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Artificially Induced Reconfiguration of the Vortex Lattice by Arrays of Magnetic Dots
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Vortex pinning in Nb thin films with rectangular submicrometric magnetic dot arrays exhibits
interesting effects. Magnetotransport reveals the existence of two pinning regimes that correspond to
two types of resistivity minima with different constant field intervals. The relation with the array lattice
parameters indicates that a reconfiguration in the vortex lattice from rectangular to square is induced
artificially by the interaction with the dot array. The transition occurs when the elastic energy of the
vortex lattice becomes larger than the pinning energy provided by the artificial pinning sites. Using this
reconfiguration the pinning energy associated with the magnetic dots can be estimated directly.

PACS numbers: 74.60.Ge
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The study of vortex dynamics in type-II superconduc
tors is a challenging field as the phase diagram of the mix
state presents a rich variety of behaviors [1,2]. Interactio
between vortices and intrinsic or artificial pinning center
have been the subject of many studies. Random and
dered, artificial pinning centers, such as radiation induc
defects [3] or arrays of holes [4] exhibit interesting and un
usual effects. In the presence of intrinsic defects, seve
phase transitions in the vortex lattice of high temperatu
superconductors are inferred from neutron scattering [5]
transport measurements [6]. These transitions, which o
cur in a glassy vortex lattice phase, have been interpre
in terms of a balance between the pinning and elastic e
ergy [7,8] of the vortex matter. Also, vortex lattice trans
formations have been reported in Nb single crystals [
and, recently, inRNi2B2C compounds (R � Y, rare earth)
[10] due to the coupling to the underlying crystalline sym
metry. Therefore, it is interesting to investigate possib
transitions in the vortex lattice induced by regular array
of pinning sites with different symmetries.

Recently, it was shown that vortices in a Nb film ca
be pinned by periodic arrays of submicrometric magnet
dots fabricated by electron beam lithography [11]. In th
case, the flux flow magnetoresistance presents minima
regular field intervals when the vortex lattice geometrical
matches the array of dots. This pinning effect was foun
in several high symmetry configurations such as triangu
[11], square [12], or Kagome arrays [13]. To investigat
vortex dynamics the elastic properties of the vortex lattic
can be probed with low symmetry arrays of pinnin
centers.

In this work, we have studied the pinning effects o
rectangular arrays of magnetic dots. It is found for th
first time in a classical low temperature superconduct
that the vortex lattice can be artificially distorted into
rectangular configuration by pinning due to a magnet
dot array. As the magnetic field is increased, a transitio
from a rectangular to a square vortex lattice is observe
These phenomena are analyzed quantitatively using
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balance between vortex pinning and elastic energies an
give a direct measure of the pinning energy.

Arrays of circular Ni dots (typical diameter 200 nm
and thickness 40 nm) were prepared by electron bea
lithography on Si(100) substrates as reported elsewhe
[11,14]. The dots were arranged over50 mm 3 50 mm
areas on rectangular (c 3 d) lattices, with an asymmetry
ratio f � c�d in the range of 1–2.25. A 100 nm
thick Nb film was grown on top of the arrays and a
40 mm wide bridge is defined by optical lithography for
transport measurements. The superconducting transitio
temperature of the samples is in theTC � 8 8.5 K range.
The magnetoresistance curves were measured in a heliu
cryostat with a 90 kG superconducting magnet. The
applied field is perpendicular to the substrate plane, an
the transport current is parallel to the long side of the
rectangular array unit cell.

The field dependence of the resistivity in the mixed state
for a sample with a rectangular array of dots (c 3 d �
625 nm 3 400 nm) is shown in Fig. 1. Several dissipa-
tion minima are observed below 1 kG, but the qualitative
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FIG. 1. Field dependence of the resistivity of a Nb film with
a rectangular array of Ni dots (c 3 d � 625 nm 3 400 nm)
measured at T � 8.3 K (TC � 8.5 K) and J � 25 kA�cm2.
Also shown is a sketch of the current configuration with respect
to the dot array.
© 1999 The American Physical Society
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behavior is quite different from samples with high sym-
metry dot arrays [11,12]. Two types of minima are
clearly present; narrow and deep at low fields, whereas
at higher fields (above 300 G) they are broader and shal-
lower. The former type is similar to those observed
in Nb films with triangular or square arrays [11,12],
while the latter are found only in the present case. A
detailed analysis of the minima positions (Bn) reveals
two regimes characterized by two spacings (DB), as
shown in Fig. 2(a). At low fields, the interval between
two consecutive minima is in excellent agreement with
the periodicity derived from the pinning center den-
sity np , DBrect

theo � npF0 � F0�cd. A comparison
between this theoretical value DBrect

theo and the experi-
mental DBlow is given in Table I. This implies that the
Ni dots are strong enough pinning centers to distort the
vortex lattice into a rectangular configuration to match
the underlying array structure. It is worth noting that the
rectangular distortion of the vortex lattice to match the
dot array is also found for an array (500 nm 3 320 nm)
measuring with the current in two different configura-
tions; one along the short side and the other parallel to
the long side of the array cell. In the high field range,

FIG. 2. Position of the minima in resistivity Bn versus index
number n for Nb films with rectangular arrays of Ni dots of
dimensions (a) c 3 d � 625 nm 3 400 nm and (b) c 3 d �
900 nm 3 400 nm. Solid lines are linear fits to the data. The
index number n is related in the low magnetic field region
to the number of vortices per unit cell of the dot array at
the matching condition. The inset shows the field dependence
of the resistivity for the Nb sample with a 900 nm 3 400 nm
array at T � 7.8 K (TC � 8.1 K) and J � 40 kA�cm2.
the periodicity DBhigh is much larger and it is similar
to the field spacing DB � 122 6 5 G found in experi-
ments with (400 nm 3 400 nm) square dot arrays [12].
This suggests that the high field matching peaks are re-
lated to the short side (400 nm) of the dot array unit cell,
which is also the periodicity of the dot array along the
motion direction of the vortex lattice due to the Lorentz
force FL � J 3 F0. Indeed, the theoretically expected
matching peak periodicity for a square vortex lattice
DB

sq
theo � F0�d2 � 129 6 5 G for d � 400 6 10 nm

is close to the experimentally observed periodicity (see
Table I). Thus, at high enough fields, there is a transition
in the vortex lattice to a square geometry that is pinned
when it matches the short lattice spacing of the Ni array.
It is found that the crossover field between these regimes
increases as the temperature is reduced and one extra low
field minimum is observed below 8.1 K; so that the high
field pinning regime becomes favored close to TC . The
same qualitative behavior is found in a Nb film with a
more anisotropic (900 nm 3 400 nm) rectangular array
of Ni dots, as shown in Fig. 2(b). Once again DBlow is in
good agreement with the periodicity derived from the Ni
dots density while DBhigh corresponds to matching along
the short side of the array cell (400 nm) (see Table I).
Therefore, the reconfiguration of the vortex lattice from
a low field rectangular geometry to a high field square
configuration is also observed in this film. The main dif-
ference is that in this case the low field range with the
sharp minima is smaller than in the previous sample.

The two pinning regimes exhibit a radically different
dependence on the applied transport current density. Fig-
ure 3 shows several magnetotransport curves measured
at the same temperature with different J values (2.5–
100 kA�cm2), for a Nb film with a rectangular (625 nm 3

400 nm) array of dots. In the low field regime, the min-
ima are present in a very wide current range starting
at the lowest current densities, and only disappearing as
the normal state is approached at high currents. On the
other hand, the minima found at higher magnetic fields are
mainly relevant in the intermediate current range (around
J � 20 kA�cm2), and disappear for low and high currents.
Therefore, the periodic pinning in this second regime is
important only at high enough vortex velocities. This

TABLE I. Experimental observed periodicities for the match-
ing peaks at low (DBlow ) and high (DBhigh) magnetic fields for
two samples with different rectangular dot arrays. For compari-
son the theoretical periodicities for an exact geometric match-
ing (DBrect

theo) and for a vortex lattice with a square geometry
(DB

sq
theo) corresponding to the short side of the rectangular ar-

ray unit cell are indicated.

Lattice DBlow DBhigh DBrect
theo DB

sq
theo

c �nm� 3 d �nm� (G) (G) (G) (G)

625 3 400 81 6 2 112 6 5 83 6 2 129 6 5
900 3 400 58 6 3 115 6 4 58 6 2 129 6 5
1023
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FIG. 3. Field dependence of the longitudinal dissipation of a
Nb film with a rectangular array of dots (c 3 d � 625 nm 3
400 nm) at T � 8.3 K for different values of the trans-
port current density J: Curve A, 100 kA�cm2; curve B,
62.5 kA�cm2; curve C, 37.5 kA�cm2; curve D, 19 kA�cm2;
curve E, 12.5 kA�cm2; curve F, 6.25 kA�cm2; curve G,
2.5 kA�cm2.

behavior could be related with the competition between
the intrinsic random defects of Nb and the synchronized
pinning by the dot array, as discussed earlier [11].

The magnetotransport measurements show that rect-
angular arrays of magnetic dots induce pinning at well
defined matching fields, but with very different character-
istics from those found with higher symmetry arrays of
dots. There are two main features that must be discussed
to clarify this new behavior: (i) the presence of two types
of minima with different spacing and shape and (ii) the
transition between them.

The first low field minima arise due to the deforma-
tion of the vortex lattice to a rectangular configuration to
match the dot array. Local deformations can be induced
in the vortex lattice by random defects to take advantage
of the pinning energy. Pinning by random defects cre-
ates a very complex strain field on the vortex lattice re-
sulting from the summation of individual pinning forces
[1]. On the other hand, artificial regular arrays of pinning
centers can induce uniform deformation in the vortex lat-
tice. For instance, in superconducting multilayers with a
periodicity in one direction, pinning effects arise over dif-
ferent field ranges depending on the softness of the vor-
tex lattice [15,16]. In our case, at low fields the strong
pinning force created by rectangular arrays of magnetic
dots produces a global deformation in the vortex lattice,
in such a way that the intervortex distance is expanded
along one direction and contracted in the perpendicular
one, keeping the vortex density constant. This effect gives
rise to very sharp minima; pinning at the dots when B is
slightly deviated from the matching condition implies a
compression or an expansion in the vortex lattice with a
high energy cost. At higher field a reconfiguration to
a square lattice occurs because the pinning energy pro-
vided by the dot array is not enough to compensate the
1024
elastic energy needed to induce a rectangular configura-
tion in the vortex lattice. So the minima occur when the
square vortex lattice matches the dot array along the di-
rection of motion. The broader minima are a result of
pinning and consequent matching in one direction only.
At fields close to the matching condition, only a shear of
the lattice is needed to pin the vortices at the dots, with
a lower energy cost than a compression (c11 and c12 are
much larger than c66 in the vortex lattice [1]). This ex-
plains the different aspects of the matching minima at low
and high field. To keep the vortex lattice pinned slightly
away from the matching conditions, a lattice compression
is involved in the first case, while a shear takes place in
the second one.

The transition between both regimes is related to the
balance between the pinning and elastic energies. As
the magnetic field increases, the extra elastic energy
(DEel) stored in the rectangular vortex lattice increases
due to enhanced vortex interactions; when this elastic
energy becomes larger than the pinning energy (DEP),
the rectangular configuration becomes unstable and the
vortex lattice reconfigures to a square one. A detailed
calculation of this effect would require the determination
of the precise vortex lattice arrangement as a function
of field. However, as a first approximation, it can be
estimated calculating the difference in energy between a
rectangular and a square lattice. The Gibbs energy of the
vortex lattice can be written as follows [17]:

DG �
B

F0
e1 1

X
i.j

Fij 2
BH
4p

. (1)

The first term is the vortex self-energy; the second
corresponds to vortices interactions and is the relevant one
to account for the elastic energy associated with the lattice
configuration. Its expression isX

i.j

Fij �
F

2
0

8p2l2

X
i.j

K0

√
rij

l

!
, (2)

where K0 is the zeroth-order Hankel function, rij is the
distance between vortices i and j, and l is the London
penetration depth. We have calculated DEel using Eq. (2)
as DEel �

P
i.j Fij�rectangular� 2

P
i.j Fij�square�,

considering two lattices with the same vortex density
given by the magnetic field. For the calculation, we have
taken l�T � 0� � 90 nm, which is a typical value for Nb
thin films [18]; l�T � � l�0��

p
1 2 �T�TC�4 � 323 nm

at T�TC � 0.98, corresponding to the measurement tem-
perature. Vortex interactions in a range of up to 5000 nm
have been considered to ensure convergence of Eq. (2).
Results of these calculations are shown in Fig. 4, for two
different asymmetry factors in the dot array and at the val-
ues of the matching fields Bn. The elastic energy clearly
increases with the magnetic field, with a higher rate for
the more anisotropic sample. Assuming that there is al-
ways only one vortex pinned per magnetic dot and that the
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FIG. 4. Field dependence of the elastic energy difference
between a square and a rectangular vortex lattice, for different
asymmetry ratios: f � 2.25 � 900 nm�400 nm, solid circles;
f � 1.56 � 625 nm�400 nm, open circles. Shadow areas
indicate the field, and corresponding energy range, of the
reorientation transition defined from the change in shape of the
magnetoresistance minima.

interstitial vortices contribution to the pinning energy is
negligible the maximum pinning energy is DEP � nPeP

(where eP is the pinning energy per dot). Thus a
crossover from rectangular to square lattice will occur
at a field value corresponding to DEP � DEel. This
condition is met at lower fields for the more anisotropic
array, in agreement with the experimental data. From
the experimental crossover fields (see shadow areas in
Fig. 4), it is possible to estimate the pinning energy
per dot as eP � DEel�crossover��nP � 1027 erg�cm.
Taking the pinned vortex length as the film thickness
t � 100 nm, the vortex pinning energy is eP 3 t �
10212 erg � 0.6 eV, which is of the same order of
magnitude as for other pinning centers previously studied
in classical superconductors [19]. The pinning force
derived as FP � �eP 3 t�dot radius� � 1027 dyn is of
the same order of magnitude as the driving force of the
lowest applied currents in Fig. 3. Also, in comparison
with recent numerical modelings of vortex dynamics
in ordered arrays of defects [20], this pinning energy
corresponds to the regime where only two phases are
present, either the pinned or the flowing vortex lattice.

In summary, the magnetotransport properties of Nb
films with rectangular arrays of magnetic dots have been
studied. A transition between two regimes in the vortex
lattice is found due to the balance between pinning and
elastic energies; at low fields, the pinning force from the
dots is strong enough to distort the vortex lattice into
a rectangular configuration that matches the dot array.
As the field is increased, the elastic energy associated
with the lattice becomes dominant and the rectangular
distortion becomes unstable, so that vortex lattice is
reconfigured to a square geometry. The crossover field
between the two regimes is governed by the asymmetry
ratio of the Ni dot array.
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