PHYSICAL REVIEW B VOLUME 62, NUMBER 1 1 JULY 2000-I
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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.

[. INTRODUCTION use both Fe and Au defects on the thin film and measure the

elementary pinning forces. In addition, we explore the rela-

Methods have been developed to nucleate a single Abritive effectiveness of using both direct current and induced
kosov vortex and systematically move it from place to placecurrents to push on a vortex pinned at the same location.
in a thin film? So far, however, all the experiments have Induced currents in a film have current density patterns that
been done with the naturally occurring defects that develogre different from direct currents, so it is important to use
as the film grows. Most of the earlier work strove to obtainPoth kinds of currents to study pinning from several different

films with very low pinning so that there would be a wide Kinds of pinning site. _

temperature window where the vortices would move easily. With the development of methods to nucleate a single

In this previous work, the basic principles were establishef‘l?”kosov vortex in a superconducting thin film and system-

to show that Josephson junction interference patterns can l?@cally move it from place to .plaé’egt has become possm!e
used to specify the location of a vortex in a thin fifmand o carry out fundamental studies related to the use of a single

L Abrikosov vortex as a logic or memory element. For ex-
measurements of the elementary pinning force were made fQr

R D .ample, it is now possible to measure the elementary pinnin
a number on intrinsic pinning sites in both Pb and Nb thin P P y P 9

films.45 In additi . blished th intrinsicall force holding an Abrikosov vortex on a variety of different
lims.> In addition, it was established that an intrinsically 4y, rally occurring and artificial pinning sites. In addition,
pinned vortex will spontaneously start to move around whery \dies can be made of the physics involved in different

the superconducting order parametgris suppressed t0 methods to apply a force to a vortex to move it from one
about 20% of theT=0 value Ao."*" In all of this work,  |ocation to another. If a force is to be applied in any desired
there was no control of the locations where the vortex WOU|q:]irection, both direct currents along a film and induced cur-
move. rents across the film must be used. The direct current pushes
The goal of this work is to study the interaction between athe vortex perpendicular to the axis of the film and the in-
single vortex and a known defect that induces pinning. Taduced current pushes the vortex parallel to the axis of the
use the motion of a single vortex either for basic physicsilm. Our goal in this work is to study both the magnitude of
studies or in a device, it is important to develop ways tothe pinning force as well as the method to apply the force.
guide the trajectory of the vortex in the thin film by creating Two different ways to pin a vortex at a specified location are
artificial structures either in or on the thin film. It is useful to studied, first by locating an Fe ball on the surface, and sec-
know which materials work effectively and to measure theond by dumping electrons into the superconducting thin film
resulting forces in some detail. It is also important to explorefrom an adjacent Au line. Studies are then made of thermal
guantitatively the the most effective way to apply forces todepinning to determine the temperature where a vortex will
the vortex in any desired direction. More specifically, effec-spontaneously depin and move with no applied force as well
tiveness of both direct currents and induced currents as metlas studies of the relative efficacy of direct and induced cur-
ods to apply a force to the vortex should be understood quarrents to apply a Lorentz force to the vortex in the film. Taken
titatively. Thermal depinning is an essential measurement imogether, these experiments are all related to the problem of
this work to specify unambiguously the film in which the nucleating and systematically moving a vortex through a se-
vortex resides and the response of the superconducting ordees of specified locations.
parameter to the artificial pinning material. In this work we  To create an artificial pinning site in a superconducting
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thin film, it is necessary to introduce a defect that creates applied to an Al ring below the substrate and about 80 mTorr
space dependence in the superconducting order parameteroditoxygen was admitted to create a glow discharge for one
a specific location. In this work, two different types of arti- hour. For the second and third samples, the Al layers were
ficial defects were used. First, ferromagnetic particles Fexidized by exposing them to air for one minute. After the
were placed on top of the junction region of the thin film. oxidation process, the pressure was reduced below 2
The effect of the Fe ball is twofold. The magnetization of thex10"® Pa and the Ar pressure was brought to about 20
Fe creates a magnetic field in the Nb and in addition, normamTorr. A top Nb strip that was 10Q.m wide, 400 nm thick,
electrons from the Fe can flow into the Nb, thus lowering theand oriented perpendicular to the bottom strip was then de-
superconducting pair potential by the proximity effect. Thisposited. For the second and third samples, collimators were
dip in the pair potential can pin a vortex at that location. added to the Nb sputtering masks to reduce shadowing ef-
A second method to form an artificial pinning site was tofects. This resulted in the Nb strips of these junctions to be
deposit a narrow stripe of Au on the Si substtaad then  much narrower, approximately 5om.
deposit a Nb film over the Au stripe. Normal electrons from  The superconducting transition temperatures of the Nb
the Au will flow into the Nb, suppressing the order parameterfiims for samples 2 and 3 are lower than those for the Nb
within a coherence distance of the point of contact to form &ilms of sample 1 despite similar preparation methods. De-
line pin. A vortex within the Nb film will have a lower en- spite the lowelT, values, the junctions for samples 2 and 3
ergy residing above the Au line than elsewhere in the film. were perfectly satisfactory for nucleating single vortices and
To conduct these experiments, it is necessary to determirfellowing the motion with the diffraction pattern method.
the location of a single vortex and to follow its displacement Electro-expanded Fe balls in a hexane solution were ob-
as it moves around the thin film. This is done by incorporat-tained from The Argonide Corp. of Sanford, FL. The indi-
ing the thin film into a cross-strip Josephson junction andvidual particles of Fe are nearly spherical with radius ap-
measuring the Fraunhofer-like interference pattern for thgproximately 50 to 100 nm. To break apart the larger clumps
critical current vs magnetic field applied parallel to the junc-of Fe particles the solution was placed in an ultrasonic
tion, I vs B, 12 A magnetic field parallel to the plane of cleaner before a drop of solution was extracted and placed on
the junction modulates the relative phase between the twtpp of the junction region. The drop of hexane would evapo-
superconducting films to produce a diffraction pattern. Withrate within a few seconds leaving behind Fe particles and a
no vortex in the junction, the classic Fraunhofer pattern ighin residue on top of the surface of Nb. Two Fe balls, ap-
seen for a plot of the junctiom, vs B,. When a vortex proximately 10 um in diameter, were successfully placed
penetrates one of the films in the cross-strip junction regioron top of the junction region. No direct measurements were
and leaks out through the normal Ag-Al barrier to the edgemade of the internal structure of the Fe balls but they could
of the junction it acts as a source or sink of magnetic flux,be aggregates of hundreds of smaller balls.
altering thel. vs B pattern. There is a direct correlation ~ Samples designed to use Au lines as pinning centers were
between the location of the vortex and the shape of the infabricated on Si substrate that had an array of Au lines on it.
terference pattern so that the interference pattern can be us@e oxidized Si wafer was coated with 10 nm of Ti followed
as a “finger print” to specify the location of the vorté&As by 20 nm of Au in a parallel array 2um wide spaced
reported previously, a vortex near the center of the junctior60 wm apart using standard photolithography techniques.
gives a two peak structure with a minimumlipat By=0.2 The function of the Ti is to provide a buffer to give a better
A vortex near the edge of the junction gives a pattern onlysticking coefficient for the Au. An array of Au lines was
slightly different from the Fraunhofer pattern. needed because the placement of the Nb films relative to a
single Au line is not sufficiently precise. Other details of the

measurements are the same as discussed previbusly.
Il. EXPERIMENTAL TECHNIQUE

Cross-strip  superconductor-normal-insulator-supercon- ll. RESULTS AND DISCUSSION
ductor (SNIS) Josephson junctions were prepared in a three-
gun sputtering system. Typically, the chamber was evacuated
to about 1.5 10~ ° Pa and back-filled with the desired pres- A full characterization of the Josephson junction was
sure of Ar,~20 mTorr. A load-lock mechanism was avail- done before the Fe balls were deposited, and some of the
able so the substrate could be lifted to change masks withowharacteristics of this junction are reported elsewfieFae
breaking vacuum. First, a strip of Nb was sputtered onto thenain features of this junction are the transition temperatures
oxidized Si substrate about 10@m wide and 400 nm thick of each film, 9.310 and 9.056 K for the top and bottom Nb
for the bottom Nb film. A Ag strip about 150 nm thick was films, respectively. The oxidation of the Al always seems to
deposited over the bottom Nb strip using the same mask tdegrade thd ; of the bottom film, presumably because some
provide a normal metal barrier and to protect the bottom strippxygen gets into the bottom Nb layer even though it is
during the Al oxidation step. An Al strip, substantially wider coated with both Ag and Al. All diffraction patterns were
than the Nb and Ag bottom strip, was deposited over the Agneasured on this sample at 8.416 K, a temperature where we
to a thickness of about 350 nm. At this point Ag pads forare in the small junction limit. Iron balls were placed on top
electrical contacts were sputtered onto the Si substrate aruf this already characterized Josephson junction so that the
the edges of the Al layer to make good contact with the Alintrinsic pinning sites would not be mistaken for the artifi-
before it was oxidized. cially induced pinning sites.

Two different oxidation methods were used to oxidize the Figure 1 shows the scanning electron microscpgeM)

Al. For the first sample, a negative voltage of 512 V wasmicrograph of sample 1. The focus of the microscope is set

A. Fe balls on top of sample 1
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FIG. 1. SEM micrograph of sample 1 with two Fe balls on top
of the junction region where the two Nb films cross. The top film is
along thex direction. The other particles in the photo contain no Fe <
and are dust residue from the processing and transport of the ~ 0.4+
sample.

0.6

0.2 4
to highlight the 5-10 um diameter Fe balls. The bottom
film is along they axis. The bottom film also appears wider
than the top film because the bottom Nb film is covered with
a layer of Al that is wider than the Nb film itself. The edges
of the films appear rather fuzzy and not well defined. This is
due to microscope focus and shadowing effects which oc- FIG. 2. Vortices pinned beneath the two Fe balls resulted in
curred during sample preparation. The shadow mask for thg?ﬁraction patterns(c_ircleg which ma_tch the theoretical patterns
Ag and Al depositions was raised to guarantee wider norma(ll'_nes) for single vortices at the Iocatlt_)ns of the Fe balls as deter-
metal overlays and this gives more tapered edges for th@ined by SEM measurementsa) Single vortex at ¢0.05,
normal metal parts of the film. —0.05) and(b) single vortex at {-0.80,~0.75).

Energy dispersive spectroscoflyDS) was used to check
the composition of all the visible particles on top of the Once these two pinning sites were discovered, the next
junction region. The two largest balls witk,f/) coordinates step was to characterize them with thermal and current de-
(—0.05-0.05) and 0.80,—-0.75) in units ofW/2, where  pinning experiments. Starting with a vortex which was
W is the width of the junction, were determined to be Fe.pinned on the central Fe ball, the temperature was raised in
These are only approximate coordinates as the junction rentervals of 3 mK to determine the temperature at which the
gion shown in Fig. 1 does not appear to be well defined. Thevortex would thermally depin. The data taking sequence was
other particles were determined to be dust. This dust cam® warm to a specified temperature, cool Wyeasure
from the sample being exposed to air during the transfer of8.416 K, and measure ah vs | curve to see if the vor-
the sample from the sputtering chamber to the cryostat, frortex has moved. If the vortex had moved, a full diffraction
taking the sample out of the cryostat to place Fe balls on topattern was taken to find the new location. It is important to
of the junction, and from transporting the sample from thepoint out that it is difficult to distinguish between a one
cryostat to the SEM. vortex pattern with the vortex at{0.05,—0.05), and a two

Before the addition of the Fe balls, cooling througih  vortex pattern with one vortex at+(0.05,-0.05) and a sec-
with current up to 0.35 mA through the top Nb film would ond vortex at (0.80,~0.75). This is illustrated in Fig.(2)
not nucleate vortices. After the addition of the Fe balls, onevhere the solid line is a model fit with just one vortex at
of two diffraction patterns would be obtained upon zero-field(—0.05,-0.05) and the dotted curve is a model fit with one
cooling as shown in Figs.(@ and 2b). The diffraction pat- vortex at (—0.05-0.05) and a second vortex at (.80,
tern in Fig. 2a) matches very well with the theoretical curve —0.75).
for a positive vortex at £ 0.05-0.05). Similarly, the dif- As the temperature was increased the initial diffraction
fraction pattern shown in Fig.(B) matches well with the pattern changed slightly, indicating small movements of the
theoretical curve for a positive vortex at-0.80,-0.75).  vortex beneath the Fe ball. At a temperature of 9.145 K the
The net magnetic moments of the Fe balls were strongliffraction pattern changed shape drastically from Fi@) 2
enough to nucleate vortices and act as artificial pinning sitego Fig. 2b), indicating that the vortex depinned and moved
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to the second Fe ball. Upon raising the temperature higher ir ' ' ' '
steps of 3 mK, something rather unexpected occurred; the o1 T
pattern changed back and forth between the pattern of Figs ; °

2(a) and Zb). This continues all the way from 9.145 to 9.531
K. The interpretation is that eith€fl) a single vortex hops
back and forth between the two Fe balls(8y there always

is a vortex on the Fe ball near the edge and the vortex on the
Fe ball near the center is sometimes there and sometime
exits the junction. In this thermal depinning sequence, the
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only two patterns observed were FigaRand 2b). \
Next, Lorentz force depinning experiments were per- | — . . .
formed with a vortex initially pinned beneath the central Fe h o0 o 4
: X (units of W/2) R

ball in order to determine the pinning force of this artificially
induced pinning site. To take a data point, the temperature it 3 ;
raised to a set temperature to be used for Lorentz depinning 190 . T T 7
a push current was applied in the top film for 1sOand k ;
turned off. Then the junction temperture was changed to
8.416 K where arl; vs B, curve was taken to see if the

vortex had moved. If it had not moved, the process was 054
repeated at successively higher push currents until the vorte
moved. Using increments of 0.50 mA, the vortex depinned at

a push current of 6.5 mA and moved to the location of the&y

second Fe ball. When the current was then increased to 7.2 qo P

mA, the resulting diffraction pattern began to deviate from a™d L

one-vortex pattern, indicating more vortices on the edge of-% 1 G

the film had been nucleated. = o«— 74mA

In order to find the depinning current more precisely, the > 054
experiment was repeated beginning wits=6.0 mA us- ' \J 7 A
ing increments of 0.1 mA. The results are shown in Fig. 3. ] @ *<«—7.9m
At 6.2 mA the vortex began moving around underneath the 8.0mA
Fe ball in a path uncorrelated with the direction of the Lor-
entz force on the vortex. This continued until 7.4 mA at
which point the vortex depinned from the Fe ball and moved .
in the negativey direction as shown in Fig. 3. A current of X (units of W2)
7.9 mA pushed the vortex further in the negateéirection.
This motion is consistent with the direction of the Lorentz
force on a positive vortex produced by a positive current i
the same film as the vortex. A larger current of 8.0 mA the
pushed the vortex to the position of the second Fe ball.

10 . , . . , .
10 -05 00 05 10

FIG. 3. Lorentz force depinning experiment with vortex initially
pinned beneath the central Fe ball. A transport current of 7.4 mA
Ethrough the top Nb film depinned the vortex from the Fe ball.

H H — —19
The minimum depinning current of 7.4 mA at a reducedfogngztr.';(;:eg'ggs tdhf?e;es UJ‘:Ln Fgrth.r?:nlg facti/rTéfE%esbe ¢
temperaturd/T.=0.9 can be related to the pinning force of w : Fe Ol y . » DU
the Fe ball. The Lorentz force per unit length on a vortexthls. close tdT;, that may be as close as the variables can be
from current density is given byJx ®,/c. When the pen- estimated. If the central Fe ball would have been one single
g y orr P domain, its net magnetic moment would have been 7.2

etration length= film thickness= width, in a thin film, the 2" 11" 51 This implies that the central Fe ball is divided

current per unit width can be written &&= (1/7)/[ (W/2)? ; ) . , . A
271/ . : into many domains with random orientations yielding a very
—Xx“]*4, wherex is the measured distance from the center of . LS
mall net magnetic moment. Furthermore, the directions of

ghggllrgilgowblnlng these results gives a pinning force Oftshe magnetization of the Fe balls can not be determined al-

. . though they appear to have some component along the nega-
An estimate of the total magn.et'c moment of the C?mr.altive ? axis zinc?tf positive vortices werepnucleated. ’ ’
Fe ball can be made by examination of the thermal depinning
and current depinning results. The thermal energy required to ) _

depin a vortex pinned on the central Fe b&l, can be B. Sample 2—with a Au line

compared with the magnetic energy gained from the vortex One of the junctions was prepared with a Au line adjacent
aligning with the magnetic moment of the Fe ball to the bottom Nb strip in order to try to create an artificial
e Hyortex- FOr T/T,=0.98 where thermal depinning oc- pinning site along the line. Presumably, normal electrons
curs, Hygrex=0.004T, this comparison yields a result of would travel from the Au into the Nb and thus lower the
tre~3.5¢10°% J/T. Also, for Lorentz force depinning at superconducting pair potential in the region of the Au. The
T/T.=0.90, the force between a magnetic particle and @u line is adjacent to the Si substrate and runs alongxthe
vortex? (urPo)/(27mA2€), whereN is the penetration depth direction in the lower half of the junction region at abgut
and ¢ is the coherence length, can be compared to the mea= —0.36 in units of the junction half width as illustrated in
sured depinning force 182 N. Using\~¢~120 nm, this  the SEM micrograph of sample 2 in Fig. 4.
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not known, the locations could have been those shown in the
figure or those generated by reflections about xhend y
axes. The pinning sites seem to be clustered around the line
y=X. Because the Au line runs in tixadirection, 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 Au
line, the pinning sites span a large region of the junction.
There does not appear to be any correlation between pinning
and the presence of the Au line. The absence of pinning on
the Au line may arise because the Au tapers over a distance
much larger than the coherence distance so that the force is
small even though the energy difference is fairly large.

A third junction with very similar characteristics to those
of sample 2 was deposited on top of another strip of Au
which ran along the direction. Only four pinning sites were
obtained in the bottom Nb film of sample 3 using the same
current-nucleation methods discussed previously. None of
A600 10bm WD12 them were located close to the Au line.

FIG. 4. SEM micrograph of sample 2 showing the location of

the Au line beneath the junction. The top Nb film runs_alo_ngxhe C. Intrinsic pinning sites in the top Nb film of sample 2
direction. Also shown are the locations of all vortex pinning sites )
observed in the bottom Nb film. A rather different method was developed to nucleate a

single vortex in the top film: the temperature was stabilized

Because the Au line was adjacent to the bottom film, it isat 8.440 K, a field of 405 mG was applied perpendicular to
important to be able to systematically nucleate a vortex irfhe face of the junction, and then the temperature was
that film. To do this, we used the fact that the bottom filmdropped to 4.2 K. Using this nucleation method, four differ-
has a lowefT, than the top film. To nucleate a vortex in the ent pinning sites where obtained in the top Nb film. As stated
bottom film the junction was stabilized between fRgs of ~ previously, it is known that they are in the top film because
the two films. At this temperature the top film is supercon-vortices pinned at these sites thermally depin abyef the
ducting and acts as a ground p|ane, screening any magneﬁ)@'[tom Nb film. The amount of data that could be obtained
field from its interior. A current was then applied in the for each pinning site was determined by the frequency with
bottom film and the heater was turned off dropping the temWhich a vortex appeared on that site.
perature to 4.2 K. This process traps a vortex in the bottom A fairly extensive study of the anisotropy of the pinning
film. To nucleate vortices in the top films, the junction was potential was undertaken for vortices trapped in this top film.
warmed abov@ , of both films and then allowed to cool with BY applying currents in different films, a vortex can be
either a transport current in the top film or an applied magPushed in different direction§ and information about the
netic field oriented perpendicular to the junction. For vorticessymmetry of the pinning potential can be obtained. An ap-
nucleated in this manner, the vortex thermally depinned aplied current in the bottom film will induce screening cur-

temperatures abovk. of the bottom film, indicating that the rents in the bottom of the top film with equal magnitude and
vortex was in the top film. opposite directiort® For all four pinning sites, applied cur-

If the Au underlay were to form a strong pinning site, onerent through the bottom film would nucleate vortices before
would expect that vortices in the bottom film would nucleatedepinning the central vortex for temperatures belqvof the
on the Au. They do not. The four different initial nucleation bottom Nb film. At 8.292 K and higher temperatures, how-
sites that were obtained are shown by solid triangles in FigeVver, the vortex could be depinned with a transport current
4. Most of the time, the vortex nucleates at§.45—0.50) through either Nb film before any further nucleation would
and the Au line is located at=—0.36. The other location OCcuUr.
that were sometimes obtained are indicated by triangles in The first pinning site studied has a location of (0.00,
Fig. 4. —0.20). Twenty one diffraction patterns for this site showed

Starting with a vortex at £ 0.45~0.50), in the bottom & scatter of only a few percent in the coordinates of this
film, thermal depinning experiments were carried out to sedocation. Out of the twenty-one times vortices depinned from
if the vortex would move to a line that we could later iden- (0.00,-0.20), there were only two times that the vortex,
tify as the Au line by SEM. It did not. Using a temperature Upon depinning, did not hop to the position (0.68.10),
increment of 3 mK, a thermal depinning sequence showe#egardless of the direction of the Lorentz force on the vortex.
that the vortex nearly always exited the junction on the initialA vortex pinned at (0.06;0.20) thermally depinned at
thermal depin at 8.264 K. If the vortex did not exit, it moved 8.431 K and hopped to (0.650.10). Figure 5 shows the
to one of the sites shown by solid dots in Fig. 4. current at which the vortices located at (0-00,20) first

Next, current depinning experiments were attempted. Adepinned for currents in the tog4) and bottom (g) Nb
7.82 K a vortex at(0.045, 0.50 was successfully pushed to films. The only function of the connecting lines in Fig. 5 is to
many other locations without nucleating more vortices. Thegroup together the data from current-depinning experiments
locations of all the pinning sites observed are shown by th@erformed at the sanig, sp. At a T,us=8.392 K, 24.0 and
solid dots in Fig. 4. Since the polarities of the vortices were—24.0 mA applied through the bottom film was required to



676 M. BREITWISCH AND D. K. FINNEMORE PRB 62

—e—8.392 K

FIG. 6. Forces on a vortex in the top film when the applied
FIG. 5. Minimum depinning current for vortex pinned as(&) current is in the bottom filnftop cartoon and bottom film(bottom
for current applied through the taprdinaté and bottom(abscissp ~ cartoon.
films.

) ] tom film is different depending on whether the film is super-
depin the vortex. In contrast, only 2.1 ardl.5 mA applied  conducting or normal, but the magnetic field generated
through the top film was required to depin the same vortexyjithin the junction region will be nearly the same. Hence,
Hence, it takes roughly a factor of ten times less currenthe induced currents in the top Nb film will change only
through the top film than the bottom film to depin the vortex. sjightly when the bottom film goes normal.
These value§ are temperature _dependent, as shown in Fig. 5, The temperature dependence of the elementary pinning
but the relative values are similar at all temperatures. force f, was measured for the pinning site located at (0.65,
The second pinning site studied is located at (0.65,_0.10) by applying negative current through the top film.
—0.10). Vortices pinned here were obtained both by fieldrhe nucleation current was larger than the depinning current
cooling nucleation and as products of current depinning fronfor cyrrent in the top film down to 8.043 K, with results
other pinning sites. A vortex at this position did not ther- similar to those reported earlier for B his allowed the top
mally depin until 8.503 K, at which point the vortex left the fjjm depinning current to be measured from 8.043 to 8.503 K
junction region all together. The results of fifteen current-yyhere the vortex spontaneously depins with no Lorentz
depinning experiments performed on vortices with the initialorce. Figure 7 shows the temperature dependence of the
position of (0.65-0.10) are very similar to the results elementary pinning force in the temperature region it could
shown in Fig. 5 so they will not be shown here. ATg,sh  be measured. At a reduced temperature of 0.95 the pinning
=8.474 K, 22.0 and-18.5 mA applied through the bottom force is 1.1x 10712 N or 2.75<10~7 N/m if the force is
film was required to depin the vortex. In contrast, only 2.0assumed to be uniform along the length of the vortex. This is
and —1.5 mA applied through the top film was required to an order of magnitude smaller than Lorentz force depinning
depin the same vortex. This characteristic was found for allheasurements on Nb thin films by Allen and Claassen.

four pinning sites at all temperatures at which comparativeapove and belowT, of the bottom Nb filmf, goes roughly
current-depinning measurements could be obtained. as (1-T/T,)" wheren=3/2 as shown in Fig. 7. Similar

To understand the cause of this asymmetry, the appliegajues ofn were also obtained from Lorentz-force depinning
currents and induced currents in the films must be

examined? If the transport current and the vortex are in the 5

top film as shown by the bottom diagram of Fig. 6, then R

current flows in the same direction on both the top and bot- . fpoc (1-T/T,)*|;
tom surfaces of the top film. As a result, the forces on the 40 g
vortex from the currents in the top and bottom surfaces are in
the same direction as illustrated by the bottom diagram of
Fig. 6 (which looks down the long axis of the top fijmif, = 307
however, the transport current is in the bottom film and the =
vortex is in the top film, as illustrated by the top diagram in =
Fig. 6 (which looks down the long axis of the botton film 8
then the induced Meissner current in the top film with the =
vortex will wrap around the film. This gives a Lorentz force 10
to the right on the top surface and a force to the left on the
bottom surface as shown. Depinning from these two different
force configurations might be expected to be different.

It should be pointed out that for the current-depinning
experiments with the vortices in the top Nb film, the current
was applied while the bottom Nb film was normal for tem-  FIG. 7. Temperature dependence of the elementary pinning
peratures above 8.264 K. The current distribution in the botforce f,, for a vortex pinned at (0.65,0.10) in the top Nb film.

T, (bottom)
=8.264 K

. . S . .
8.0 8.1 82 83 8.4 85 8.6
T(K)



PRB 62 PINNING OF A SINGLE ABRIKOSOV VORTEX IN . .. 677

measurements on single vortices in Nb thin films rangingsites. For both junctions the locations of the pinning sites
from n=1.9 (Ref. 12 to n=3.51* A discontinuity in f,  observed in the bottom Nb films were mapped out and com-
appears nedf, of the bottom Nb film in the junction region, pared to the locations of the Au lines determined by SEM
8.244 K. Above this temperature the vortex is no longer bentneasurements. The pinning sites were not preferentially lo-
into the normal region of the junction by the superconduc-cated above the Au lines. The proximity effect from the Au

tivity of the bottom Nb film and extends outward in a con- line making contact with the bottom Nb film was not strong

tinuous manner. Hence, abovie of the bottom Nb film, enough to pin vortices.

surface currents may interact slightly less with the magnetic A large difference was found between the current in the

field of the vortex resulting in an apparent shiftfig. bottom film needed to depin a vortex in the top film and
current in the top film needed to depin this same vortex. For
IV. CONCLUSIONS these vortices the depinning current was approximately ten

times smaller for applied currents in the top film than in the

Artificial pinning centers were induced in the top Nb film pottom film. The explanation may lie in the fact that the
of a Josephson junction by placing two Fe balls on top of annduced currents produce a couplelike force on the vortex
already characterized junction. Vortices tended to locate ajhereas the direct currents push in the same direction all
the site of these Fe balls. The magnetic moments of the Fgiong the vortex. At a reduced temperature of 0.95 the el-
balls were strong enough to nucleate and pin vortices besmentary pinning force on a vortex pinned in the top Nb film
neath them even in zero applied field. The location of theyas 1.1x107%* N or 2.75<10°7 N/m. The temperature
induced pinning SiteS determined by the diﬁraction'patterrdependence Of th|s pinning force was approximate'y (1
method were in agreement with SEM measurements of the. 1/T )32 near T, of the top Nb film.
locations of the Fe balls. For the first time the locations of
artificial pinning sites for a single vortex were determined by
the diffraction-pattern method and were verified by SEM ACKNOWLEDGMENTS
measurements.
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