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Corbino geometry Josephson junction
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We report the fabrication and measurement of Corbino geometry superconductor—normal metal—
superconductor Josephson junctions. A circular junction barrier is defined in a superconductor—normal metal
bilayer and bias current flows through the device in the radial direction. In contrast to conventional junction
geometries, the junction barrier is entirely surrounded by a superconducting loop: this implies that flux can
enter the junction only as single quanta. We have observed abrupt suppression/reappearance of critical current
corresponding to flux entry/annihilation events as the external magnetic field is varied. Furthermore, when the
width of the superconducting film enclosing the junction is sufficiently small we observe critical current
suppression/reappearance in a series of jumps, suggesting incomplete quantization of magnetic flux in a
superconducting film over mesoscopic length scales. We present a theoretical simulation of device response to
the approach of a single vortex. A consideration of the actual device geometry shows that screening currents in
the edge of the film when an external magnetic field is applied to a bilayer strip containing the junction create
an effective double-well potential for confined flux vortices trapped in the junction. Further experiments and
possible applications of such devices are discussed.
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[. INTRODUCTION may expect in this special junction geometry is illustrated in
Fig. 1. In a conventional Josephson junction magnetic flux

The unique properties of infinit@irculan barrier Joseph- can enter progressively through the edges of the junction. As
son junctions have long been recogniZetiEarly attempts @ result the phase difference between the electrodes varies
were made to fabricate cylindrical superconductor-insulatoracross the width of the junction, leading to a continuous
Superconducto(s|s) junctions by th|n_f||m deposition on mOdu_lation .Of the junction Cl’itica! -Current. In the SimpleSt
top of a wire*® Recent experimental work has focused onfWo-dimensional geometry the critical current versus mag-
nonideal geometries that can be realized using convention&etic field,Ic(B), follows a modulus of a sinc function de-
microfabrication techniques. An annular SIS junction isPendence, analogous to the diffraction pattern of monochro-
formed when a conventional planar SIS tunnel junction igmatic light due to a single slit in the Fraunhofer regitfie.
patterned into a ring, yielding a high quality circular barrier The fII’St. minimum occurs when one flux quantuby is
of carefully controlled dimensions. The properties of annulaPresent in the barrier. In the case of a SNS junction fabri-
SIS junctions with and without trapped fluxons are now ex-cated in the Corbino geometry, the barrier region is entirely
tremely well understoofi-*° Quantized flux can be trapped gnclosed ina loop of superconductor, therefore magnetic flux
around one electrode and the overall field in the junctioriS Only permitted to enter as single quahfBhe critical cur-
barrier can be modulated by the application of an in-pland€nt versus magnetic-field depende¢g(B)] should now
magnetic field. Due to the underdamped conditions, solitor@bruptly switch from the maximum value to zero as flux
motion of fluxons up to superluminal velocities can be
achieved. Such junctions are of interest both for detector )
applications and for fundamental studtés? However, in (a)
the annular geometry, some of the most interesting properties
predicted for circular junctions, such as Berry phase
effects!®* cannot be observed.

In this paper, we report on the first thin-film based junc-
tion with the circular barrier in the same plane as the elec-
trodes. This is an extension of our established focused ion b @,
beam (FIB) based planar superconductor—normal metal— ( ) |
superconducto(SNS junction fabrication technique. The
starting point is a superconductor—normal-metal bilayer. A
50 nm wide trench is milled into the upper superconducting
layer in order to achieve weak coupling. By milling a circu- g1 1. schematic of flux entry into different Josephson junction
lar trench and making an electrical contact to the centrafjeometries. (@) Conventional junction geometryplanar SNS

island, we arrive at a Corbino geometry SNS junction. Thepridge: flux enters freely through sides of junction leading to
term is derived from the experiment carried out by Corbinorraunhofer-like critical current responsé) Corbino geometry

in 1911 to demonstrate the Hall effect in a disk-shaped conjunction: flux can only enter as quantized vortices, hence we may
ducting Samplé'.5 expect an abrupt critical current suppression when a vortex enters
A simple consideration of the basic phenomenology wethe junction.
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FIG. 2. Bright field TEM images of a series of cuts in a 125 nm Lm diameter
Nb 50 nm bilayer track. Milling times are indicated. Area milled % E
=2.5umx50 nm.

enters, resulting in a top hag(B) pattern. In this paper we
report primarily on the responde(B) of such junctions at

4.2 K—as we shall see, the observed behavior is more subtle
than this simple picture. As the junction is overdamped,
quantized flux trapped in the barrier will not propagate
freely. However, when a bias current is applied, the flux can
be driven around the barrier. In the low-temperature limit the
driving force should be attenuated by Berry phase

effects?*’

=3 ,5;( v R e — e =
o . . e R L il
P Sl e S T

FIG. 3. (a) FIB image of device after via hole millingb) Sec-

A. Planar SNS junction fabrication by focused ion beam tioned conical via viewed at 45° tilt in the FIB.

II. EXPERIMENTAL TECHNIQUE

We give here a brief summary of FIB planar SNS devicetrenches (radius r=2.5 um, various depths 60—100 %
fabrication; a more detailed account is given elsewh@re. through Nb thicknegsare then milled in the main track.
Microscopic tracks are defined in a UHV sputtered niobium-  Isolation cuts are milled in the main track to separate the
copper bilayer125 nm Nb on 75 nm Quby photolithogra- individual devices using a large beam currérfd pA). After
phy and lift-off on an oxidized Si substrate. The sample isfurther lift-off patterning, a silica isolation laygthickness
wire bonded to a custom-built chip carrier and loaded in the250 nn) is deposited by RF sputtering over the region of
FIB system(FEI 200 xB. A 50 nm trench is milled across a interest. The sample is then returned to the FIB system and
track using a 30 keV 4 pA Gaion beam. Whilst the trench via hole milled onto the central island of each junction. In
milling takes place, the resistance of the track is measiwred the FIB, milling depth per unit area through an insulating
situ;*® assuming a rectangular trench profile, a simple algolayer can be calibrated by measuring the sample stage cur-
rithm can be used to determine the milling depth. Transmisfent; a jump is observed when the insulating layer is
sion electron microscopyTEM) studies confirm that for an breached. Straight-sided via holes were found to give poor
aspect ratio up to 2.5 the profile remains rectang(®ag. 2.  via filling when the final metallization layer was deposited,
At high aspect ratio, material is resputtered in the bottom ofeading to a considerable shunt resistance in early detfces.
the trench leading to a tapered trench profile. We have showhhe perfected via hole procedure is as follows: a sequence of
that, with a thick Cu layefthicker than the dirty limit coher- concentric circles is milled1.25 to 0.75um radiug to cre-
ence length =75 nm, junctions with nonhysteretic ate a conical hole 80% of the way through the insulator.
resistively-shunted junction(RS) type current—voltage After a final lift-off patterning stage, the sample is trans-
(1-V) characteristics at 4.2 K can be obtained over a range derred to a combined Ar milling/ dc magnetron sputtering
milling depths (from 60% through the Nb thickngss System. The finalGa-implantedinsulating layer is removed
The critical currentl¢ is controlled by the remaining Nb by Arion milling and a Nb-Au(30 nm Nb, 200 nm Aulayer
thickness. is deposited without breaking vacuum. FiguréaBis an FIB
image of a device at the end of the via hole milling stage.
Figure 3(b) shows a conical viégno junction barrier defined

] ] ] ] ] sectioned and viewed at 45° tilt in the FIB.
As before, a microscopic track layout is defined by lift-off

patterning of the sputtered bilayer. The track layout contains . RESULTS
a main track of 8, 7, and &m width sections tapped by

voltage/current lines. The milling depth of a 50 nm wide
trench o a 4 pA FIB beam current is calibrated on a test We are now routinely able to produce Corbino geometry
track using thein situ resistance measurement. Circular junctions with comparable critical current densities to the

B. Corbino geometry junction fabrication

A. Measurements at 4.2 K
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1000 FIG. 5. Magnetic field response at 4.2 K of au#n diameter
g junction in a 8 um width track. The external field is swept from 0
to +22 mT to—22 mT to O(1. through 4. Inset: this behavior is
E 0 repeated over multiple cycldthe field range is again-22 mT to
5 +22 mT).
O
-1000 external field over a small rangeinder 10 m7 leads to
reversible perturbations iy, but no irreversible change. As
2000 1 1 1 shown in Fig. 5, if a large enough external field is applied
010 -005 000 0.05 0.10 excess of 15 mJ | ¢ is suppressed steeply and irreversibly.

Voltage (mV) This can be identified as the entry of one quantum of flux
FIG. 4. (8) Critical current at 4.2 K normalized to barrier width (Po=h/2e) into the junction barrier. Subsequently, when the
versus milling depth for planar SN&quaresand Corbino geom-  €xternal field is reduced back to zerg remains suppressed
etry SNS junctiongdiamonds. (b) Current-voltage characteristic of and the flux is trapped in the junction. As the field direction
Corbino geometry junction with and without microwaves at 4.2 K. iS reversed ¢ reappears abruptly at —8 mT. At this point
The microwave frequency is 17 GHz; the series resistance due ta flux quantum of opposite orientation enters the junction
the via contact is less than 1(n and annihilates the original trapped vortex. A second steep,
but not abrupt, suppression bf occurs at=—15 mT cor-
planar SNS junctions previously fabricated. Figuré)4 responding to the trapping of a flux quantum of negative
shows a comparison plot of normalized critical current ver-polarity in the junction barrier. As illustrated in Fig.(Bse}
sus milling depth through the Nb layer for planar SNS andthis behavior can be repeated over multiple cycles, the flux
Corbino geometry devices. Given that the uncertainty in theentry/annihilation events occurring at almost identical fields
milling depth is=5%, the correspondence between the two(given the presence of electrical and thermal noise at 4.2 K
datasets is extremely good. Figurgl®} shows the current- This dynamic response of the critical current to magnetic
voltage (-V) characteristic of a Corbino geometry junction field is dependent on the exact configuration of the Meissner
at 4.2 K with and without applied microwave radiation. The state in the superconductor; slightly different behavior can be
[-V characteristic without microwaves is nonhysteric and ap-observed in the same device each time it is heated and cooled
proximately RSJ type. Series resistance due to the via corthrough the superconducting transition.
tact is minimal. There is a strong microwave response: the A more reproducible way to identify the flux entry event
critical current can be completely suppressed indicating as tofield coolthe device at set external field. In this case the
pure Josephson current and strong Shapiro steps are ossreening currents that impede vortex entry in the dynamic
served; half integer stega common feature of planar SNS 1-(B) measurements are absent. There remains a minimum
deviceé!) are also evident. cooling fieldB above which vorticies can stably exist in the
As discussed in Sec. |, a distinctive magnetic-field re-track?? This is approximately given bBc=®,/w?, where
sponse is expected for this type of device. Figure 5 shows the is the track width —i.e.w= mean vortex separation. For
response in the critical curret of a high critical current 8 wm track width we may expect vortex entry into the track
Corbino geometry junction (xm diameter junction in above=30 uT. Results for a Corbino geometry junction
8 um width track to a changing perpendicular magnetic (5 wm junction in a 8um track—junction of lower current
field at 4.2 K. Measurements were taken with a mumetalensity are shown in Fig. 6l is rapidly suppressed with
shielded dip probe in a He bath. Current-biased measuresooling field of less than 10@T, indicating vortex entry
ments were made of thieV characteristic at each value of into the track in the region of the junction. However, conclu-
field; the value ofl ;- was extracted using a voltage criterion. sive evidence of flux trapping in the barrier itself is only
The sample was cooled to 4.2 K in zero magnetic field.observed at relatively high cooling fields>@ mT). Quan-
Magnetic field was then applied perpendicular to the plane ofized flux trapping in the barrier is identified by performing
the sample via a calibrated Helmholtz pair. Sweeping thean|-(B) sweep at 4.2 K. If the field was swept first in the
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FIG. 6. Field-cooled measurements of critical current. Irrevers- '3000_30 20 10 0 10 20 30
ible flux trapping in the junction barrier occurs at an external flux . Lo
density of magnitude>2 mT as indicated. Applied Magnetic Field (mT)

FIG. 7. Critical current versus magnetic-field response of a
same direction as the cooling field, no change should b& um diameter junction in a Gwm track. The external field is
expected (- remains suppressgdAn annihilation event is swept from 0 to+25 mT then—25 mT. Inset: schematic of geom-
then expected when the external field direction is reversed. Atry. Flux quantization is not achieved if screening currents flowing
field of 2.5 mT corresponds to a mean vortex separation o the edge of the film overlap with the junction.
=1 um. Hence in summary, this measurement shows that ] o
flux is entering the film at low cooling field, but being pinned depth it has been showifi?® that flux quantization occurs
as Abrikosov vorticies in the region of the junction, ratherin units of less tharh/2e over mesoscopic distances from
than as a Josephson vortex in the barrier itself. Polycrysta@n edge.
line thin film Nb certainly contains a high density of pinning
sites and this situation is exacerbated by 30 kv"Gan B. Modeling the approach of a single vortex to the junction

|mplantat_|on du_rmg th_e d_ewce fabncat_lon process. The via We have developed a theoretical model of the device re-
contact, in particular, is liable to contain a large concentra-

. o . sponse to the approach of a single vortex. First consider an
tion of pinning sites.

We have fabricated and measured devices consisting ? brikosov vortex in a semi-infinite thin film. As the interface
5 um diameter trenches in tracks of 8, 7, ands6 width. approached the flux on the vortex is reduééd@he rel-

! . . evant penetration depth )sp:()\L)Z/t, where\  is the bulk
With the narrowest tracks, the minimum separation betweerllondon penetration depth arids the film thickness X, is

the junction and the outer edge of the superconductor is OnIXften referred to as Pearl's penetration dédthin this case

500 nm. We hence enter the limit where the superconducto&t 4.2 K,x,=100 nm. The distance between the vortex core

surrounding the junction barrier is of the order of the effec-and the edge of the film ia. The inset of Fig. 8 shows a

tive London penetration depth, at its narrowest point. Fig-
ure 7 showd (B) at 4.2 K for a 5um diameter junction in
a 6 um width track. The critical current is now suppressed
in a series of jumps. As the field is reduced and swept in the
negative direction, critical current reappears incrementally,
before another series of suppression events. As in Fig. 5, this
behavior was repeatable over a large number of cycles.
This behavior strongly suggests that flux entry is now
occuring in units of less tham/2e. The condition for fluxoid
guantization in the London theory is

20 30 40

Normalized Critical Current

0 10 20 30 40
al.
[
parameter, andlg is the screening current dens%t"'g/.To FIG. 8._ The_ simulated critical currenF response of a (_Zorbi_no
achieve magnefic flux quantization in unitsdf=h/2e, J geometry junction to the approach of a single vortex. The junction
' ~S  is assumed to be embedded iniafinite thin film. The minimium
must be zero. Close the edge of a superconductor it is N@aaration of the vortex from the junction barrieis normalized to
longer possible to choose an integration contour such thghe effective London penetration depily. Inset: the underlying
Js=0. In a bulk superconductor, this effect is only expectedyremiss of this simulation is that the flux associated with a vortex

to occur over very short length scales, but in the case of &apped in a superconducting thin-fila/®, is reduced over me-
thin superconducting filnfthickness< London penetration soscopic distancedRef. 24.

A
#5 (A+AJg)-dl= 5 2mn, (1) 0.0

whereA is the magnetic vector potentiah is the London
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simulation(after Ref. 24 of how the flux associated with the 27
vortex is reduced as the surface is approached. Note that this .
predicts a significant reduction in the flux associated with the 5 e
vortex is over distance of microns: @=10\,=1 um, T
®/P,=0.8. f\
The same approach can be applied to the approach of a 0 T A
vortex to a hole in an infinite superconducting sheet. As the 0 By 6
vortex approaches the hole, the flux lost by the vortex must
be transferred to the hole. Similarly, if we have a Corbino \v/.?/g /
geometry junction embedded in an infinite superconducting Vg'}f:nfgj;fgg;e /(\ e
sheet, the flux lost by the approaching vortex must migrate to S——
the junction barrier. In the short junction limit §>2r FIG. 9..Calc.ulating the critical current response of the Corbir_m
>\,), We can assume that this flux is uniformly distributed geometry junction to the approach of a single vortex. At separation
in the junction barrier. The effect on the phase difference? the flux associated with the vortexds(a); the remainder of the
around the junction barrier due to the approaching vortex idu%: ®o—®(a) is evenly distributed in the junction barri¢the
illustrated in Fig. 9. The phase varies linearly withdue to SNt junction limit is assumedHence integrating over angle
the even distribution of flux in the junction barrier. The over- using the contour |nd|_cate<_1, we arive at the variation of phase
Il change in phase with one revolution must be, Zhere- ~ Gierence across the junctio(6). Fora>0, ¢ varies linearly
fa(‘)re ato there is a discontinuity. When the \,lortex en with 6, except for a discontinuity &y, ey, t0 arrive at an overall
Vortex . -

) X . . o hase difference of 2.
ters the junction the flux in the junction is equaldg, so the P

discontinuity vanishes. In the short junction limit, it iS i then be confined on the length scale)of. Simulations
straightforward to calculate the variation in junctibf with of Abrikosov vortex approach to a long junction are more

vortex separatiom, challenging, but qualitatively may be expected to yield a
. similar result in the Corbino geometry case as that illustrated
lcoe sif 2. ®p(a)/ o+ o] (2 in Fig. 8.

] ] S It is clear that the approach of a second vortex will not

The flux in the junction is simply the flux lost by the ap- |ead to a significant change in the critical currégi—there
proaching vortexdy(a) = ®o— . Maximizing with respect gy pe a small reappearancelgfwhen the vortex is very
to ¢, we obtain the result of Fig. 8. The simulation of Fig. ¢jose. When the external field direction is reversed, a more
8 suggests that critical currerg will be suppressed steeply, gramatic result can be expected—antivorticies penetrate the
but not abruptly, as a vortex approaches the junction. This i§im_ The vortex trapped in the junction and the antivortex
quite similar to the suppression bf that we see in the data experience an attractive force, leading an abrupt annihilation.
(Fig. 5). Realistically in the ¢(B) measurements performed, Thijs is evinced in the o(B) characteristic as a rapid reap-
I is responding to the approach of a number of AbrikosoVpearance of . This is indeed what is seen in Fig. 5 when
vortices via pinning sites in the superconducting film, whichipe applied field is reversed te—8 mT. Again in Fig. 7, as
move inwards under the action of screening currents. Thesgoih vortices and antivortices carry a flux of less tihd2e,
screening currents, in turn, are changing in response to thgiiy negative field ¢ returns in a series of steps.
variation of external magnetic field. The first vortex to reach By considering the approach of an individual vortex to the
the junction is then trapped as a Josephson vortex in thginction, we have succeeded in providing a satisfactory ex-
barrier. The result of Fig. 7 can be explained in the samganation for the most striking behavior observed in these
fashion. The minimum distance from the junction barrier Odevices, namely, the abrupt suppression and reappearance of
the edge of the superconductor is only 500=A8A,. From | . secondary features observed in théB) measurements
the prediction of Fig. 8(inse), at a=5\,, ®/P¢=0.6.  taken, such as the reversible perturbation oft low fields
Hencel ¢ is suppressed in a series of steps as a succession gfiq asymmetry in thé<(B) traces for devices where the
vortices, each carrying an overall flux less tha@e, enter  jynction is offset from the axis of the track, can be explained
the junction. o o _by considering thd c response to screening currents in the

It should be noted that the junctions used in this investi-ggge of the track and self-field of the bias current. Simula-

gation are in the long junction limit at 4.2 K, which explains tjons have been carried out based on these considerations
why I ¢ is small but not equal to zero when flux is trapped. yith fair succesg’

This is clear from the comparison with planar SNS junctions:
as Fig. 4a) shows, the critical current per unit barrier width
scales with milling depth in the same way in both Corbino
geometry and planar SNS junctions. By fabricating planar The electrical measurements presented above can be best
SNS junctions of different widths and equal trench depthsexplained in terms of the motion of individual vorticies. The
we have observed the transition from short to long junctiormovement of vorticies in the vicinity of the junction is in-
behavior. The Josephson penetration depjk-0.5um at ferred from changes in the junction critical current. A fasci-
4.2 K. This value should apply equally well to the Corbino nating extension of this experiment would beinoage the
geometry devicesk ;<1 um as compared to an overall bar- vortex distribution whilst measuring the junction critical cur-
rier circumferencen of 15.7 um. The flux in the junction rent. There are currently various techniques available to im-

IV. DISCUSSION
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age individual vortices in superconducting structures. Scaninctions and enter the quantum regime we could capaci-
ning Hall probe microscopd and scanning SQUID tively shunt the existing junctions or employ in-plane SIS
microscopy® allow individual vortices to be image€via  ramp junctions.
magnetic fields and flux, respectivelp ~1 wm resolution. It has recently been pointed dtit” that the appearance of
An alternative technique that has been applied successfullg Berry phase as a vortex is driven around a circular junction
to Josephson junctions is low-temperature scanning electrdparrier should lead to a disturbance of the current distribution
microscopy™ In this case the surface of the sample is per-and a variation in the driving force on the vortex. This should
turbed by the electron beam, allowing current densitybe expressed as a measurable variation in tilecharacter-
through the junction to be imaged and the presence oitics of the junction at lon(mK) temperatures. Common
trapped vortices to be deduced. Furthermore the electroannular SIS junctions are unsuited to this type of experiment
beam provides a means of manipulating vortices in a supebecause the geometry is incorrect. We have succeeded in
conducting film®! In priniciple, the devices used in this in- creating a device in the ideal geometry. A further consider-
vestigation should be suitable for such experiments. They aration which has to be taken into account is that a clean SNS
sufficiently large(radiusr =2.5 um) and although the junc- barrier is requiredcoherence length il layer longer than
tion barrier is overlaid with material, the uppéria) layer  overall barrier width. At present, our junctions are in the
is not superconducting and should be transparent to thdirty limit'®—that is to say, the coherence length in the junc-
technique. tion barrier is shorter than the barrier widthThe use of
The dependence of junction properties on the effectiveepitaxial Cu-Nb bilayers or the use of a two-dimensional
magnetic-field distribution around the barrier has interestingelectron gas as thi layer would significantly raise the co-
implications: consider a Corbino junction embedded in a mi-herence length in the junction barrier, enabling the fabrica-
croscopic trackKexactly as in the devices of Sec.)lWith a  tion of a clean limit Corbino geometry SNS junction.
flux quantum trapped in the junction barrigxtent of vortex
~\j, the Josephson penetration dept=r). If an exter- V. CONCLUSIONS
nal magnetic field is applied perpendicular to the plane of the . . . .
film, screening currents flow in the edge of the track, decay- V& have succeeded in realizing the first Corbino geom-

ing with the effective penetration depit),. This creates a etry SNS junction. In t_h_is paper, we have focused primari_ly

field distributionH, in the barrier, which is inhomogeneous on measurement of critical current in response to an applied

with angle 6 Takilng 6=0 on th,e track axisH., will be magnetic field at 4.2 K. As the junction barrier is embedded
. - 1

maximum close to the track edge8= w/2 or 37/2). The in a s_uperconducting strip, magnetic flux can qr)Iy enter as
overall field energy ise[H(6)+ Hyorend? SO the potential guantized units. A Qynaml'c measurement of critical current
energy takes the same form Bis(6). Hence the trapped as external field is varied reveals abru_pt suppression/
vortex will be located a#=0 or  i.e., in double-well po- reappearance of critical current, corresponding to flux entry/

) T R S . __annihilation in the junction barrier. When the superconduct-
tential. A similar situation is commonly observed in imaging

studies of vortices in microscopic superconductin tracksing region surrounding the barrier is sufficiently thin, the
. . Cop P g suppression/reappearance occurs in a series of steps suggest-
the vortices are typically confined along the track axis, as far

from the edges possibfé.For a vortex trapped in the barrier Ing incomplete flux quantization. We have developed a

of a Corbino geometry iunction. the depth of the Otentialmodel for the critical current response of the junction to ex-
09 y junction, P P ternal field up to the point of irreversible flux entry into the
can be varied by the magnitude of the external field and

since , is strongly temperature dependent, the shape of thleaarrier..These.cons.iderations lead us to beIieye tha_lt a trapped
potentié\l is modified by the temperature If,a bias current isvortex 's confined in a double potential We." n thls. device
applied through the junction, the vortex. can be driven begeometry: We have demonstrated that stuQ|es of th|$ Joseph-

' son junction geometry are now technologically feasible and

tween minima. Double-well potentials in hear.t shaped a.nnuﬁope that this report will stimulate further experimental and
lar junctions have been proposed as the basis of a qubit, tr}ﬁeoretical studies

basic element of a quantum computélt is proposed that at
sufficiently low temperatures, macroscopic quantum
tunneling* of fluxons will occur. In our case, we have an
overdamped SNS junction as opposed to an underdamped This work was supported by the U.K. Engineering and
SIS junction (this implies a quality factor 0 smalley, Physical Sciences Research CoufEPSRQ. R.H.H. would
which means quantum effects persist over impracticablyike to thank Dr. Stephen Lloyd for his assistance in the TEM
short timescales and the trapped vortex behaves as a classistlidies, Dr. Sam Benz and Dr. Paul Dresselhaus for provid-
object. To raise the quality factor of our Corbino geometrying the bilayer films used in this work.
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