prevent the motion of thd np(2hq+), wherel, is the averaged normal current at the
interface as the current is swept. center of the PSC ang is the normal resistance per unit
However, a smooth spatial variation of the pair electro-length. The spatial variation of the pair and quasiparticle
chemical potential is inconsistent with the present underelectrochemical potentials are normally measured in 1D
standing of voltage sustaining current driven superconductsystems? In our case, the PSC description is valid because
ors. In such a system, phase-slip centers are general§f the long quasiparticle relaxation length, which is compa-
nucleated at regions of reduced critical cur@ntt PSC's  rable to the film width.
produce discrete changes in the poteffti rather than the Now we focus on the explanation of the excess voltage
smoothly varying potential as we have inferred from Fig. 7and the nonlocal effect in theV characteristics in terms of
in the above discussion. In fact, the spatial variation of the®SC’s. The inhomogeneity in our film, together with the
pair electrochemical potential across a PSC occurs over presence of probes, results in the sequential nucleation of
length scale of(~1 um) which is smaller than the probe individual PSC’s in the regions between tBerobes. From
spacing in our film(see the inset in Fig.)1Thus, it is likely = the measured variation df in the inset in Fig. 3 we can
that the potential measurements shown in Fig. 7 do not havexpect that PSC’s are nucleated from left to right in our film
the resolution to reflect the rapid variation in the pair elec-as the current is increased. If a PSC is already nucleated in a
trochemical potential. The interpretation of the potentials insection between the adjacent probes, the section would not
Fig. 7 in terms of PSC'’s provides a more precise descriptiofnost another PSC since the length of the section is shorter
for the experimental observations. In the following section,than\q+ and PSC’s repel within o« of each othef?340On
the model involving PSC’s, which was also presented in théhe other hand, the voltage probes locally enhance the critical
previous work!® will be discussed in detail, and we will current, and so PSC’s are unlikely to be found near the
show that the PSC description is consistent with the data angrobes and instead nucleate between the probes. Thus, the
explains successfully the detailed features oflthécharac-  film may be thought of as a 1D array of cells, each of which
teristics. can contain a PSC in the middi€See Fig. 9. As the bias
current is increased, a single PSC will successively be nucle-
ated in each cell from left to righti.e., through sections
A-H). The nucleation of a PSC in a section results in the
The potential variation around a single phase-slip center isevelopment of a finite voltage in that section. The consecu-
particularly simple’®3® The time-averaged pair electro- tive appearance of a finite voltage in sectiohsH as the
chemical potentials are constant on both sides of a PSC, batirrent is increased, as shown in Fig. 5, is consistent with the
there is a discontinuity at the PSC itself. At a PSC, the ordePSC cell picture.
parameter undergoes a rapid oscillation generating excited In order to account for the detailed features of the excess
quasiparticles which diffuse into the adjacent superconductvoltage, we start with the assumption that PSC’s exist to left
ing regions. In Fig. 8 we show the spatial variation of theof probe pairA when we observe the first positiviv/dl
electrochemical potentials in the vicinity of an isolated PSCpeak in the curvéA in Fig. 5. The development of a finite
For our discussion we can treat the PSC as a normal coneltage indicates a PSC nucleation in call(PSC,). The
with Sregions on either side. The pair and quasiparticle elecexcess voltage measured wighprobes is then due th g+
trochemical potentials would show the same nonequilibriunbeing much greater than the distance between the voltage

D. Phase-slip center model, excess voltage, nonlocal effect
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FIG. 11. ThedV/dI's (left axis) and |-V characteristicgright
FIG. 10. ThedV/dlI’s (left axis) and |-V characteristicsright  axig) of the aluminum film structure with only single pair &
axis) measured al'=1.390 K across a longer length of the film yoltage probes. The location of the voltage probes are shown in the
spanning several probes. The voltage probes are superconductifigset. Note that the excess voltage is smoothly extinguished. The
and located at-12 and 5um. The various positive peaks in dashed line is the normal-stateV characteristics. Inset: The top
dVv/dl (i.e., incremental increases in voltagere an indication of  view of the aluminum film structure with a single pair $fvoltage
the sequential nucleation of PSC's. probes, located at 8 and—5 um from the etched-unetched inter-
face. For the definition of negative positions, see the caption for the

probes, pail\. Since there is no PSC to the right of callit inset in Fig. 1. The hashed area represents the region where the
is likely that this PSG, will be located on the right-hand side ¢ 'S SuPPressed.
of the cell. A further increase in current leads to the intro-

duction of a new PSC in ceB (PSCy). By symmetry, the the etched-unetched interfa¢gee the inset in Fig. 211In

o . Fig. 11, thel-V characteristics of such a structure demon-
nonequilibrium regions between Pe@nd PSG must each strate that the excess voltage is smoothly eliminated over a

kI;eS colnfir&ed inh cellA and B. H?nﬁe’ the nl.JI_cge.ation Of similar bias current range without the subsequent sharp nega-
G deallDSs to tTE' compr(te)ssmndo the r(;onlequ!l rium regf'ontive dV/dI features. This is consistent with our prediction.
aroun &. This can be understood also in terms of @ qer explanations for the anomaly have been given be-

redqcltion Ofhq« due o Lhe increase inr:he density of qu"’;Sir;sides the nonequilibrium charge imbalance model. We find
particles associated with two PSC’s. The compression of thg, ¢ they are inconsistent with our experimental results. San-

nonequilibrium region around PSCeads to a decrease in {hanamet al? assert that the nonequilibrium model alone is
voltage and hence a negatiwV/dl. At the same time, nqfficient to explain their observation of a similar anomaly
PSG, will be repelled to the left, toward the center of the i, 1p gluminum wires and suggest that the sample size and
cell, by the presence of the new PSC in @lIThe sequen-  gimensionality must play an important role in such behavior.
tial introduction of new PSC's to the right of the céll(@s  Thejr explanation appears to be not valid for the reason that
the current is increasgavill then lead to a progressive cen- ihe anomaly is also observed in our 2D aluminum systems.
tering of PSG, in its cell and a progressive confinement of y/5gio et al® give another explanation: the sample inhomo-
the nonequilibrium region. This produces the incremental d_egeneity with out-of-line voltage and current contact configu-
crease in the excess voltage and the nonlocal negativgtion produces a resistance peak due to current redistribu-
dV/dl peaks associated with the nucleation of new PSC’s ifjgn  effects. Their model is inconsistent with our
the sections between the adjacent voltage probes to the righhservation. We find that the manifestation of the anomaly is
of the sampled region. In Fig. 10, we see an indication of thg|osely related to the state of the voltage problsaf S)
existence of PSC's in our film. The steplike increase in volt-yaiher than the probe configuration. Besides, neither of these

age is due to the progressive nucleation of PSC’s with inyodels can provide an explanation consistent with the non-
creasing current. Such behavior has been observeg.a| pehavior described in Sec. IV D.

previously313235

We have explained that the sharp featured#id! (non-
local phenomenaare associated with the nucleation of adja-
cent PSC’s which are confined in the sections between the Finally, we present another interesting observation asso-
voltage probes and located withi,« of each other. The ciated with the excess voltage in our aluminum structures.
confinement of PSC's is due to the presenceSofoltage  Figure 12 shows theV/dl's and |-V characteristics mea-
probes. Thus, a sample similar in all respects but lackingured with both positive and negative bias currents. The
multiple arms of voltage probes should not exhibit the sub-anomaly(i.e., excess voltagds observed in either current
sequent negativelV/dl features, even though the excessdirection. However, there is an asymmetry in the detailed
voltage is expected to still be present due to the lbgg. In behavior as seen in Fig. (#. Whether the measurement is
a second experiment, we have fabricated aluminum filnobtained with probes located on the etched or unetched side,
structures in a similar manner to the previous experimentor spanning the interface, a similar asymmetry is observed in
but with only a single pair of voltage probes located near all the measurements of tlv/dl’s in both sample struc-

V. ASYMMETRY WITH CURRENT BIAS DIRECTIONS
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the charge carriers moving in two different directions. PSC'’s
are always nucleated from left to right according to the
gradient shown in the inset in Fig. 3 when the magnitude of
the current is increased regardless of its sign. With a negative
current, the charge carriefglectrong move from left to
right. However, with a positive current, they move from right
to left. Because of the inhomogeneity present in our film,
they experience slightly different environments and are thus
subjected to different scattering times in the two cases. It is
likely that this leads to an asymmetry in td&/d| with the
current bias direction.

2

dv/dl ()

—1

-2

3
o —-10

VI. CONCLUSION

1126 —90 60 —30 0 _ 30 60 90 12
| (uA) We have investigated the resistance anomaly and excess
voltage in theR vs T andl -V characteristics in 2D aluminum
systems with a small; variation. The inhomogeneity is pro-
duced by the use of the GFRRIE technique. Neall;, we
observe an excess voltage and the associated increase in re-
sistance above the normal-state values when the measure-
i ] ments are performed wit8 voltage probes. We also observe
11 J\ incremental decreases of the excess voltage with increasing
i | bias current, nonlocal effects associated with the nucleation
and interaction of PSC’s. The main features of these unusual
behaviors are explained by the nonequilibrium charge imbal-
1 ‘/\ . ance model which requires differences between the quasipar-
°r ticle and pair electrochemical potentials to extend over a dis-
_ . . . . . . . tancel o+ in the S region. We discussed a heuristic model
1420 —90 —60 -30 O 30 60 90 120 that mapped the behaviors seen at an NS interface to that of
I (uA) a WS interface associated with the current-biased states.
Though intuitively appealing, this model cannot successfully
FIG. 12. (a) The dV/dI's (left axi and I-V characteristics describe the detailed features in the excess voltage. Finally,
(right axi§ are measured with both positive and negative currentv€ showed that the PSC model is consistent with the obser-
biases. Note the asymmetry in the shape of the excess voltage wikation of an excess voltage as well as the incremental de-
current direction. As an example, we present only the measuresrease of the excess voltage and the nonlocal phenomena in
ments on the aluminum film structure with a single pair of probesthe |-V characteristics.
The dashed line is the normal-stdté/ characteristic(b) I: The It is clear from our study that the origin of the resistance
dV/dI's are measured with an increasing bias current from negativenomaly in our 2D aluminum films is the different spatial
values to zero and then to positive values. II: The/dI's are  gradients of the quasiparticle and pair electrochemical poten-
measured with a decreasing bias current from positive values tgals in the superconductor. It is reasonable to expect much of
zero and then to nggative values. The trace is shifted with respect @]e same physics to be present in other inhomogeneous Su-
trace | for comparison. perconducting systems whether or not fhg variation is
intentionally created. An inhomogeneity of a similar size to
our created one is expected to exist naturally in typical ex-
perimentge.g., enhanced superconductivity around a voltage
robe, nonuniform film thickness, local defects,) eWe be-

ieve that many reported cases of the anomaly should be

]E'On of ;}hehcurrenp Wh(Tther thehk.)'?]s current ISI mcreac?e arefully reexamined on the basis of the nonequilibrium
rom a high negative value to a high positive value or de- | presented in this paper.

creased from a high positive value to a high negative value,
the same asymmetry in thedVv/dl’s is reproduced in both
cases. If the appearance of the asymmetry were a result of
some hysteretic effects, such as local heating, then the be- We wish to acknowledge helpful conversations with R.
havior of thedV/dI’s should have been reversed in the two Buhrman, V. Ambegaokar, K. Likharev, M. Tinkham, W.
cases(The slight discrepancy at high currents is likely due Skocpol, V. Petrashov, and B. Janko. This research was sup-
to heating. However, it does not affect the anomaly. ported by the NSF and Cornell MSC Center under DMR-
The nonequilibrium charge imbalance thedrdoes not 9121654 and DMR-9016301. Fabrication was carried out at
predict an asymmetry with the current bias directions. Wethe Cornell Nanofabrication Facility, supported by the NSF
speculate that it is related to the different relaxation times otinder ECS-8619040.

(b) T=1.360 K

tures with multiple probes as well as with a single pair of
probes(see the insets in Figs. 1 and)1By comparing the
two dV/dI traces in Fig. 1), it is demonstrated that the
asymmetry is nonhysteretic and truly depends on the dire
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~1.4u0 cm, ~60 cn?/s,~130 A, ~2.9, and~1 um, respec-
tively.

1Y. K. Kwong, K. Lin, P. J. Hakonen, M. S. Isaacson, and J. M. 2XJ. Clarke, inNonequilibrium Superconductivitedited by D. N.

Parpia, Phys. Rev. B4, 462(1991).
2p, santhanam, C. C. Chi, J. Wind, M. J. Brady, and J. J. Bucchig-
nano, Phys. Rev. Let66, 2254(1991).

Langenberg and A. I. Larkin(North-Holland, Amsterdam,
1986, and references therein.

22T M. Klapwijk and J. E. Mooij, Phys. Leti57A, 97 (1976.

8J. J. Kim, J. Kim, H. J. Shin, H. J. Lee, S. Lee, K. W. Park, and?C. C. Chi and J. Clarke, Phys. Rev.1B, 4495(1979.

E. H. Lee, J. Phys. Condens. Mat&r7055(1994.

4S. Rubin, T. Schimpfke, B. Weitzel, C. VoBloh, and H. Micklitz,
Ann. Phys.1, 492(1992.

SR. Vaglio, C. Attanasio, L. Maritato, and A. Ruosi, Phys. Rev. B
47, 15 302(1993.

5M. A. Crusellas, J. Fontcuberta, and S. Pinol, Phys. Re46B
14 089(1992.

"A. Nordstrom and O. Rapp, Phys. Rev.4B, 12 577(1992.

8E. Spahn and K. Keck, Solid State Comm, 69 (1991).

9H. Vloeberghs, V. V. Moshchalkov, C. Van Haesendonck, R.
Jonckheere, and Y. Bruynseraede, Phys. Rev. 168t.1268
(1992.

10A, W. Kleinsasser and A. Kastalsky, Phys. Rev.4B, 8361
(1993.

M. €. de Andrade, Y. Dalichaouch, and M. B. Maple, Phys. Rev.
B 48, 16 737(1993.

2¢. strunk, V. Bruydoncx, C. Van Haesendonck, V. V. Mosh-
chalkov, Y. Bruynseraede, C. J. Chien, and V. Chandrasekhar,
Phys. Rev. B53, 11 332(1996.

13M. Park, M. S. Isaacson, and J. M. Parpia, Phys. Rev. [Z&ft.
3740(1995.

¥M. L. Yu and J. E. Mercereau, Phys. Rev.1B, 4909(1975.

15M. Park, K. R. Lane, J. M. Parpia, and M. S. Isaacson, J. Vac.
Sci. Technol. A13, 127(1995.

24M. Stuivinga, C. L. G. Ham, T. M. Klapwijk, and J. E. Mooij, J.

Low Temp. Phys53, 633(1983.

p. G. de GennesSuperconductivity in Metals and AlloyBen-
jamin, New York, 1966
26y. K. Kwong, K. Lin, M. Park, M. S. Isaacson, and J. M. Parpia,

Phys. Rev. B45, 9850(1992.

27In the previous workRef. 26, the observed effect was identified

as a long-range proximity effect, which is an equilibrium phe-
nomenon, under the assumption that measurements were free
from complication by nonequilibrium effects associated with NS
interfaces. However, the validity of the assumption may be
questionable, and we believe that the data need to be reanalyzed
with a possibility of the presence of nonequilibrium effects in
mind. Even though the observed long-range effect by itself is
quite interesting, the investigation of its mechanism is beyond
the scope of this paper, and we limit our discussion to the resis-
tance anomaly. What is relevant to our discussion is the exist-
ence of a long-range variation of tfig in inhomogeneous alu-
minum film structures fabricated by the use of the RIE technique
(Ref. 15.

28A complete treatment should account for the presence of the equi-

librium proximity effect as well as the nonequilibrium charge
imbalance. Since g« >§(T), we have neglected the proximity
effect in this discussion.

18K Lin, Y. K. Kwong, M. Park, J. M. Parpia, and M. S. Isaacson, 29At these temperatures, the nonequilibrium charge imbalance

J. Vac. Sci. Technol. B, 3511(1991).

173. Clarke, Phys. Rev. Let28, 1363(1972.

183 probes contacting aN region would always measure the qua-
siparticle electrochemical potential since the pair electrochemi-
cal potential is not defined when the film is in thestate. In a
superconductor below it§; but with a current larger thah,,
the pair electrochemical potential is still not equal to the quasi-
particle electrochemical potentifd.g., Dolan and Jacké€Ref.

33)]. Since the electrodes are superconducting and do not carry

a current, the pair electrochemical potential must be constant in
the superconductor whether in the main strip or the probes.
In the result of Santhanaet al. (Ref. 2, the film was homoge-
neous but so narrow as to affett. Thus, the presence of
voltage probes itself led to an enhancemenfTgfand created

length will be much smaller than the length of the voltage
probes(many hundreds of microhsand so there can be no
ambiguity that the probes register the pair electrochemical po-
tential even if there exists a nonequilibrium at the probe junc-
tion. Also see the remark in Ref. 18. Furthermore we note that in
the zero-current-biased state similar resistance anomalies are ob-
served withS (unetched probes regardless of whether a NS
interface is present at the probe junctiOmhen the film is
etched or when the NS interface is most likely away from the
junction as in the case when the film is unetched. Therefore, the
presence of alN(W)-S interface at the voltage probe junctions
to the current carrying main strip is unlikely to be the source of
the phenomena observed in this experiment.

303, s. Langer and V. Ambegaokar, Phys. Re§4, 498 (1967).

NS interfaces across the entire film. We have carried out mea3'J. M. Aponte and M. Tinkham, J. Low. Temp. Physl, 189

surements on films down to am in width and in all cases we
see similar result.
2OFor the film with a single pair of probes;=1.363 K and

(1983.

32w. J. Skocpol, M. R. Beasley, and M. Tinkham, J. Low. Temp.

Phys.16, 145(1974.

Te,=1.406 K. For both etched and unetched regions, the®3G. J. Dolan and L. D. Jackel, Phys. Rev. L&9, 1628(1977.
normal-state resistivity, diffusion constant, elastic mean free>*M. Tinkham, J. Low. Temp. PhyS5, 147 (1979.
path, the residual resistance ratio, and the coherence length af&). Meyer and G. von Minnegerode, Phys. L88A, 529 (1972.



