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Normal-metal—-insulator—superconductor interferometer
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Hybrid normal-metal-insulator—superconductor microstructures were fabricated. The structures consist of a
superconducting loop connected to a normal-metal electrode through a tunnel barrier. An optical interferometer
with a beam splitter can be considered as a classical analog for this system. All measurements were performed
at temperatures well below 1 K. The interference can be observed as periodic oscillations of the tunnel current
(voltage through the junction at fixed bias voltageurreny as a function of a perpendicular magnetic field.

The magnitude of the oscillations depends on the bias point. It reaches a maximum atdhergich is close

to the superconducting gap and decreases with an increase of temperature. Surprisingly, the period of the
oscillations in units of magnetic fluA® is equal neither tdv/e nor to h/2e, but significantly exceeds these
values for larger loop circumferences. Possible explanations of the phenomena are discussed.
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I. INTRODUCTION (dcy~ 30 nm the aluminum surface was oxidized in, @t-
rT{nosphere at a pressure of about 1 mbar for 1—2 min. The

splitter, a pair of mirrors, and an opaque screen. A metal Iooﬁgomd??lo%\ielr&pg'r??g ?L‘aeatﬁﬁa\’;??g;;gﬁ%agsr%'gr':'tr:a unT was
with two electrodes can be considered as an analog to th )

described optical interferometer. One node corresponds [ierature varied from sample to sample from roughly

) . PN i .
the electron-beam splitter and the second node to the scree :I) di%ﬁﬁ"l‘éﬁa?:ﬁu?gs Z%fe' Vr;r;!grifoog;]gegogi?nfnts
The total current through both patlat a fixed voltage, for V\?ere made in a voplta e—biaéed mntéagJ 1)yThe deﬁvative
example is then equivalent to the light intensity at the 9 e

screen. The application of a perpendicular magnetic field al9f the variation of the current with respect to the voltage,

ters the “interference pattern.” The conductivity of a normal—d.”dv(v)’. charalcte\r;stlc Wa; lmtgasurfe% bﬁ. a .IOCk"Tt tech-

metal loop is periodic in units of magnetic-flux quantum nique, using a-1 uVv ac modufation of In€ biasing voltage.

#N=h/e, wheree is the electron chargeTo preserve the Current-biased dependencies were also studied. The resis-
0~ y .

coherence, the size of the loop should be smaller than t k?ce t?]f tf(;e ”_‘eti‘_' partstW:ltsh rougl?ly adfew tensdof ?hThs.

phase breaking length,. Micron-sized metal structures at us, the dominating part of the voltage drop was due fo the

. ? ey i
ow temperaturesT <1 K) are subject o thisImi. The ut-ACs PAHer Puperinerts Jure e Fub fe FLEeh,
lization of superconductors should eliminate this size limita- g P 9 y

tion due to macroscopic quantum coherence. The only pro o0m. Only battery powered front-end amplifiers were kept
inside the room. These were connected to the remaining elec-

lem is that in the pure superconducting state, resistivef : . X .
ronics outside, through carefully shielded coaxial cables car-
measurements are useless. Other system parameters, such as

critical temperatureor magnetizatiord,should be measured. fying analog signals. Three stages of filtering were used.

The simplest optical interferometer consists of a bea

II. EXPERIMENTAL

A number of normal-metal-insulator—superconductor
(NIS) microstructures has been fabricated. They can be con
sidered as a solid-state analog of an optical interferomete
with a beam splitter. A closed loop of aluminum is over-
lapped at one point by a copper electrode through a thi
oxide barrier(Fig. 1). At sufficiently low temperatures, alu-
minum becomes superconducting. Due to macroscopic phag
coherence, there is no random alternation of the electro
phase inside the loop of a superconducting interferomete
while the finite resistance of the whole NIS system enabled
electric measurements. Structures were fabricated by two
angle metal evaporation through eibeam patterned double
layer RMMA-MAA )/PMMA mask. The typical aluminum
thicknessd,, was ~35 nm, and the linewidth-120 nm, for '
small samples. For larger loogs>10 um) 250-nm lines FIG. 1. Scanning electron microscope image of a structure with
were used. Before deposition of the top copper electroda 3x 3 um? loop. Schematics of voltage-biased measurements.

oxide barrier
8854 15KV
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1 FIG. 3. Sample with a 25 25 um? loop. 1(V/Vgap=0.31B)
dependence ai=218+3 mK. The arrow indicates the direction of
011t ] the field sweep. Inset: corresponding magnetic-field dependence of
. L _ the oscillation period\B,.
< EFFQO B Aﬁﬁ:.. T=52+2mK
‘© 001 P Aﬁ:é‘ 2 0.704 mT asA=eVya, WhereVy,, corresponds to the maximum of the
g 5:- ©0.845 mT dl/dV(V) dependencies. This assumption is quite justified at
0.001 L " f?_'gg? :{,‘I temperatures well below the critical temperatdigeof the
N superconducting electrodabout 1.35K for our structurep
The application of a perpendicular magnetic field modi-
0-000106 08 1‘0 1'2 T4 fies the I(V,B=cons} dependencies in a nonmonotonous
(b) ' ' v /.Vgap | ' way [Fig. 2(b)]. The I(V=const,B) characteristics are qua-

siperiodic with respect to the magnetic figlHlig. 3). The
FIG. 2. Sample with a &5 um? loop. (a) Typical I(V) (left ~ Period of oscillations\B, is not constant, but drops by a few
axis) andd1/dV(V) (right axis characteristics at zero magnetic field factors at high fieldgFig. 3, insef. As the last phenomenon
B. Symbols with arrows show the bias voltages, where theiS not well understood, hereafter only the low-field data
magnetic-field sweeps in Fig. 4 were taken). Zooms of the same  (|B|<2 mT) is considered, where the magnitude and the pe-
I(V) characteristic at various perpendicular magnetic fields. riod of oscillations are field independent. ThHV
=constB) dependencies are essentially hysteréfig. 4).

First, Spectrum Control 51-390-305 filters with a —80 dB Phenomenologically, one may state that t&=constB)
cutoff at 300 kHz were placed on top of the cryostat at roomcharacteristics form a set of “parabolas,” where allowed cur-
temperature. A second stage was located atlaK point  rent states “jump” from neighboring branches of parabolas,
consisting of capacitive and inductiv€-L-C elements depending on the direction of the magnetic-field sweep.
(220 nF, 2.2 mH, 220 nFforming a = filter. The last stage Within the range of fields corresponding to a single “pa-
was made of~30 cm Thermocoax Philips cabtayhich was  rabola,” dependencies are not hysteretic. Thé&=constB)
thermally anchored to the sample stage. The utilization otharacteristics are well reproducible and become noisy at
filters at room temperature resulted in a marginal improvebiasesV noticeably higher than the gap voltayg,,
ment of the signal-to-noise ratio, while the performance of Typical dependencies of the normalized magnitudes of
the r filter at 1 K appeared to be crucial, since no reasonableurrent oscillationsAl/1 o @s a function of the normalized
signal-to-noise ratio could be obtained without it. Magneticbias voltageV/Vgy,, for several samples with various loop
fields of up to 40 mT were generated by various two- orsize are plotted in Fig. 5. There are at least two common
four-layer superconducting coils wound directly on the out-features. First, the functioAl/l,,(V/Vg,p has a maximum
side of the refrigerator’s vacuum canister. The coil inputsslightly below the gap voltag&//Vgy,,~0.7-0.8. Second,
leading to the current source were also filtered. Magneticthis maximum is pronounced at lower temperatures and be-
field sweeps(step by step were made rather slowly comes smeared at temperatures higher @00 mK. Sur-
(~2-5 s/point. In some cases, a car battery was connectegrisingly, the normalized magnitude of oscillatioA$/l ;.
through a decade resistor block and was used as a currer@aches nearly 100% at sufficiently low temperatures. As a
source. The Earth’s magnetic field was not screened. Theomparison, the Aharonov-Bohm effect in micron-sized
latter may explain a small offset of the magnetic field normal-metal ringshas the magnituddR/R< 10731, while
(~0.05 mT), which appears in the data presented below. in a micron-sized superconducting aluminum ring the mag-
nitude of the critical temperature oscillati8riqLittle-Parks
effect) is AT./T.<10%% The maximum magnitude of the
current oscillations decreases slightly with an increase of the
At zero magnetic field the current-voltage characteristicsloop diameter, but the effect is still well pronounced even for
I(V,B=0), show typical behavior for NIS junctionfFig.  a loop size as high as 2&m. For small size loop6<3 um)
2(a)]. Hereafter, the superconducting gap enekgg defined no correlation between the maximum magnitude of current

Ill. RESULTS
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FIG. 4. Sample with a %5 um? loop.|(V=constB) dependen- 0.4 1 g Ta H
cies taken at various bias¥#Vg,, T=165+5 mK. Symbols corre- : ce . o
spond to notations in Fig. 2. The solid-line arrow shows direction of 0.2{ M4y _O° “o « . 0
the field sweeps for the solid symbols; the dashed-line arrow, for the 00 Laa oo gy Cem s
open symbols. 00 04 | 08 12 16
oscillations and the tunnel resistance in the range from V/Vgap

3to 60 K) has been found. For loops with the side
L>5 um, no effect has been detected for structures with FIG. 5. Normalized magnitudes of the low-fie[(B|<2 mT)
tunnel resistanceRr>8 k(). As only a finite number of current oscillationsAl/l, as a function of the normalized bias
structures(~20) has been studied, the last statement might//V,, for structures with different loop sizes at various
not have a universal validity. temperatures.

For a given size of loop, the period of current oscillations
AB, in low fields depends slightly on the bias voltage and
increases by~15% below the gagFig. 6). The effect is
more pronounced at low temperatu€sy. 6). Probably, the
most surprising _feature is t_he abs_olute value of the per_lod of oT = 83 +/-6 MK
current oscillations A®, in units of superconducting
magnetic-flux quantungg=h/2e. The period increases with ~ 0.46 . + - AT =442 +/-3 mK

0.48

an increase of the loop size and reaches a value
Ad,/(h/2e) ~ 60 for the largest 2% 25 um? structure(Fig. o 0.44
7). The uncertainty in the definition of the effective loop £

area, due to the finite linewidth, cannot account for such agy & 1 T

high value of discrepancy. Although the majority of experi- < 042 i
ments were made in the voltage-biased mbde=constB), 4 I

the current-biased dependenci¥$l =constB) were also 040}t

measuredFig. 8). Qualitatively, the same oscillating behav- -
ior with hysteresis in the magnetic field was observed. How-
ever, there are several important differences. First, the shape 058 ‘ ' ' ‘ ‘ '

’ I e 0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
of the voltage and the current oscillations differ: tkié V/ Vgap
=constB) “parabolas” are “up-side downFig. &a)]. Sec-
ond, the normalized magnitude of the voltage oscillations is FIG. 6. Sample with a 18 10 um? loop. Dependencies of the
much smaller than the corresponding current variation takeperiod of the current oscillationdB, measured at low magnetic
at the same point of theV characteristigFig. 8b)]. Third,  fields (|B|[<2 mT) on the normalized biasV/Vg,, for two
the period of the voltage oscillationsB,, is smaller than the temperatures.
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“ = | FIG. 7. The period of the current oscillations
m ’ 3 A®, in units of the magnetic-flux quantum}g
g 3 — {08 & =h/2e measured at low magnetic fields
~ . & (IB|<2 mT) (left axis, diamonds; the dotted line
) -— 3. = is a guide for the eyeand the maximum magni-
Jo7 * tude of the normalized current amplitudé/| .«
- (right axis, circleg at temperature§ <100 mK
R 1 as functions of the loop area.
g } J06
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corresponding period of the current oscillatioA8, [Fig.  within a reasonable accuraey5%. The data gives the con-
8(0)]. fidence that the observed periodicity in the NIS systems is
not a product of the measurement hardware artifacts. Un-
IV. DISCUSSION usual periods of oscillations in NIS quasi-one-dimensional
structures can by no means be explained by the formation of
The authors have no solid explanation for the mentionedh superconducting sheath at high magnetic fields observed in
phenomena. The most confusing feature is the deviation afelatively “bulk” systems.
the period of oscillationa® from the expected valuke/2e. There are a few recent publications where the magnetiza-
The allowed states of a superconducting ring differ by thetion of small superconducting loops has been studied at tem-
phase change accumulated over the circumference of theeratures well below the critical o8€.Experimental depen-

loop. The energy of theth state is given by dencies M(B) do show periods A®/(h/2e)>1. The
o2l | @ 2 proposed explanatidreonsiders the formation of metastable
= —S<_S+ ) , (1) states with screening currents in superconducting loops ex-
m*S \¢g ceeding the “conventional” valug,, The ultimate limit of

possible persistent currents in a ring is the critical current of
the wire forming the Ioop‘c~27r/§>jgw~ 27l S. The exact
solution for the ratio of these currents for a ring of radRris

whereng is the density of superconducting electrons, is
the effective electron mass,is the cross-section area of the
wire, forming the loop,Sis the loop’s circumferenced is

the magnetic flux through the area of the loop, aﬁ@i is given irf

=h/2e is the superconducting-flux quantum. The persistent 1R 1( £\2

current is proportional to the derivative of the energy, jC/jSW: _§E 1+5<E) , (2
\

~dE,/d®, and shows the characteristic sawtooth behavior

with a periodACI>|:¢§. Here it is assumed that the system  The model uses the Ginzburg-Landau formalism. Strictly
changes its quantum state always relaxing to a ground speaking, this approach is valid only for a gapless supercon-
state. The corresponding value of the persistent current afyctor A(T)—0. Applicability of Ref. 9 in the low-
which the system switches to a new statfgjs- 2/S. What temperature limit requires further justification.

is measured in the experiment is the transport current Eyen postulating the formation of the mentioned meta-
through the whole NIS structur@ig. 1), and not the persis-  giaple states resulting in periodicity®/ (h/2€) ~ jo/ %, 1,

tent current. However, any explanation based on these CORjs ot clear how the screening currents in the loop-shaped
ventional “superconducting” properties of the loop sectiong \serconducting electrode affect the total tunnel current
should result in &/2e periodicity independent of the size of ,aasured in the present work. The tunnel current of a NIS

the systeniFig. 7), the range of the magnetic fieldSig. 2, jnction as function of the voltage biasis given by?
and the measuring modgoltage or current biggFig. 8).

In our experiments three different coils were used, each 1 (™ NgE)
being calibrated at room temperature and at 4.2 K. The data Inis= e_Rr Ny(E)
was found to be quantitatively consistent. Nevertheless, a -
control test was made. A pure aluminum>85 um? loop,  wheref(E) is Fermi distribution function, and the ratio of the
which contained no other materials and no tunnel junctionsgensity of state¢DOS) in normal and superconducting states
was fabricated. Oscillations of the sample’s conductivity,is given by the conventional BCS expression,
while in a resistive statgLittle-Parks effect), were mea-
sured using the same experimental setup. The period of os- Ns(E) - E (4)
cillations was equal to the expected valn@=¢;=h/2e NG(E)  (E?—A2)Y2

[f(E)- f(E+eV]dE,  (3)
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100 Note that Eq(5) is also derived in the Ginzburg-Landau
05 4220 approximation® and, hence, its extrapolation to low-
temperature limit requires further justification. Simple calcu-
I 90F 210 < lations based on Eq$3)—(5) give the magnitude of the cur-
= i rent oscillationsAl/l ., much smaller than the observed
% 8 @ experimental dependenci¢Big. 5). It has been proposéd
2 80 1200 & that the additional oscillating behavior of the tunnel current
I = might originate from the deviation of the DOS from the BCS
275 =) expression(4) at high values of the screening currents inside
11903 the superconducting loop-shaped electrode. A noticeable im-
70 . : "
pact is only expected at high currents comparable to the criti-
5 180 cal onest? maxjscreed =jsw~ o IN real samples the actual
61 2 3 4 5 6 7 8 9 10MN critical current is reduced in comparison with its theoretical
@ B (mT) valuej,~ 27/, due to inevitable imperfections. Thus, if the
0.8 08 metastable states with high screening currg¢nts..> jSW are

.} formed the DOS can be modulated with perrakﬂ)/dao
0.7r 107 ~ jscreed ]9 1. One might expect that the observed period-

3 06l —— % losg o icity of oscillations should be a “finger print” of each struc-
§ < ture, due to the particular arrangement of imperfections and
n 05¢ { } 195 5 the corresponding reduction of the critical current value.
2; 0.4 4104 g",_\ However, a comparison with our experiméghtg. 7) tells us
:‘E o3k { los & that if the critical current is reduced, it is not reduced ran-
= t § domly: structures with the same size of the loop show close
0.2 ! 102 = values of periodicity in magnetic field scaled with the size of
0.1—%{} 58 ¢ ' s 1{ 0.1 the loop[Eq. (2)]. _
() 0.0 2 oo <I>‘ - _%e o Periodic mo_dulatron of_the DOS hy metastaple screening
currents can nicely explain unusually high periods of oscil-
08 0.8 lations and gives order-of-magnitude agreement with the
* Al/1ax dependencies af= Vg, (Fig. 5. However, theoret-
‘— ical simulations at smaller bias voltagéscontradict the ex-
£07f o0 197 o perimental ones: calculated dependendiéA . are almost
;E; % {, <Z constant at/ <V, except in the very vicinity o¥/=0. This
g 06 7" ; { . & e 1os M discrepancy is probably re]ated tolthe noticeable subgap cur-
° . { % rent observed in our relatively “high transpareiiw Ry)
> = tunnel structures: for a given bids experimental current
9 g5| — los E (Fig. 2 is systematically higher than the corresponding cal-
= culated valuglEq. (3)]. Very probably, the resulting model
3 % % ‘}’ %% ° % should incorporate this subgap current contribution.
04 r r : ' ' 0.4 A possible alternative explanation of the phenomena is a
00 o5 10 15 20 25 30 multiple vortex penetration within the superconducting
(c) ViV “walls” of the structures while in a mixed state. However, the

. effective core size of a single vortex is about the dirty-limit

FIG. 8. Sample with a &5 xm? loop. (8 Current and voltage  coherence lengtl§~ 150 nm, and is not much smaller than
oscillations, corresponding to the same point of thécharacteris-  the linewidth of the studied structures. Thus, there is not
tic at zero magnetic fieldy=210,uV, 1=80.5nA, V/Vgep=1.17,  enough room for vortices to fit within the “walls” of the
T=127+1 mK. The dotted lines are guides for the epe.Normal- g perconducting loogcontrary to the “wide sample” frofn
ized magnitudes of the current and voltage oscillations as function ig. 5. The test structure, which consisted of a solid 5
qf the normal_ized bias voltag€/ Vg, () Periods of the oscilla- %5 Mmz square overlapped through a tunnel barrier by a
tions as functions of the same argument agbin For the voltage- copper electrode, was studied. The variation of the current in

biased data the solid symbols and the left axis are used; for the magnetic field (V=constB) showed complicated nonmo-
current-biased data, the open symbols and the right axis are use% 9 P

For (b) and (c) only, data at low magnetic fieldB|<2 mT) was notonous behavior with no signs of periodicity. This behav-
considered. ior agreed with the expectations that the penetration of a

magnetic vortex inside a type-Il superconductor requires the

The very straightforward contribution of an external mag-overcoming of a temperature-dependent potential barrier.
netic flux to the tunnel current oscillatiorig(®) is the  The latter results in nonmonotonous, strongly hysteretic, ran-
corresponding periodic modulation of the energy gd@), = dom magnetic-field patterns. Thus, the origin of the oscilla-

the Little-Parks effect, tions due to the multiple vortex penetration should be ruled
2 2 out
M :m ~ (é) <n— %) . (5) It is probable that related oscillating behavior has been
A0 T(0) R #o reported for a single-electron transistor composed of a super-

064514-5



K. YU. ARUTYUNOV AND T. T. HONGISTO PHYSICAL REVIEW B70, 064514(2004

conducting central island in the form of a lobpThe period V. CONCLUSION

of oscillations was not constant in a magnetic field and was . .
different for voltage- and current-biased modes. Unfortu- Ve have observed an unusual interference phenomenon in

nately, no solid explanation applicable to our geometry haStructures consisting of a superconducting Idép) con-
been proposet? nected to a normal metal electrod€u) through a tunnel

Experiments involving NIS tunnel junctions allow one to barrier(Al oxide). All measurements were performed at tem-
pump nonequilibrium quasiparticles from a normal electrodePeratures well below 1 K. The interference can be observed
into a superconductor. Formation of a Cooper pair from in-as periodic oscillations of the tunnel curreqtoltage
jected quasiparticles is governed by at least thredhrough the junction at fixed bias voltageurreny as a func-
processe$? The corresponding lifetimes are: quasiparticletion of a perpendicular magnetic field. The magnitude of the
scattering(7g), branch imbalancéry), and recombination oscillations depends on the bias point. It reaches a maximum
(7r). If there are no other inelastic mechanisms involved, theat energyeV, which is close to the superconducting gap, and
guasiparticles should preserve their phase at shorter tim@gecreases with an increase of temperature. Surprisingly, the
scales:t<r¢:min(rs,rR,rQ). For aluminum charge imbal- period of the oscillations in units of magnetic fluxd is
ance, relaxation time can easily exceed0O ns!4 Addition-  €qual neither tch/e nor to h/2e, but significantly exceeds
ally, all the mentioned lifetimes diverge at excitatioey  these values for larger loop circumferences. The origin of the
=A and decrease rapidly at higher enerdfe$hus, one can Phenomena is not completely clear. Possible explanations
associate the observed oscillations with the interference dhight deal with the formation of metastable high screening
nonequilibrium quasiparticles. However, there are several seeurrents inside the superconducting loop and the correspond-
rious objections against such a proposal. First, the oscillalng periodic modulation of the DOS. Probably, effects related
tions do not decay rapidly at excitations below the energyto the injection of nonequilibrium quasiparticles should be
gap (Fig. 5), where the concentration of the injected quasi-additionally taken into consideration. Further study is re-
particles is low. Second, the>85 um? SIS structure(all ~ quired.
aluminum, no normal-metal injectoshowed similar oscil-
lating behavior. The shape of tHéV=constB) dependen-
cies appeared to be different from the Cu-AlO-Al system, but
the period was close to the NIS case. Finally, the last prob- The authors would like to acknowledge D. Esteve, D.
lem is the absolute value of the oscillation period. AssumingHaviland, L. Kuzmin, H. Pothier, F. Peeters, J. Pekola, and
that the periodicityA® =h/q originates from the interference D. Vodolazov for their helpful discussions, and D. Agar for
of quasiparticles, one should require that these nonequilibhelp with the manuscript. The work was supported by the
rium excitations have fractional charge< e. Additionally, it ~ Russian Foundation for Basic Reseak@rant No. 04-02-
is not clear why for the wide range of injection energgds  17397-A), the Academy of Finland under the Finnish Center
the charge becomes “more fractional” as the size of the loopf Excellence Program 2000-2005 No. 44875, the Nuclear
increases. The origin of the difference of periods in currentand Condensed Matter Program at JYFL, and the EU Com-
and voltage-biased modésig. 8) is by no means clear. mission FP6 NMP-3 Project No. 505587-1 “SFINX.”
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