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Asymmetric Flux Pinning in a Regular Array of Magnetic Dipoles
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The effect of a regular array of magnetic dipoles embedded in a superconducting film was
investigated. A large asymmetry in critical currents was found between when the magnetic dipoles
are aligned and antialigned with respect to an externally applied magnetic field. Enhanced pinning
effects were observed when the flux lattice and the dipole lattice were commensurate. The data are
used to infer pinning mechanisms, strengths, and sites. [S0031-9007(98)05817-7]

PACS numbers: 74.60.Jg, 74.60.Ge

Because of its intrinsic interest and technological rele-diameter by 110 nm height) covered by a film of niobium
vance, flux pinning has been the subject of a vast amour{®5 nm thick by80 wm wide). The regular arrays were
of theoretical and experimental work. The introduction ofdefined bye-beam lithography in polymethylmethacrylate
artificial pinning sites has recently attracted interest. AYPMMA) with a densitys of (0.6 um)~? and(1.2 um) >
an example, heavy ion-beam irradiation [1] has been useover an area of90 um X 90 um. Nickel was then
to create random columns of weakened superconductivitgieposited bye-beam evaporation followed by lift-off in
in YBCO. The associated regions of reduced condensacetone. The transport pattern was defined by: optical
tion energy act as vortex pinning centers due to the enerdithography, niobium deposition (by magnetron sputtering
savings from locating a vortex core on the columnar dewith a base pressure a0’ to 10~%), and lift-off in ace-
fect. A more controlled way to study pinning is to arti- tone. The voltage leads are separate@®y.m. No ef-
ficially pattern the pinning sites where the positions, sizefort was made to remove any oxide barrier on the nickel
and nature of the pinning sites may be “tuned” to some exeots prior to niobium deposition. The nickel dots thus per-
tent. Such ordered systems include regular arrays of holdsrate the film and have a niobium sheet on top. The su-
[2] and in-plane magnetic particles [3,4], which have beemperconducting transition temperatures wex@ * 0.1 K
defined with the aid of high resolutiosrbeam lithogra- (transition width of 0.015 K) for all samples, with and
phy. These ordered structures have shown peak effects without Ni arrays, which implies no macroscopic reduc-
measurements of magnetization, critical current, and resigion of 7. due to a magnetic or other proximity effects.
tivity when the vortex density is a rational multiple of the From H., measurements, the mean free path, in the dirty
artificial defect density which is referred to as commendimit, is I = 45 A.
surability. Experimentally, the pinning centers discussed Transport measurements were performed in a Quantum
in Refs. [3] and [4] behave symmetrically with respect toDesign*He cryostat equipped with a 5.5 T superconduct-
positive and negative applied perpendicular magnetic fields\g magnet. Current-voltage measurements were taken in
irrespective of their previous magnetic history. a four-wire configuration, and critical currents were de-

The present paper describes measurements of the siined by a voltage criteria di.4 V. In addition, at each
perconducting critical current of niobium films with an new field setting, the current was ramped into the resistive
embedded array of ferromagnetic nickel particles. A keynormal) region of thd-V characteristic to allow the flux
feature of this paper is that the aspect ratio (heidiatme- lattice to redistribute more quickly to its new equilibrium
ter) of the ferromagnetic particles is larger than in previougposition. To magnetize the nickel dots, a field4e3.5 T
studies. Experimentally, we observe that the response afas applied perpendicular to the film plane. The field was
the film is strongly asymmetric with respect to the rela-then rapidly turned off. This magnetization procedure was
tive orientation between the applied perpendicular magperformed prior to every field sweep since sweeping the
netic field and the embedded moments. This shows clearffjeld into negative fields (for positively magnetized sam-
that there is a vector contribution to the vortex pinning in-ples) washed out some of the magnetic alignment. In what
teraction. The strong asymmetry is particularly apparenfollows, a positive applied field is parallel to the initial
in the commensurability effects between the defect latticenagnetizing field, whereas a negative field is in the oppo-
and the applied magnetic field. As opposed to previousite direction.
studies, we also studied several lattice symmetries, where Critical current/, measurements as a function of mag-
we observed significant differences in the commensurateetic field are shown in Figs. 1 and 2 for triangular mag-
peak structure. These data are exploited to suggest pimetic dot arrays (with the above densities) at several
ning mechanisms, strengths, and sites. temperatures. Both figures show a strong asymmetry for

The system measured consists of a regular (square, triapesitive and negative applied fields. Strong commensurate
gular, and Kagomé) array of magnetic nickel dots (120 nrpeaks are also visible at the matching fiells, = n®, 4,
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FIG. 1. (a) Critical current as a function of field for the F|G. 2. (a) Critical current as a function of field for the low
high density triangular array al' = 8.00, 8.40, 8.46, and  density triangular array & = 8.00, 8.50, and 8.64 K (top to
8.52 K (top to bottom)(7, = 8.56 K). (b) Enlargement of pottom) (7, = 8.69 K). (b) Enlargement of thd = 8.64 K
theT = 8.52 K sweep. sweep.

wheren is the number of vortices per magnetic defect. Theunderstood if the pinning is very strong (upfia ;) and the
vertical lines indicate integer multiples of the first com- pinning density is low enough that a pinned vortex does not
mensurate field (14.4 and 57.5 G for the low and highinteract with a neighboring defect or another pinned vortex.
density array, respectively). We also verified that mag-Simulations demonstrate [5] that, if this pinning strength is
netizing the sample in the opposite direction gave mirrombove a threshold,, the vortices should be immobilized
results to those shown. Measurements of unmagnetizefdr all transport current densities. The onset of resistivity
samples (not shown) showed a field-symmetric behaviowould then be associated with some mechanism other than
which was not, however, the simple average of the posiflux flow (e.g., depairing), resulting in very little field
tive and negative field behavior of the magnetized sampledependence of the critical current density. In this case,
The unmagnetized behavior is more complicated due to thee should not see a flux flow regime, but rather a sharp
presence of magnetic disorder. transition to the resistive state. Experimentally, we find
An interesting feature of the data in Figs. 1 and 2 isthat, indeed, within the resolution of the data taken, the
the cusplike structure af. observed for the high density resistive transition is steplike for fields up ;; (except
dot array nealT.: The low density array is far more very nearT.). Immediately aboveH.; the transition
flat (field independent) up to the first commensurate fieldroadens increasingly with field. Note that the falloff in
H ., at all temperatures (except very ndar where some the critical current with field shown can be accounted for if
cusp structure is present). In fact, dJl field sweeps one considers the reduction in the cross-sectional are due
for the low density array have exactly the same slopdo the inclusion of the vortices normal cores of width
up to Hyy: dI./dB = —0.02 ma/G. This nearly field- The temperature independence of the slope is explained
independent structure for the low density array can béyy considering that empirically we find that the zero field
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critical current scales adl — T/7,)"/? while the width Hy H, H; H, H, 0 H H H H K
of the normal cores scale with the temperature-dependent N

coherence lengtti] — 7/7.)'/2. This effectively cancels

any temperature dependence of the slope. Calculations

based upon these considerations show excellent agreement
with the measured data.

Alternately, the cusp structure of the high density array
may be interpreted as a pinning force less tfian This re-
duced pinning strength behavior is much more pronounced
as the temperature approachEs Two factors could
contribute to this behavior. First, vortex-vortex interac-
tions become more important due to the increasing Lon-
don depth with temperature and the increased proximity
of neighboring pinning sites. If two neighboring pinning e
sites are each occupied by a single vortex, while another -300 -250 -200 -150 -100 S0 0 50 100 150 200 250 300
neighboring site is not, the pinning strength is reduced from Field (G)
the vortex-vortex repulsion and the vortex—vacant-site atg|G. 3. Lines of constant voltage for the high density array at
traction. This instability should increase with the defect8.00, 8.40, 8.46, and 8.52 K (top to bottom). The lines at a
density and the London depth. Second, the spatial ranggiven temperature correspond to 0.4, 1, 3, 5, a8V (top
of a magnetic dot's potential well should increase with the!® Pottom) voltage criteria for the critical current.

London depth and coherence length, thereby potentially

overlapping nearby wells. Again, this reduces the strengthetic moment above the superconductor in connection with
of a given pinning center by reducing the effective depthmagnetic force microscopy. However, it was assumed that
of the well potential. The net effect is that the pinning the magnetic moment does not induce currents in the su-
strength is reduced for higher density magnetic dot arrayperconductor or disturb the magnetic field produced by a
nearT.. Only at the first commensurate fieffl; |, where  vortex which is not valid when the magnetic particle is
every pinning defect is occupied by one vortex, do we exclose to the superconductor. Numerical solutions [9] of
pect and see a strong increase in the critical current. Thighe Ginzburg-Landau equations have been obtained for the
configuration, stabilized by the mutual repulsion of the vor-field and current distribution around a magnetic moment
tices and the absence of any vacant pinning sites, has beembedded in and aligned perpendicular to the plane of a
argued to be analogous to a Mott insulator phase [6]. If thguperconductor. The pinning force between a vortex and
overlap argument above is correct, one would expect then embedded magnetic dipole consists of at least three con-
cusp structure to diminish with decreasifig eventually tributions: (i) the interaction between the vortex fringing
approaching the behavior of the low density array. This ifield and magnetic moment, (i) the interaction between a
exactly what is seen in Fig. 1(a), where, with decreaing vortex and the screening currents created in response to the
the cusp structure flattens and eventually exhibits the samaagnetic dipole, and (iii) the interaction of a vortex core
constant slope (of about0.02 ma/G) as the low density with an area of reduced condensation energy, where this
array (some samples had slightly different slopes, but whearea is comprised of a void at the defect and a surround-
the slope was normalized by the observed critical currenihg annulus due to the proximity effect (if the moment and
the same value was obtained). The resistive transition, ahe film are in electrical contact) and the screening current
8.0 K, is abrupt for fields up té/, within the resolution response to the dipole fringing field [3,9]. All of these in-
of the data taken. This is seen in Fig. 3, where each lingeractions are, to varying degrees, mutually dependent, re-
(at a given temperature) represents a different voltage crguiring a self-consistent treatment. The first two are vector
teria for the critical current. interactions, which depend on the relative orientation of the

The observed asymmetric pinning is consistent with thavortex and the dipole. These should cause the asymmetry
expected from the interaction energy between a dipole angeen in our work. The third category involves scalar inter-
an external magnetic field; = — g - H. Since the field actions and thus should not depend on the relative orienta-
of a vortex increases with decreasingthe vortex can tion, and would be attractive. For an antialigned moment
lower its energy by moving closer to a magnetic momentnd applied field, the last category competes with the first
which is aligned parallel to the vortex field. Thereforetwo and could result in interstitial sites dominating over
the force is attractive for the aligned case. The opposite idefect pinning. In the following we will infer the strength
true for the case of an antialigned field and moment. Earlyf the magnetic pinning sites by looking at different defect
theoretical studies [7] on the interaction of a magnetic mofattices.
ment and a vortex displaced a distamlReused a Gibbs Stability analysis indicates and simulations [10] verify
free energy argument to show, semiquantitatively, that théhat, depending on the strength of the pinning and the
force was attractive. More recent studies [8] examined théefect lattice symmetry, certain commensurate peaks may
fringing field from a vortex and its interaction with a mag- be absent. For weaker pinning, a triangular lattice should
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H, H, 0 H, H, H, quantized interpretation is consistent with the data from

81— : ; ; ; ; ; the square lattice, where we see tHe; peak which,

{1 ¢ : : ' 3 = : again, is not predicted. This peak is most likely from
the single interstitial pinning site after the dots become
doubly quantized. Interestingly, a stroffy, peak is not
seen for the Kagomeé lattice but rather oneHt; .
This can only come from doubly quantized defects plus
one vortex per interstitial (the interstitial density in the
Kagomé lattice is half that of the defect lattice). These
multiply quantized magnetic pinning sites are analogous
o I S to the multiply quantized hoIe; discussed in Re_fs._ [11]and
200 -150 -100 50 O 50 100 150 200 [12], where the_number nyort|cesahole can pin is related
to the hole radius. A similar analysis for the number of
vortices a magnetic dot can pin should also be possible.

In conclusion, we have demonstrated that magnetic
dipoles are very strong pinning centers in superconductors
and that the strength depends on the relative alignment
between the dipoles and the vortices. This results in a
strong asymmetry between critical currents for aligned
and antialigned magnetic fields. What is needed now is
a theoretical analysis of the self-consistent magnetic and
superconducting response of this system.
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