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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
investigated. A large asymmetry in critical currents was found between when the magnetic di
are aligned and antialigned with respect to an externally applied magnetic field. Enhanced pi
effects were observed when the flux lattice and the dipole lattice were commensurate. The da
used to infer pinning mechanisms, strengths, and sites. [S0031-9007(98)05817-7]
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Because of its intrinsic interest and technological rele
vance, flux pinning has been the subject of a vast amou
of theoretical and experimental work. The introduction o
artificial pinning sites has recently attracted interest. A
an example, heavy ion-beam irradiation [1] has been us
to create random columns of weakened superconductiv
in YBCO. The associated regions of reduced condens
tion energy act as vortex pinning centers due to the ener
savings from locating a vortex core on the columnar d
fect. A more controlled way to study pinning is to arti-
ficially pattern the pinning sites where the positions, siz
and nature of the pinning sites may be “tuned” to some e
tent. Such ordered systems include regular arrays of ho
[2] and in-plane magnetic particles [3,4], which have bee
defined with the aid of high resolutione-beam lithogra-
phy. These ordered structures have shown peak effects
measurements of magnetization, critical current, and res
tivity when the vortex density is a rational multiple of the
artificial defect density which is referred to as commen
surability. Experimentally, the pinning centers discusse
in Refs. [3] and [4] behave symmetrically with respect t
positive and negative applied perpendicular magnetic fiel
irrespective of their previous magnetic history.

The present paper describes measurements of the
perconducting critical current of niobium films with an
embedded array of ferromagnetic nickel particles. A ke
feature of this paper is that the aspect ratio (heightydiame-
ter) of the ferromagnetic particles is larger than in previou
studies. Experimentally, we observe that the response
the film is strongly asymmetric with respect to the rela
tive orientation between the applied perpendicular ma
netic field and the embedded moments. This shows clea
that there is a vector contribution to the vortex pinning in
teraction. The strong asymmetry is particularly appare
in the commensurability effects between the defect lattic
and the applied magnetic field. As opposed to previou
studies, we also studied several lattice symmetries, whe
we observed significant differences in the commensura
peak structure. These data are exploited to suggest p
ning mechanisms, strengths, and sites.

The system measured consists of a regular (square, tri
gular, and Kagomé) array of magnetic nickel dots (120 n
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diameter by 110 nm height) covered by a film of niobium
(95 nm thick by80 mm wide). The regular arrays were
defined bye-beam lithography in polymethylmethacrylate
(PMMA) with a densityd of s0.6 mmd22 ands1.2 mmd22

over an area of90 mm 3 90 mm. Nickel was then
deposited bye-beam evaporation followed by lift-off in
acetone. The transport pattern was defined by: optic
lithography, niobium deposition (by magnetron sputterin
with a base pressure of1027 to 1028), and lift-off in ace-
tone. The voltage leads are separated by80 mm. No ef-
fort was made to remove any oxide barrier on the nick
dots prior to niobium deposition. The nickel dots thus pe
forate the film and have a niobium sheet on top. The s
perconducting transition temperatures were8.60 6 0.1 K
(transition width of 0.015 K) for all samples, with and
without Ni arrays, which implies no macroscopic reduc
tion of Tc due to a magnetic or other proximity effects
From Hc2 measurements, the mean free path, in the dir
limit, is l > 45 Å.

Transport measurements were performed in a Quantu
Design4He cryostat equipped with a 5.5 T superconduc
ing magnet. Current-voltage measurements were taken
a four-wire configuration, and critical currents were de
fined by a voltage criteria of0.4 mV . In addition, at each
new field setting, the current was ramped into the resisti
(normal) region of theI-V characteristic to allow the flux
lattice to redistribute more quickly to its new equilibrium
position. To magnetize the nickel dots, a field of13.5 T
was applied perpendicular to the film plane. The field wa
then rapidly turned off. This magnetization procedure wa
performed prior to every field sweep since sweeping th
field into negative fields (for positively magnetized sam
ples) washed out some of the magnetic alignment. In wh
follows, a positive applied field is parallel to the initial
magnetizing field, whereas a negative field is in the opp
site direction.

Critical currentIc measurements as a function of mag
netic field are shown in Figs. 1 and 2 for triangular mag
netic dot arrays (with the above densities) at sever
temperatures. Both figures show a strong asymmetry f
positive and negative applied fields. Strong commensura
peaks are also visible at the matching fields,Hn  nF0d,
© 1998 The American Physical Society
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FIG. 1. (a) Critical current as a function of field for the
high density triangular array atT  8.00, 8.40, 8.46, and
8.52 K (top to bottom) sTc  8.56 Kd. (b) Enlargement of
the T  8.52 K sweep.

wheren is the number of vortices per magnetic defect. Th
vertical lines indicate integer multiples of the first com
mensurate field (14.4 and 57.5 G for the low and hig
density array, respectively). We also verified that ma
netizing the sample in the opposite direction gave mirr
results to those shown. Measurements of unmagneti
samples (not shown) showed a field-symmetric behav
which was not, however, the simple average of the po
tive and negative field behavior of the magnetized samp
The unmagnetized behavior is more complicated due to
presence of magnetic disorder.

An interesting feature of the data in Figs. 1 and 2
the cusplike structure ofIc observed for the high density
dot array nearTc: The low density array is far more
flat (field independent) up to the first commensurate fie
H11 at all temperatures (except very nearTc, where some
cusp structure is present). In fact, allIc field sweeps
for the low density array have exactly the same slo
up to H11: dIcydB  20.02 mayG. This nearly field-
independent structure for the low density array can
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FIG. 2. (a) Critical current as a function of field for the low
density triangular array atT  8.00, 8.50, and 8.64 K (top to
bottom) sTc  8.69 Kd. (b) Enlargement of theT  8.64 K
sweep.

understood if the pinning is very strong (up toH11) and the
pinning density is low enough that a pinned vortex does no
interact with a neighboring defect or another pinned vortex
Simulations demonstrate [5] that, if this pinning strength is
above a thresholdfp, the vortices should be immobilized
for all transport current densities. The onset of resistivity
would then be associated with some mechanism other tha
flux flow (e.g., depairing), resulting in very little field
dependence of the critical current density. In this case
we should not see a flux flow regime, but rather a shar
transition to the resistive state. Experimentally, we find
that, indeed, within the resolution of the data taken, the
resistive transition is steplike for fields up toH11 (except
very near Tc). Immediately aboveH11 the transition
broadens increasingly with field. Note that the falloff in
the critical current with field shown can be accounted for if
one considers the reduction in the cross-sectional are d
to the inclusion of the vortices normal cores of widthj.
The temperature independence of the slope is explaine
by considering that empirically we find that the zero field
3615
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critical current scales ass1 2 TyTcd1y2 while the width
of the normal cores scale with the temperature-depend
coherence length,s1 2 TyTcd1y2. This effectively cancels
any temperature dependence of the slope. Calculatio
based upon these considerations show excellent agreem
with the measured data.

Alternately, the cusp structure of the high density arra
may be interpreted as a pinning force less thanfp. This re-
duced pinning strength behavior is much more pronounc
as the temperature approachesTc. Two factors could
contribute to this behavior. First, vortex-vortex interac
tions become more important due to the increasing Lo
don depth with temperature and the increased proxim
of neighboring pinning sites. If two neighboring pinning
sites are each occupied by a single vortex, while anoth
neighboring site is not, the pinning strength is reduced fro
the vortex-vortex repulsion and the vortex–vacant-site a
traction. This instability should increase with the defec
density and the London depth. Second, the spatial ran
of a magnetic dot’s potential well should increase with th
London depth and coherence length, thereby potentia
overlapping nearby wells. Again, this reduces the streng
of a given pinning center by reducing the effective dept
of the well potential. The net effect is that the pinning
strength is reduced for higher density magnetic dot arra
nearTc. Only at the first commensurate fieldH11, where
every pinning defect is occupied by one vortex, do we e
pect and see a strong increase in the critical current. Th
configuration, stabilized by the mutual repulsion of the vo
tices and the absence of any vacant pinning sites, has b
argued to be analogous to a Mott insulator phase [6]. If th
overlap argument above is correct, one would expect t
cusp structure to diminish with decreasingT , eventually
approaching the behavior of the low density array. This
exactly what is seen in Fig. 1(a), where, with decreasingT ,
the cusp structure flattens and eventually exhibits the sa
constant slope (of about20.02 mayG) as the low density
array (some samples had slightly different slopes, but wh
the slope was normalized by the observed critical curre
the same value was obtained). The resistive transition,
8.0 K, is abrupt for fields up toH12 within the resolution
of the data taken. This is seen in Fig. 3, where each lin
(at a given temperature) represents a different voltage c
teria for the critical current.

The observed asymmetric pinning is consistent with th
expected from the interaction energy between a dipole a
an external magnetic field,E  2 $m ? $H. Since the field
of a vortex increases with decreasingr, the vortex can
lower its energy by moving closer to a magnetic mome
which is aligned parallel to the vortex field. Therefore
the force is attractive for the aligned case. The opposite
true for the case of an antialigned field and moment. Ear
theoretical studies [7] on the interaction of a magnetic m
ment and a vortex displaced a distanceR used a Gibbs
free energy argument to show, semiquantitatively, that t
force was attractive. More recent studies [8] examined th
fringing field from a vortex and its interaction with a mag
3616
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FIG. 3. Lines of constant voltage for the high density array
8.00, 8.40, 8.46, and 8.52 K (top to bottom). The lines at
given temperature correspond to 0.4, 1, 3, 5, and10 mV (top
to bottom) voltage criteria for the critical current.

netic moment above the superconductor in connection w
magnetic force microscopy. However, it was assumed th
the magnetic moment does not induce currents in the
perconductor or disturb the magnetic field produced by
vortex which is not valid when the magnetic particle i
close to the superconductor. Numerical solutions [9]
the Ginzburg-Landau equations have been obtained for
field and current distribution around a magnetic mome
embedded in and aligned perpendicular to the plane o
superconductor. The pinning force between a vortex a
an embedded magnetic dipole consists of at least three c
tributions: (i) the interaction between the vortex fringin
field and magnetic moment, (ii) the interaction between
vortex and the screening currents created in response to
magnetic dipole, and (iii) the interaction of a vortex cor
with an area of reduced condensation energy, where t
area is comprised of a void at the defect and a surroun
ing annulus due to the proximity effect (if the moment an
the film are in electrical contact) and the screening curre
response to the dipole fringing field [3,9]. All of these in
teractions are, to varying degrees, mutually dependent,
quiring a self-consistent treatment. The first two are vec
interactions, which depend on the relative orientation of t
vortex and the dipole. These should cause the asymme
seen in our work. The third category involves scalar inte
actions and thus should not depend on the relative orien
tion, and would be attractive. For an antialigned mome
and applied field, the last category competes with the fi
two and could result in interstitial sites dominating ove
defect pinning. In the following we will infer the strength
of the magnetic pinning sites by looking at different defe
lattices.

Stability analysis indicates and simulations [10] verif
that, depending on the strength of the pinning and t
defect lattice symmetry, certain commensurate peaks m
be absent. For weaker pinning, a triangular lattice shou
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FIG. 4. Critical current as a function of field for the square
(top) and Kagomé (bottom) arrays.

show peaks atH1, H3 while a square lattice should show
peaks atH1, H2, H4 . . . . The simulations also show that
the H1 peak should be absent in a Kagomé lattice. W
can exploit these missing peaks in Figs. 1 and 4 (critic
current sweeps for a square and a Kagomé array) to in
the strength of the magnetic moment pinning sites fo
the higher density array (the lower density arrays do n
show strong peaks pastH11, possibly due to diminished
collective effects or reduced interstitial pinning). Startin
with the antialigned situation, we see theH21 peak in
all cases. This peak is not expected in the Kagom
and triangular lattices if the vortices were pinned in th
interstitial sites. Stable interstitial pinning should show
peaks atH21y2 and H22, respectively. We therefore
conjecture that the vortices are pinned on the magne
dots atH21 and infer that the scalar interactions [cas
(iii)] discussed above are stronger than the two vect
interactions [cases (i) and (ii)]. For the aligned case, w
see that theH13 peak is absent rather than the predicte
H12 peak for the triangular array. This would imply
a doubly quantized pin atH12. The H14 peak would
then come from the doubly pinned dot with the next tw
vortices at the two equivalent interstitial sites. This doubl
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quantized interpretation is consistent with the data fro
the square lattice, where we see theH13 peak which,
again, is not predicted. This peak is most likely from
the single interstitial pinning site after the dots becom
doubly quantized. Interestingly, a strongH12 peak is not
seen for the Kagomé lattice but rather one atH12 1y2.
This can only come from doubly quantized defects plu
one vortex per interstitial (the interstitial density in th
Kagomé lattice is half that of the defect lattice). Thes
multiply quantized magnetic pinning sites are analogo
to the multiply quantized holes discussed in Refs. [11] a
[12], where the number of vortices a hole can pin is relat
to the hole radius. A similar analysis for the number o
vortices a magnetic dot can pin should also be possible

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