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Triangular arrays of submicrometer magnetic dots, with typical spacing of 400–600 nm and diamet
close to 200 nm, have been fabricated by electron beam lithography to study pinning effects on Nb t
films. The resistivity versus magnetic field curves exhibit regular structure. Minima appear at consta
field intervals, given by the lattice parameter of the dot array. The angular, current, and temperat
dependencies of the resistivity imply synchronized pinning by the magnetic array which is relevant
high vortex velocities, when the order in the vortex lattice increases. [S0031-9007(97)03979-3]

PACS numbers: 74.60.Ge, 85.40.Ux
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Flux pinning has been the subject of much interest b
in high and low temperature superconductors becaus
their relevance for applications as well as from the fu
damental point of view [1,2]. A rich variety of phenom
ena in vortex dynamics can be found depending on
type, strength, and correlation of the defects presen
the superconducting material. A very useful tool to u
derstand the interaction between vortices and material
perfections, and in this way enhance the critical curre
consists in the introduction of controlled artificial pinnin
centers in the superconductor. Many types of random
perfections such as secondary-phase precipitates [3],
work induced dislocations and strain [4], several kinds
radiation induced defects like heavy-ion columnar tra
[5], etc. can be used to address this problem.

A different approach is the fabrication of ordered def
arrays of well defined size and geometry, as, for exam
spatially modulated superconducting alloys [6], thickn
modulation [7], holes in superconducting networks [
arrays of holes [9], or magnetic particles [10]. In this wa
a whole range of new phenomena may appear assoc
with the matching of the vortex lattice and the artific
structure. However, only recently submicrometer lith
graphic techniques have been developed that allow re
ing the size of pinning centers to a scale comparabl
coherence lengths of conventional superconductors. S
possibilities that have been explored include regular
tices of holes on lowTC superconducting films [11
or spatially modulatede-beam irradiation damage i
YBa2Cu3O7 [12]. In all these cases normal regions a
created throughout the material.

In this Letter, for the first time the pinning intera
tion between the vortex lattice and ordered arrays of s
micrometer magnetic dots has been studied. There
the superconducting thin film is continuous and pinn
arises from the interaction with a periodic array of p
ning centers not from the multiply connected geometry
the system. In this case, in a narrow temperature ra
an evenly spaced regular array of minima appears in
resistivity versusperpendicularmagnetic field. The peri
odicity of the minima is given by the field correspondi
to the spacing of the array of magnetic dots. This in
0031-9007y97y79(10)y1929(4)$10.00
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cates a collective locking of the flux lattice to the ma
netic dot array. The detailed vortex arrangement has
been uniquely identified. Comparison with available the
retical models indicates a synchronized pinning by t
magnetic dot array at high vortex velocities.

Magnetic dots approximately 200 nm in diameter a
40 nm in thickness were prepared on oxidized Si(100) s
strates using the electron beam lithography. The des
pattern was defined on aPMMA resist layer; then the mag
netic (Fe or Ni) layer was sputtered on top. This was fo
lowed by a lift-off process to obtain the triangular arra
(50 mm 3 50 mm) of magnetic dots. The lattice constan
(d) of the triangular array was varied in the range 400
600 nm. Figure 1 shows a scanning electron microsco
(SEM) image of a triangular Fe array withd  600 nm.
After this, a 100 nm thick Nb film was sputtered on to
Optical lithography and reactive ion etching were used
define a40 mm wide bridge with a distance between th
voltage contacts of50 mm for transport measurements [se
Fig. 1(b)]. Note that in this geometry the Nb film is con
tinuous so the pinning dots are not embedded within
Nb, but are outside.

The dc measurements were performed in a helium cr
stat with an 80 kG superconducting magnet and a rotata
sample holder with a precision of 1±. The magnetic field
is always applied perpendicular to the transport curre
while the angleu between the field and the film normal wa
varied to study the angular dependence. The lithograp
Nb film on top of the magnetic array of dots exhibit
metallic behavior from room temperature to the onset
superconductivity atT  8.3 K.

Figure 2 showsrsBd for a sample with an array of Ni
dots (d  410 nm,J  2.5 3 104 Aycm2) atT  8.2 K.
In the mixed state (8.1 , T , 8.3 K), the resistivity ver-
sus magnetic field shows a set of minima regularly spac
at values (Bn) of field. The intervals between two con
secutive minima (DB0) are constant, as shown in the in
set of Fig. 2, withDB0  141 6 4 G. This value may be
related with the lattice parameterd of the triangular mag-
netic array through the well known relationa0  1.075
sF0yBd1y2 [13], between the magnetic induction (B), and
the corresponding triangular vortex lattice constant (a0)
© 1997 The American Physical Society 1929
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FIG. 1. (a) SEM image of a triangular array of Fe magne
dots fabricated bye-beam lithography on a Si substrate. Th
lattice constant isd  600 nm and the Fe dots have a radiu
r  100 nm. (b) Micrograph of the Nb bridge defined b
optical lithography in the array region. The width is40 mm
and the distance between the voltage contacts used for tran
measurements is50 mm.

with F0 the quantum of flux. Thus, the intervalDB0 corre-
sponds toa0  413 6 6 nm, in good agreement with th
spacing of the arrayd  410 6 10 nm. This implies that
a minimum appears when there is an integer numbe
vortices per unit cell of the array of magnetic dots. W
find that this structure in the dissipation is independen
the magnetic history of the dot array, i.e., thermally d
magnetized or exposed to a magnetic field up to 10
parallel or perpendicular to the sample plane. This la
of hysteresis in the interaction of the magnetic array a
the superconducting film indicates that the stray field fr
the Ni dots does not play a crucial role. Therefore,
pinning interaction between the vortices and the magn
dots is principally determined by the flux concentration
or around the magnetic material and/or the spatial mod
tion of the order parameter due to the ferromagnetic pr
imity effect, in a similar way to the effect of ferromagnet
pinning centers in bulk superconductors [14]. No indic
tion of periodic pinning has been found in arrays of no
magnetic dots measured at similar temperatures, cur
and field ranges, suggesting that pinning due to the o
nary proximity effect is too weak to be observed. Th
confirms that the pinning produced by the array of Ni d
is mainly of magnetic origin.
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FIG. 2. Field dependence of the resistivity of a Nb thin film
with a triangular array of Ni dots (d  410 nm), measured
at T  8.2 K and with J  2.5 3 104 Aycm2. Inset shows
the position of the minimaBn versus the index numbern.
The solid line is a fit to the expressionBn  nDB0 with
DB0  141 6 4 G.

Figure 3 shows the field dependence of the resistiv
of the same Nb film as in Fig. 2, for different anglesu

between the sample normal and the field direction. Sh
minima are observed in the whole angular range but
field intervals increase as the magnetic field is tilted aw
from the perpendicular direction. The critical fieldHc2

shows an angular dependence that is in good agreem
with Tinkham’s model for a superconducting thin film
[13]. The angular dependence of the distance betw
minima is well described byDB0sud  DB0s0dy cossud
with DB0s0d  138 6 3 G (Fig. 3 inset). Note that the

FIG. 3. Resistivity versus magnetic field curves for differe
anglesu between the field and the sample normal of a Nb th
film with a triangular array of Ni dots (d  410 nm), measured
at T  8.2 K with J  2.5 3 104 Aycm2. The curves have
been vertically displaced for clarity. Inset shows the angu
dependence of the distance between consecutive minima.
solid line is a fit to the expressionDB0sud  DB0s0dy cossud
with DB0s0d  138 6 3 G.
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two independent measurements ofDB0 agree within the
experimental error. This implies that the relevant quan
is the perpendicular magnetic field component (B'), so that
only the number of vortices per unit cell of the period
array is important.

The reduction in dissipation, at well defined valu
of the magnetic field, is present only for a limited ran
of currents and temperatures. Figure 4(a) showsrsBd
taken at different current densities in the rangeJ 
103 105 Aycm2. At the highest current (curveA) the
resistivity is similar to that of the normal state and weak
field dependent. As the current density is reduced a
riodic structure appears: first, two small features (n  1)
around zero field (curveB), then (curvesC and D); the
minima become deeper and the matching effect can
observed for higher orders, up ton  4, for J values

FIG. 4. (a) Field dependence of the resistivity of a N
film with a triangular lattice of Ni magnetic dots (d 
410 nm) at T  8.2 K for different values of the transpor
current: CurveA, J  7.5 3 104 Aycm2; curve B, J  5.6 3
104 Aycm2; curve C, J  5 3 104 Aycm2; curve D, J 
2.5 3 104 Aycm2; curve E, J  1.25 3 104 Aycm2; curve F,
J  2.5 3 103 Aycm2. (b) Resistive transition in a loga
rithmic scale of the same sample as in (a), measured
J  2.5 3 104 Aycm2 and an applied perpendicular magne
field of 70 G (open symbols) and 140 G (filled symbols). I
set shows theI-V curves atT  8.1 K measured for differ-
ent fields: triangle, 0 G; open square, 110 G; filled squa
140 G  B1; open circle, 250 G; filled circle,280 G  B2.
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around 2.5 3 104 Aycm2. However, when the current
density is further decreased (curveE) the periodic struc-
ture in the dissipation begins to be smeared out. Fina
for the lowest currents (curveF), the typical uniform
superconducting film behavior is found, with a sharp ons
of the resistivity for a magnetic field close to a matchin
value, but without any well defined features at the oth
matching positions. This reduction in the dissipation c
also be observed in theI-V characteristics [see Fig. 4(b
inset]. TheI-V curve measured at each matching fie
Bn (filled symbols) crosses with the one obtained at low
field (hollow symbols) for high enough currents. Thes
crossovers indicate a change in the dominant pinn
mechanism as a function of the current.

We have observed that the current range where p
ning by the magnetic array is more effective is also tem
perature dependent, and it is displaced to higher valu
as the temperature is reduced. This is shown [Fig. 4(
on a logarithmic plot of the resistivity, measured wit
J  2.5 3 104 Aycm2, in the presence of a constant mag
netic field, for two different fields. The open and fille
symbols correspond toB  70 and 140 G, respectively,
that is,B1y2 andB1, whereB1 is the first matching field.
At low temperatures, the ordinary monotonic behavior
found and the resistivity increases with the magnetic fie
however, at temperatures very close to the transition a d
tinct crossover is observed andrsB1d becomes smaller
thanrsB1y2d, corresponding to the minima in the dissipa
tion shown in Fig. 4(a). In a similar way, Gurevichet al.
[15] have recently reported resistivity oscillations as
function of a parallel magnetic field in a limited curren
range in Nb-TiyCu multilayers. However, on these mul
tilayers the oscillation period is dependent on the to
sample thickness, is current dependent, and disappea
high temperatures.

The experimental data clearly show an enhanced p
ning by the magnetic dots and a definite relationship b
tween the vortex lattice and the magnetic dot array. The
are, however, two major issues which need further
search and must be addressed: (a) the pinning mechan
and (b) the details of the vortex lattice arrangement.

The magnetic moment of an individual dot lies para
lel to the substrate [16] due to their aspect ratiocyt ø 5
(wherec  200 nm is the diameter andt  40 nm is the
thickness). Therefore, as the perpendicular field comp
nent is the relevant one, the pinning mechanism must
related to the higher magnetic permeability in the regi
of the dot. The perturbation created in a superconduc
in the neighborhood of an embedded magnetic particle
radius comparable to the coherence length and magn
momentm has recently been calculated [17]. Dependin
on the value ofm, it may be energetically favorable for
the superconductor to create a vortex state with multip
quanta of flux around the magnetic particle. However, t
ryj ratio and the current dependence seem to rule out tr
ping of multiple vortices in each dot. NearTc, j becomes
similar to the dot radiusr  100 nm [18]; j  60 nm at
1931
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T  8.2 K. Therefore, the maximum number of vortice
pinned inside each dot is estimated asry2j ø 1, using as
a first approximation the formula for a hole of similar siz
[19,20].

The periodic resistivity dips of the Nb film with the lat-
tice of magnetic dots (Figs. 2 and 3) are due to commen
rability effects between the ordered magnetic dot array a
the vortex lattice. Dips in the resistivity imply an enhance
pinning for particular values of the magnetic field. In th
case of a triangular array of pinning centers, commens
rability occurs with a regulartriangular vortex lattice if
a0  d, a0  dy

p
3, a0  dy2, . . . with matching fields

at Bn  nDB0, with n  1, 3, 4, . . . . Thus, no commen-
surability is expected forn  2 for a regulartriangular
lattice, in contrast with experimental observations. Rece
numerical simulations [21] have shown that a triangul
lattice of defects enhances the pinning force atn  1, 3, 4
for weak pinning centers. However, strong pinning site
may induce some pinning enhancement atn  2 [21]. An
increased pinning may also occur at this second match
field if long range interactions are present in the vorte
lattice, thus forming a lattice with one vortex per dot an
one every other interstitial position in the center of the tr
angles, as observed by Lorentz microscopy [22].

The presence of enhanced resonant pinning, only at
termediate currents, indicates that at low vortex velocitie
random defect pinning occurs, while at higher velocitie
dynamical effects may become important. The moving la
tice averages over the random pinning potential and vorte
vortex interactions, producing the order in the lattice, ma
become dominant [23]. In fact, neutron diffraction exper
ments [24] have shown an increased order of the movi
vortex lattice at high velocities. On the other hand, th
interaction between the periodic array of dots and the vo
tex lattice could become more important at high velocitie
because periodic pinning cannot be averaged out, like r
dom pinning. This enhancement of the interaction wi
the magnetic array, as the vortex lattice becomes more
dered, would give rise to the observed matching effect
intermediate currents.

In summary, we have studied the pinning effect of
triangular array of submicron magnetic dots fabricate
by e-beam lithography on a superconducting Nb film
Sharp, regularly spaced minima found in thersB'd curves
are related to the pinning caused by the regular array
magnetic dots. This pinning is relevant in the temperatu
range where the coherence lengthj is similar to the dot
radius. The current dependence indicates that this beha
is produced by the synchronized pinning of the magne
dot array at high vortex velocities when the order in th
vortex lattice is enhanced.
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