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Pinning of a single Abrikosov vortex in superconducting Nb thin films using artificially induced
pinning sites
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Ames Laboratory, USDOE, and Department of Physics, Iowa State University, Ames, Iowa 50011

~Received 30 July 1999; revised manuscript received 9 February 2000!

Artificial structures were intentionally introduced into Nb films in order to study the interaction of a single
Abrikosov vortex with pinning sites caused by these known defects. A vortex trapped on one of these struc-
tures or defects can be induced to move either by thermal depinning or by pushing on the vortex with a
transport current in one of the films. The resulting motion, in turn, can be followed by observing the changes
in the Fraunhofer-like interference pattern of a cross-strip Josephson junction having the thin film as one leg of
the junction. Artificial pinning sites were successfully created by depositing Fe balls on the surface of a
previously characterized thin film. Attempts to create artificial pinning sites by depressing the order parameter
with a thin strip of Au on the surface of the Nb were not successful. There was no correlation between the
location of trapped vortices and the location of the Au line. In a separate measurement, Lorentz-force-
depinning studies for several intrinsic pinning sites in the thin film show that a transport current in the top film
will depin a vortex in the top film with about one-tenth the current needed in the bottom film to depin the same
vortex.
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I. INTRODUCTION

Methods have been developed to nucleate a single A
kosov vortex and systematically move it from place to pla
in a thin film.1,2 So far, however, all the experiments ha
been done with the naturally occurring defects that deve
as the film grows. Most of the earlier work strove to obta
films with very low pinning so that there would be a wid
temperature window where the vortices would move eas
In this previous work, the basic principles were establish
to show that Josephson junction interference patterns ca
used to specify the location of a vortex in a thin film,2,3 and
measurements of the elementary pinning force were made
a number on intrinsic pinning sites in both Pb and Nb th
films.4,5 In addition, it was established that an intrinsica
pinned vortex will spontaneously start to move around wh
the superconducting order parameterD is suppressed to
about 20% of theT50 value D0.1,6,7 In all of this work,
there was no control of the locations where the vortex wo
move.

The goal of this work is to study the interaction betwee
single vortex and a known defect that induces pinning.
use the motion of a single vortex either for basic phys
studies or in a device, it is important to develop ways
guide the trajectory of the vortex in the thin film by creatin
artificial structures either in or on the thin film. It is useful
know which materials work effectively and to measure t
resulting forces in some detail. It is also important to explo
quantitatively the the most effective way to apply forces
the vortex in any desired direction. More specifically, effe
tiveness of both direct currents and induced currents as m
ods to apply a force to the vortex should be understood qu
titatively. Thermal depinning is an essential measuremen
this work to specify unambiguously the film in which th
vortex resides and the response of the superconducting o
parameter to the artificial pinning material. In this work w
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ri-
e

p

.
d
be

or

n

d

a
o
s

e

-
th-
n-
in

er

use both Fe and Au defects on the thin film and measure
elementary pinning forces. In addition, we explore the re
tive effectiveness of using both direct current and induc
currents to push on a vortex pinned at the same locat
Induced currents in a film have current density patterns
are different from direct currents, so it is important to u
both kinds of currents to study pinning from several differe
kinds of pinning site.

With the development of methods to nucleate a sin
Abrikosov vortex in a superconducting thin film and syste
atically move it from place to place,8 it has become possible
to carry out fundamental studies related to the use of a sin
Abrikosov vortex as a logic or memory element. For e
ample, it is now possible to measure the elementary pinn
force holding an Abrikosov vortex on a variety of differe
naturally occurring and artificial pinning sites. In additio
studies can be made of the physics involved in differ
methods to apply a force to a vortex to move it from o
location to another. If a force is to be applied in any desir
direction, both direct currents along a film and induced c
rents across the film must be used. The direct current pu
the vortex perpendicular to the axis of the film and the
duced current pushes the vortex parallel to the axis of
film. Our goal in this work is to study both the magnitude
the pinning force as well as the method to apply the for
Two different ways to pin a vortex at a specified location a
studied, first by locating an Fe ball on the surface, and s
ond by dumping electrons into the superconducting thin fi
from an adjacent Au line. Studies are then made of ther
depinning to determine the temperature where a vortex
spontaneously depin and move with no applied force as w
as studies of the relative efficacy of direct and induced c
rents to apply a Lorentz force to the vortex in the film. Tak
together, these experiments are all related to the problem
nucleating and systematically moving a vortex through a
ries of specified locations.

To create an artificial pinning site in a superconducti
671 ©2000 The American Physical Society
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672 PRB 62M. BREITWISCH AND D. K. FINNEMORE
thin film, it is necessary to introduce a defect that create
space dependence in the superconducting order parame
a specific location. In this work, two different types of ar
ficial defects were used. First, ferromagnetic particles
were placed on top of the junction region of the thin film
The effect of the Fe ball is twofold. The magnetization of t
Fe creates a magnetic field in the Nb and in addition, nor
electrons from the Fe can flow into the Nb, thus lowering
superconducting pair potential by the proximity effect. Th
dip in the pair potential can pin a vortex at that location.

A second method to form an artificial pinning site was
deposit a narrow stripe of Au on the Si substrate1 and then
deposit a Nb film over the Au stripe. Normal electrons fro
the Au will flow into the Nb, suppressing the order parame
within a coherence distance of the point of contact to form
line pin. A vortex within the Nb film will have a lower en
ergy residing above the Au line than elsewhere in the film

To conduct these experiments, it is necessary to determ
the location of a single vortex and to follow its displaceme
as it moves around the thin film. This is done by incorpor
ing the thin film into a cross-strip Josephson junction a
measuring the Fraunhofer-like interference pattern for
critical current vs magnetic field applied parallel to the jun
tion, I c vs By .1,2 A magnetic field parallel to the plane o
the junction modulates the relative phase between the
superconducting films to produce a diffraction pattern. W
no vortex in the junction, the classic Fraunhofer pattern
seen for a plot of the junctionI c vs By . When a vortex
penetrates one of the films in the cross-strip junction reg
and leaks out through the normal Ag-Al barrier to the ed
of the junction it acts as a source or sink of magnetic fl
altering theI c vs By pattern. There is a direct correlatio
between the location of the vortex and the shape of the
terference pattern so that the interference pattern can be
as a ‘‘finger print’’ to specify the location of the vortex.2 As
reported previously, a vortex near the center of the junct
gives a two peak structure with a minimum inI c at By50.2

A vortex near the edge of the junction gives a pattern o
slightly different from the Fraunhofer pattern.

II. EXPERIMENTAL TECHNIQUE

Cross-strip superconductor-normal-insulator-superc
ductor~SNIS! Josephson junctions were prepared in a thr
gun sputtering system. Typically, the chamber was evacu
to about 1.531026 Pa and back-filled with the desired pre
sure of Ar,;20 mTorr. A load-lock mechanism was ava
able so the substrate could be lifted to change masks wit
breaking vacuum. First, a strip of Nb was sputtered onto
oxidized Si substrate about 100mm wide and 400 nm thick
for the bottom Nb film. A Ag strip about 150 nm thick wa
deposited over the bottom Nb strip using the same mas
provide a normal metal barrier and to protect the bottom s
during the Al oxidation step. An Al strip, substantially wide
than the Nb and Ag bottom strip, was deposited over the
to a thickness of about 350 nm. At this point Ag pads
electrical contacts were sputtered onto the Si substrate
the edges of the Al layer to make good contact with the
before it was oxidized.

Two different oxidation methods were used to oxidize t
Al. For the first sample, a negative voltage of 512 V w
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applied to an Al ring below the substrate and about 80 mT
of oxygen was admitted to create a glow discharge for o
hour. For the second and third samples, the Al layers w
oxidized by exposing them to air for one minute. After th
oxidation process, the pressure was reduced below
31026 Pa and the Ar pressure was brought to about
mTorr. A top Nb strip that was 100mm wide, 400 nm thick,
and oriented perpendicular to the bottom strip was then
posited. For the second and third samples, collimators w
added to the Nb sputtering masks to reduce shadowing
fects. This resulted in the Nb strips of these junctions to
much narrower, approximately 55mm.

The superconducting transition temperatures of the
films for samples 2 and 3 are lower than those for the
films of sample 1 despite similar preparation methods. D
spite the lowerTc values, the junctions for samples 2 and
were perfectly satisfactory for nucleating single vortices a
following the motion with the diffraction pattern method.

Electro-expanded Fe balls in a hexane solution were
tained from The Argonide Corp. of Sanford, FL. The ind
vidual particles of Fe are nearly spherical with radius a
proximately 50 to 100 nm. To break apart the larger clum
of Fe particles the solution was placed in an ultraso
cleaner before a drop of solution was extracted and place
top of the junction region. The drop of hexane would evap
rate within a few seconds leaving behind Fe particles an
thin residue on top of the surface of Nb. Two Fe balls, a
proximately 10 mm in diameter, were successfully place
on top of the junction region. No direct measurements w
made of the internal structure of the Fe balls but they co
be aggregates of hundreds of smaller balls.

Samples designed to use Au lines as pinning centers w
fabricated on Si substrate that had an array of Au lines on
An oxidized Si wafer was coated with 10 nm of Ti followe
by 20 nm of Au in a parallel array 2mm wide spaced
60 mm apart using standard photolithography techniqu
The function of the Ti is to provide a buffer to give a bett
sticking coefficient for the Au. An array of Au lines wa
needed because the placement of the Nb films relative
single Au line is not sufficiently precise. Other details of t
measurements are the same as discussed previously.8

III. RESULTS AND DISCUSSION

A. Fe balls on top of sample 1

A full characterization of the Josephson junction w
done before the Fe balls were deposited, and some of
characteristics of this junction are reported elsewhere.8 The
main features of this junction are the transition temperatu
of each film, 9.310 and 9.056 K for the top and bottom N
films, respectively. The oxidation of the Al always seems
degrade theTc of the bottom film, presumably because som
oxygen gets into the bottom Nb layer even though it
coated with both Ag and Al. All diffraction patterns wer
measured on this sample at 8.416 K, a temperature wher
are in the small junction limit. Iron balls were placed on to
of this already characterized Josephson junction so that
intrinsic pinning sites would not be mistaken for the arti
cially induced pinning sites.

Figure 1 shows the scanning electron microscope~SEM!
micrograph of sample 1. The focus of the microscope is
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PRB 62 673PINNING OF A SINGLE ABRIKOSOV VORTEX IN . . .
to highlight the 5210 mm diameter Fe balls. The bottom
film is along they axis. The bottom film also appears wid
than the top film because the bottom Nb film is covered w
a layer of Al that is wider than the Nb film itself. The edg
of the films appear rather fuzzy and not well defined. This
due to microscope focus and shadowing effects which
curred during sample preparation. The shadow mask for
Ag and Al depositions was raised to guarantee wider nor
metal overlays and this gives more tapered edges for
normal metal parts of the film.

Energy dispersive spectroscopy~EDS! was used to check
the composition of all the visible particles on top of th
junction region. The two largest balls with (x,y) coordinates
(20.05,20.05) and (20.80,20.75) in units ofW/2, where
W is the width of the junction, were determined to be F
These are only approximate coordinates as the junction
gion shown in Fig. 1 does not appear to be well defined. T
other particles were determined to be dust. This dust ca
from the sample being exposed to air during the transfe
the sample from the sputtering chamber to the cryostat, f
taking the sample out of the cryostat to place Fe balls on
of the junction, and from transporting the sample from t
cryostat to the SEM.

Before the addition of the Fe balls, cooling throughTc
with current up to 0.35 mA through the top Nb film wou
not nucleate vortices. After the addition of the Fe balls, o
of two diffraction patterns would be obtained upon zero-fie
cooling as shown in Figs. 2~a! and 2~b!. The diffraction pat-
tern in Fig. 2~a! matches very well with the theoretical curv
for a positive vortex at (20.05,20.05). Similarly, the dif-
fraction pattern shown in Fig. 2~b! matches well with the
theoretical curve for a positive vortex at (20.80,20.75).
The net magnetic moments of the Fe balls were str
enough to nucleate vortices and act as artificial pinning si

FIG. 1. SEM micrograph of sample 1 with two Fe balls on t
of the junction region where the two Nb films cross. The top film
along thex direction. The other particles in the photo contain no
and are dust residue from the processing and transport of
sample.
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Once these two pinning sites were discovered, the n
step was to characterize them with thermal and current
pinning experiments. Starting with a vortex which w
pinned on the central Fe ball, the temperature was raise
intervals of 3 mK to determine the temperature at which
vortex would thermally depin. The data taking sequence w
to warm to a specified temperature, cool toTmeasure
58.416 K, and measure anV vs I curve to see if the vor-
tex has moved. If the vortex had moved, a full diffractio
pattern was taken to find the new location. It is important
point out that it is difficult to distinguish between a on
vortex pattern with the vortex at (20.05,20.05), and a two
vortex pattern with one vortex at (20.05,20.05) and a sec-
ond vortex at (20.80,20.75). This is illustrated in Fig. 2~a!
where the solid line is a model fit with just one vortex a
(20.05,20.05) and the dotted curve is a model fit with on
vortex at (20.05,20.05) and a second vortex at (20.80,
20.75).

As the temperature was increased the initial diffracti
pattern changed slightly, indicating small movements of
vortex beneath the Fe ball. At a temperature of 9.145 K
diffraction pattern changed shape drastically from Fig. 2~a!
to Fig. 2~b!, indicating that the vortex depinned and mov

he

FIG. 2. Vortices pinned beneath the two Fe balls resulted
diffraction patterns~circles! which match the theoretical pattern
~lines! for single vortices at the locations of the Fe balls as de
mined by SEM measurements.~a! Single vortex at (20.05,
20.05) and~b! single vortex at (20.80,20.75).
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674 PRB 62M. BREITWISCH AND D. K. FINNEMORE
to the second Fe ball. Upon raising the temperature highe
steps of 3 mK, something rather unexpected occurred;
pattern changed back and forth between the pattern of F
2~a! and 2~b!. This continues all the way from 9.145 to 9.53
K. The interpretation is that either~1! a single vortex hops
back and forth between the two Fe balls or~2! there always
is a vortex on the Fe ball near the edge and the vortex on
Fe ball near the center is sometimes there and somet
exits the junction. In this thermal depinning sequence,
only two patterns observed were Fig. 2~a! and 2~b!.

Next, Lorentz force depinning experiments were p
formed with a vortex initially pinned beneath the central
ball in order to determine the pinning force of this artificial
induced pinning site. To take a data point, the temperatur
raised to a set temperature to be used for Lorentz depinn
a push current was applied in the top film for 1.0s and
turned off. Then the junction temperture was changed
8.416 K where anI c vs By curve was taken to see if th
vortex had moved. If it had not moved, the process w
repeated at successively higher push currents until the vo
moved. Using increments of 0.50 mA, the vortex depinned
a push current of 6.5 mA and moved to the location of
second Fe ball. When the current was then increased to
mA, the resulting diffraction pattern began to deviate from
one-vortex pattern, indicating more vortices on the edge
the film had been nucleated.

In order to find the depinning current more precisely, t
experiment was repeated beginning withI push56.0 mA us-
ing increments of 0.1 mA. The results are shown in Fig.
At 6.2 mA the vortex began moving around underneath
Fe ball in a path uncorrelated with the direction of the Lo
entz force on the vortex. This continued until 7.4 mA
which point the vortex depinned from the Fe ball and mov
in the negativey direction as shown in Fig. 3. A current o
7.9 mA pushed the vortex further in the negativey direction.
This motion is consistent with the direction of the Loren
force on a positive vortex produced by a positive curren
the same film as the vortex. A larger current of 8.0 mA th
pushed the vortex to the position of the second Fe ball.

The minimum depinning current of 7.4 mA at a reduc
temperatureT/Tc50.9 can be related to the pinning force
the Fe ball. The Lorentz force per unit length on a vort
from current densityJ is given byJ3F0 /c. When the pen-
etration length, film thickness, width, in a thin film, the
current per unit width can be written asI 85(I /p)/@(W/2)2

2x2#1/2, wherex is the measured distance from the center
the film. Combining these results gives a pinning force
9.8310214 N.

An estimate of the total magnetic moment of the cen
Fe ball can be made by examination of the thermal depinn
and current depinning results. The thermal energy require
depin a vortex pinned on the central Fe ball,kT, can be
compared with the magnetic energy gained from the vor
aligning with the magnetic moment of the Fe ba
mFe•Hvortex. For T/Tc50.98 where thermal depinning oc
curs, Hvortex50.004T, this comparison yields a result o
mFe;3.5310220 J/T. Also, for Lorentz force depinning a
T/Tc50.90, the force between a magnetic particle and
vortex,9 (mFeF0)/(2pl2j), wherel is the penetration depth
andj is the coherence length, can be compared to the m
sured depinning force 10213 N. Using l;j;120 nm, this
in
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comparison yields the resultmFe;6.2310219 J/T. These
two estimates ofmFe differ by more than a factor of 10, bu
this close toTc , that may be as close as the variables can
estimated. If the central Fe ball would have been one sin
domain, its net magnetic moment would have been
310211 J/T. This implies that the central Fe ball is divide
into many domains with random orientations yielding a ve
small net magnetic moment. Furthermore, the directions
the magnetization of the Fe balls can not be determined
though they appear to have some component along the n
tive z axis since positive vortices were nucleated.

B. Sample 2—with a Au line

One of the junctions was prepared with a Au line adjac
to the bottom Nb strip in order to try to create an artific
pinning site along the line. Presumably, normal electro
would travel from the Au into the Nb and thus lower th
superconducting pair potential in the region of the Au. T
Au line is adjacent to the Si substrate and runs along thx
direction in the lower half of the junction region at abouty
520.36 in units of the junction half width as illustrated i
the SEM micrograph of sample 2 in Fig. 4.

FIG. 3. Lorentz force depinning experiment with vortex initial
pinned beneath the central Fe ball. A transport current of 7.4
through the top Nb film depinned the vortex from the Fe ball.
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Because the Au line was adjacent to the bottom film, i
important to be able to systematically nucleate a vortex
that film. To do this, we used the fact that the bottom fi
has a lowerTc than the top film. To nucleate a vortex in th
bottom film the junction was stabilized between theTcs of
the two films. At this temperature the top film is superco
ducting and acts as a ground plane, screening any mag
field from its interior. A current was then applied in th
bottom film and the heater was turned off dropping the te
perature to 4.2 K. This process traps a vortex in the bot
film. To nucleate vortices in the top films, the junction w
warmed aboveTc of both films and then allowed to cool wit
either a transport current in the top film or an applied m
netic field oriented perpendicular to the junction. For vortic
nucleated in this manner, the vortex thermally depinned
temperatures aboveTc of the bottom film, indicating that the
vortex was in the top film.

If the Au underlay were to form a strong pinning site, o
would expect that vortices in the bottom film would nuclea
on the Au. They do not. The four different initial nucleatio
sites that were obtained are shown by solid triangles in F
4. Most of the time, the vortex nucleates at (20.45,20.50)
and the Au line is located aty520.36. The other location
that were sometimes obtained are indicated by triangle
Fig. 4.

Starting with a vortex at (20.45,20.50), in the bottom
film, thermal depinning experiments were carried out to
if the vortex would move to a line that we could later ide
tify as the Au line by SEM. It did not. Using a temperatu
increment of 3 mK, a thermal depinning sequence show
that the vortex nearly always exited the junction on the ini
thermal depin at 8.264 K. If the vortex did not exit, it move
to one of the sites shown by solid dots in Fig. 4.

Next, current depinning experiments were attempted.
7.892 K a vortex at~0.045, 0.50! was successfully pushed t
many other locations without nucleating more vortices. T
locations of all the pinning sites observed are shown by
solid dots in Fig. 4. Since the polarities of the vortices we

FIG. 4. SEM micrograph of sample 2 showing the location
the Au line beneath the junction. The top Nb film runs along thx
direction. Also shown are the locations of all vortex pinning si
observed in the bottom Nb film.
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not known, the locations could have been those shown in
figure or those generated by reflections about thex and y
axes. The pinning sites seem to be clustered around the
y5x. Because the Au line runs in thex direction, the pinning
is probably not due to the proximity effect from the Au
Although a few of the pinning sites may lie on top of the A
line, the pinning sites span a large region of the juncti
There does not appear to be any correlation between pin
and the presence of the Au line. The absence of pinning
the Au line may arise because the Au tapers over a dista
much larger than the coherence distance so that the forc
small even though the energy difference is fairly large.

A third junction with very similar characteristics to thos
of sample 2 was deposited on top of another strip of
which ran along they direction. Only four pinning sites were
obtained in the bottom Nb film of sample 3 using the sa
current-nucleation methods discussed previously. None
them were located close to the Au line.

C. Intrinsic pinning sites in the top Nb film of sample 2

A rather different method was developed to nucleate
single vortex in the top film: the temperature was stabiliz
at 8.440 K, a field of 405 mG was applied perpendicular
the face of the junction, and then the temperature w
dropped to 4.2 K. Using this nucleation method, four diffe
ent pinning sites where obtained in the top Nb film. As sta
previously, it is known that they are in the top film becau
vortices pinned at these sites thermally depin aboveTc of the
bottom Nb film. The amount of data that could be obtain
for each pinning site was determined by the frequency w
which a vortex appeared on that site.

A fairly extensive study of the anisotropy of the pinnin
potential was undertaken for vortices trapped in this top fi
By applying currents in different films, a vortex can b
pushed in different directions5,6 and information about the
symmetry of the pinning potential can be obtained. An a
plied current in the bottom film will induce screening cu
rents in the bottom of the top film with equal magnitude a
opposite direction.5,6 For all four pinning sites, applied cur
rent through the bottom film would nucleate vortices befo
depinning the central vortex for temperatures belowTc of the
bottom Nb film. At 8.292 K and higher temperatures, ho
ever, the vortex could be depinned with a transport curr
through either Nb film before any further nucleation wou
occur.

The first pinning site studied has a location of (0.0
20.20). Twenty one diffraction patterns for this site show
a scatter of only a few percent in the coordinates of t
location. Out of the twenty-one times vortices depinned fro
(0.00,20.20), there were only two times that the vorte
upon depinning, did not hop to the position (0.65,20.10),
regardless of the direction of the Lorentz force on the vort
A vortex pinned at (0.00,20.20) thermally depinned a
8.431 K and hopped to (0.65,20.10). Figure 5 shows the
current at which the vortices located at (0.00,20.20) first
depinned for currents in the top (I T) and bottom (I B) Nb
films. The only function of the connecting lines in Fig. 5 is
group together the data from current-depinning experime
performed at the sameTpush. At a Tpush58.392 K, 24.0 and
224.0 mA applied through the bottom film was required

f
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676 PRB 62M. BREITWISCH AND D. K. FINNEMORE
depin the vortex. In contrast, only 2.1 and21.5 mA applied
through the top film was required to depin the same vort
Hence, it takes roughly a factor of ten times less curr
through the top film than the bottom film to depin the vorte
These values are temperature dependent, as shown in F
but the relative values are similar at all temperatures.

The second pinning site studied is located at (0.
20.10). Vortices pinned here were obtained both by fi
cooling nucleation and as products of current depinning fr
other pinning sites. A vortex at this position did not the
mally depin until 8.503 K, at which point the vortex left th
junction region all together. The results of fifteen curre
depinning experiments performed on vortices with the ini
position of (0.65,20.10) are very similar to the result
shown in Fig. 5 so they will not be shown here. At aTpush
58.474 K, 22.0 and218.5 mA applied through the bottom
film was required to depin the vortex. In contrast, only 2
and21.5 mA applied through the top film was required
depin the same vortex. This characteristic was found for
four pinning sites at all temperatures at which comparati
current-depinning measurements could be obtained.

To understand the cause of this asymmetry, the app
currents and induced currents in the films must
examined.10 If the transport current and the vortex are in t
top film as shown by the bottom diagram of Fig. 6, th
current flows in the same direction on both the top and b
tom surfaces of the top film. As a result, the forces on
vortex from the currents in the top and bottom surfaces ar
the same direction as illustrated by the bottom diagram
Fig. 6 ~which looks down the long axis of the top film!. If,
however, the transport current is in the bottom film and
vortex is in the top film, as illustrated by the top diagram
Fig. 6 ~which looks down the long axis of the botton film!,
then the induced Meissner current in the top film with t
vortex will wrap around the film. This gives a Lorentz forc
to the right on the top surface and a force to the left on
bottom surface as shown. Depinning from these two differ
force configurations might be expected to be different.

It should be pointed out that for the current-depinni
experiments with the vortices in the top Nb film, the curre
was applied while the bottom Nb film was normal for tem
peratures above 8.264 K. The current distribution in the b

FIG. 5. Minimum depinning current for vortex pinned as in~a!
for current applied through the top~ordinate! and bottom~abscissa!
films.
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tom film is different depending on whether the film is supe
conducting or normal, but the magnetic field genera
within the junction region will be nearly the same. Henc
the induced currents in the top Nb film will change on
slightly when the bottom film goes normal.

The temperature dependence of the elementary pinn
force f p was measured for the pinning site located at (0.
20.10) by applying negative current through the top fil
The nucleation current was larger than the depinning cur
for current in the top film down to 8.043 K, with result
similar to those reported earlier for Pb.3 This allowed the top
film depinning current to be measured from 8.043 to 8.503
where the vortex spontaneously depins with no Lore
force. Figure 7 shows the temperature dependence of
elementary pinning force in the temperature region it co
be measured. At a reduced temperature of 0.95 the pin
force is 1.1310213 N or 2.7531027 N/m if the force is
assumed to be uniform along the length of the vortex. Thi
an order of magnitude smaller than Lorentz force depinn
measurements on Nb thin films by Allen and Claasse11

Above and belowTc of the bottom Nb film,f p goes roughly
as (12T/Tc)

n where n53/2 as shown in Fig. 7. Simila
values ofn were also obtained from Lorentz-force depinnin

FIG. 6. Forces on a vortex in the top film when the appli
current is in the bottom film~top cartoon! and bottom film~bottom
cartoon!.

FIG. 7. Temperature dependence of the elementary pinn
force f p for a vortex pinned at (0.65,20.10) in the top Nb film.
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measurements on single vortices in Nb thin films rang
from n51.9 ~Ref. 12! to n53.5.11 A discontinuity in f p
appears nearTc of the bottom Nb film in the junction region
8.244 K. Above this temperature the vortex is no longer b
into the normal region of the junction by the supercond
tivity of the bottom Nb film and extends outward in a co
tinuous manner. Hence, aboveTc of the bottom Nb film,
surface currents may interact slightly less with the magn
field of the vortex resulting in an apparent shift inf p .

IV. CONCLUSIONS

Artificial pinning centers were induced in the top Nb fil
of a Josephson junction by placing two Fe balls on top of
already characterized junction. Vortices tended to locate
the site of these Fe balls. The magnetic moments of the
balls were strong enough to nucleate and pin vortices
neath them even in zero applied field. The location of
induced pinning sites determined by the diffraction-patt
method were in agreement with SEM measurements of
locations of the Fe balls. For the first time the locations
artificial pinning sites for a single vortex were determined
the diffraction-pattern method and were verified by SE
measurements.

The injection of normal electrons from a line of Au int
the Nb strip did not produce pinning sites as strong as
naturally occurring pinning in the Nb film. Two Josephs
junctions were fabricated on substrates having 2mm wide
Au lines adjacent to the Nb layer in an attempt to depress
order parameter in the bottom Nb films and create pinn
e
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at
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e
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e
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e
g

sites. For both junctions the locations of the pinning si
observed in the bottom Nb films were mapped out and co
pared to the locations of the Au lines determined by SE
measurements. The pinning sites were not preferentially
cated above the Au lines. The proximity effect from the A
line making contact with the bottom Nb film was not stron
enough to pin vortices.

A large difference was found between the current in
bottom film needed to depin a vortex in the top film a
current in the top film needed to depin this same vortex.
these vortices the depinning current was approximately
times smaller for applied currents in the top film than in t
bottom film. The explanation may lie in the fact that th
induced currents produce a couplelike force on the vor
whereas the direct currents push in the same direction
along the vortex. At a reduced temperature of 0.95 the
ementary pinning force on a vortex pinned in the top Nb fi
was 1.1310213 N or 2.7531027 N/m. The temperature
dependence of this pinning force was approximately
2T/Tc)

3/2 nearTc of the top Nb film.
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