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Pinning interactions between superconducting vortices in Nb and magnetic Ni dots were studied as a
function of current and temperature to clarify the nature of pinning mechanisms. A strong current dependence
is found for asquarearray of dots, with a temperature-dependent optimum current for the observation of
periodic pinning, which decreases with temperature as TAT¢)%2 This same temperature dependence is
found for the critical current at the first matching field withiextangulararray of dots. The analysis of these
results allows one to narrow the possible pinning mechanisms to a combination of two: the interaction between
the vortex and the magnetic moment of the dot and the proximity effect. Moreover, foedtengulardot
array, the temperature dependence of the crossover between the low-field regimer@dtangularvortex
lattice to the high-field regime with squareconfiguration has been studied. It is found that the crossover field
increases with decreasing temperature. This dependence indicates a change in the balance between elastic and
pinning energies, associated with the dynamical effects of the vortex lattice in the high-field range.

[. INTRODUCTION dom defects in the superconducting film that compete with
the synchronized effedt. Because of these, a clear descrip-
Vortex dynamics is an active research field due to thdion of the main pinning mechanisms by the magnetic dots is
richness and variety of the physics it presents. The supercostill missing.
ducting material, defect structures, temperature and field are To address this important issue, we have studied the syn-
the main factors that strongly affect the behavior of the vorchronized pinning in Nb films with square and rectangular
tices and give rise to complex phase diagréﬁ]g/]oreover arrays of Ni dots. Different regimes are observed in the field
this field has attracted much interest due to the hope thatependence of the resistivity and critical current. In addition,
understanding vortex motion and pinning interactions maywith rectangular arrays of pinning centers, the temperature
help improve current carrying characteristics of supercondependence of the vortex lattice reconfiguration from rectan-
ducting materials for eventual applications. gular to a square geometry is studied. This helps discriminate
The recent development of techniques sucle-aeam®*  among the different pinning mechanisms propdéét'
x-ray’ or laser-interference lithographyias opened up the (proximity effect, stray field, dot permeability, corrugation
possibility of studying the interaction of the vortex lattice effects. . .).
with periodic arrays of submicrometric pinning centers. The paper is organized as follows: in Sec. Il the sample
Thickness modulationsarrays of hole%® or arrays of me- preparation is described, in Sec. Ill the current and tempera-
tallic and insulating dot§~° give rise to interesting com- ture dependence of periodic pinning is presented, in Sec. IV
mensurability effects and stabilization of new geometricalthe mechanisms and the temperature dependence of periodic
configurations of the vortex latticg. pinning in samples with rectangular arrays is discussed and
In particular, synchronized pinning by metallic and mag-the conclusions are presented in Sec. V.
netic dots in superconducting thin films has been studied as a
function of array geometfy 3% (triangular, kagome
square or rectangulgrdot size® dot materialt?® dot mag-
netic staté etc. This periodic pinning depends strongly on  Ordered arrays of submicrometric Ni dots are fabricated
the vortex lattice propertiesi.e., intervortex interactions, by e-beam lithography combined with a liftoff technique as
elastic energy, and vortex velocitgnd the dots characteris- described elsewheré Briefly, a Si substrate is covered by a
tics (i.e., size, interdot distance, magnetic properties,).etc. PMMA resist layer where the desired pattern is written in a
An additional complication is caused by the presence of ranscanning electron microscogSEM). Then the sample is

Il. EXPERIMENTAL
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FIG. 1. SEM micrograph of a rectangular array of Ni dots fab-

ricated by e-beam lithography. FIG. 2. Voltage vs field for a Nb film with a square (400 nm
X400 nm) array of Ni dots at 8.35 H=8.43 K): AJ

developed and a Ni layer is grown on the resist template=10" Alcm?; B,J=17.5x 10° Alem?; C’J=5X2103 Alen?; D,J

This is followed by a liftoff process in acetone to obtain the = 3-7% 1032Alcm ; E.J=25x10° Alem?; FJ=1.25

magnetic dot array. Figure 1 shows a SEM micrograph of 10° Alem?.

one of these arrays, with typical dot dimensions of 40 nm N )

thickness and 250 nm diameter. The dots are arranged eith@@Pendence of the critical current density. o

in square or rectangular arrays as in Fig. 1 with lattice pa-_ TNis kind of driving current dependence is a clear indica-

rameters in the 400-900 nm range and extend ovep§®  ON of a change in the dominant pinning centers from the

x50 wm areas. On top of the magnetic dot array, a 100 nnfandom defects in the Nb film to the ordered dot array. This

thick Nb film is deposited by sputtering. For the transport!S related to dynamical ordering in the vortex lattice at high

measurements a 42 bridge is defined by standard optical VOrtex velocities.* Therefore, the field and temperature

lithography and reactive ion etching. The samples present géPendence of the critical current is affected by random pin-

metallic normal-state behavior with a superconducting tranfing and complicates the interpretation of the pinning

sition temperature in th&:=8.0-8.5 K range. mechanism by the magnetic dots. However, it is interesting

Transport measurements are performed in a helium cryl© analyze instead the behavior of the optimum curdgpi
ostat, with the applied field perpendicular to the substratdOr the observation of periodic pinning, defined as the current
plane. In the samples with rectangulaquarg arrays of dots  Where the highest number of minima in the resistivity vs
the current is applied parallel to the long si@me side of ~ field curves could be observed. Figure 3 shows thaj
the array cell. x(1-T/Te)*2% However, the available current rangel,y,

for the observation of periodic pinning becomes narrower the
. RESULTS Ii)wer the temperature. Fgr exampJfJOpt/Joptz laT
=0.99T¢, while AJyp/Jop=0.16 atT=0.97T¢. This sug-

A classical tool in the study of pinning interactions is to gests that, as the temperature is reduced, pinning by the pe-
compare the field and temperature dependence of the pinniritpdic array becomes weaker than pinning by random de-
force with theoretical modefs!®?However, in the case of fects.
periodic pinning the situation is complicated by the compe- Periodic pinning is also observed for a Nb film with a
tition between random and ordered pinning centées)d the  rectangular (400 nx625 nm) array of Ni dots, as shown
existence of many possible vortex lattice configurations. Atn Fig. 4, where the critical currentl¢) and the resistivity
the different matching fields single, interstitial and/or multi-
quanta vortices may be presérit? 2.0

T T T T

This complex behavior is illustrated in Fig. 2, which
shows the voltage vs field for a Nb film with a (400 nm < 15k ]
X400 nm) square array of Ni dots. Each curve is measured g
with a different value of the driving transport current. In a <
limited  current  range, 2X810° Alcm?’<J<7.5 w 10T |
x10° Alem?, the V(B) curves show clear resistivity dips =
associated with synchronized pinning. These minima appear & 05 - 7
at constanAB=130 G field intervals, which corresponds to
a vortex densityn,=B/®,=6.3x10° cm 2, whered, is 0.0 L ! ! L
the quantum of flux. This is in very good agreement with the 0000 0001 0002 0.003 0004 0.005

pinning centers densitynp=1/(400 nnx400 nm)=6.25 1-T/T )"

x10® cm™2 of the square dot array. However, for low and ¢

high current densities, there is a monotonic dependence of FIG. 3. Temperature dependence of the optimal current for syn-
the voltage increasing with magnetic field. Moreover, for thischronized pinning for a Nb film with a (400 nr400 nm) array
sample, no indication of periodic pinning is found in the field of Ni dots. Solid line is a linear fit tdg e (1—T/Tc)*2
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high-field minimum B=324 G, filled symbols Inset showsl. vs
(b) (1—T/Te)¥2 at the low-field minimum. The solid line is a linear fit
109 1 1 I to the data.
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law found for J,, in the sample with the square lattice of
dots, indicating that we are observing the same vortex-
FIG. 4. (a) Critical current and(b) resistivity as a function of ~pinning center interaction in both cases.
magnetic field for a Nb film with a rectangular (400 nm  On the other hand]c(T) has a different behavior for the
X625 nm) array of Ni dots af=8.15 K. first high-field minimum. It is almost the same as the low-
field minimumJc(T) for T>8.1 K, and then it falls below
as the temperature is reduced. This indicates that the vortex-
lattice array of dots interaction is changing at this field posi-
tion as a function of temperature. This change in the high-
field region as a function of temperature is also found in the
magnetoresistance curves shown in Fig. 6, where the cross-
over between the high- and low-field regimes is found to
have a weak temperature dependence. Closd o the
crossover occurs between the third and fourth minima,
whereas at lower temperatures it happens at a field position
between the fourth and fifth minima. Thus, these results in-
dicate a change as a function of temperature in the balance
between elastic and pinning energies that govern this cross-
over as discussed below.

B(kGauss)

(p) are plotted as a function of magnetic field at
=0.98T:. In this case, two field regimes are found with two
different field spacings between the periodic minithat
low fields, the minima appear at field intervals,,,,= 81
+2 G that corresponds to a vortex dengity=(3.9+0.1)
x10® cm~2 which is the same as the density of pinning
centersnp=1/(400 nMX625 nm)=4x10° cm 2. In the
high-field regime the distance between minimaAiBy;qp
=112+5 G that corresponds to a vortex lattice with lattice
parameten,= (P ,/B)¥>=430+10 nm, very similar to the
short side(400 nn) of the rectangular array cell. This sug-
gests that, in the low-field regime, the vortex lattice is dis-
torted into a rectangular configuration, while in the high-field
region the vortices form a square lattice that is pinned when

it matches the short side of the rectangular array cell. The IV. DISCUSSION
behavior in the two field regimes is different, not only in the

shape and position of the periodic pinning minima, but also
in the background dissipation at fields outside from the There are several kinds of interactions between vortices

matching condition, i.e., there is an overall increase in theédnd the Ni dots that have been proposed to account for the
critical current(decrease in the resistivityn the high-field — observed pinning effect. Some of them take into account the
region. This can be related to the vortex lattice becomingerromagnetic character of the Ni dots, such as the reduction
stiffer at higher fields. As vortices interactions become stronin the order parameter close to the dot by a magnetic prox-
ger, the lattice cannot easily flow around pinned vortices simity effect> or by the dot stray field>**the higher per-
that the whole lattice is affected by the presence of the Nmeability at the dot?°or the interaction between the vortex
dots at all fields even outside the matching condition. magnetic field and the magnetic dipole of the tbThere

The critical current has also a different temperature deare also other possibilities that could contribute to the peri-
pendence in these two field reginasge Fig. 5, wheré(T) odic pinning effect not of magnetic origin such as the peri-
is plotted for the fields corresponding to the first low- andodic corrugation of the Nb film grown on top of the Ni dot
high-field minima of the resistivity vs field curvesThe tem-  array’?
perature dependence of the critical current at the first low- A good summary of the field and temperature dependence
field minimum can be well fitted by a (2 T/T.)%? depen-  of the pinning force for a variety of nonferromagnetic pin-
dence, as shown in the inset of Fig. 5. This is the same poweting centers can be found in the classical paper by

A. Pinning mechanisms
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with Kq(x) the zeroth-order Hankel functior; is the gain

: in energy when the vortex is moved from infinity to the dot.
D Taking into account that the vortex field is spread over a
: distance\, this change in energy will also occur in an inter-
val of the order of\. Therefore, in a first approximation, the
pinning force can be estimated as

5

In this temperature rangey,; is larger than the coherence

T length ¢ and smaller than the penetration depthi.e., &
<rgor<\ (typical values for Nb films af =0.98T; are ¢

=90 nm and\=320 nm whiler4,;=130 nm). Then, the
integral of Ko(x) function in Eq.(3) is weakly temperature
dependentwith only a 10% change in the temperature range
of the experimental data in Fig.) &nd, therefore, the tem-
perature dependence of the pinning force is dominated by the

p (U€Qcm)

2

e (th rdot
P oldotX rdr. 3

F - = -
NP

p (UQcm)

0.0 L factor 1A° so that
0.00 0.20 0.40 0.60 0.80
H (kOe) Fpx(1—T/T¢)%2 (4)
0.8 ' ' ' ' These results can be compared witg(T) at the first
7z 0.6 (©) . minimum for the rectangular arrgghown in Fig. . At this
E 04 L i field position the vortex lattice exactly matches the array of
g ) dots with probably one vortex pinned at every Ni dot. There-
m 02 - . fore, Jc is directly associated with the pinning fordes
00 E | =J:X D between one vortex with one magnetic dot. Then,
' ' ' ' ' the observed experimental behavialeoc(1—T/T¢)%?] is
0 2 4 6 8 inconsistent with Eq(4). Thus the higher permeability of the

dot does not provide a viable mechanism.

FIG. 6. Field dependence of the resistivity for a Nb film with a  Another possible origin of pinning by ferromagnetic par-
rectangular (400 nm625 nm) array of Ni dots afa) T=8.3 K ticles is the interaction between the vortex field and the Ni
and(b) T=8.0 K.(c) Position of the minima forT=8.3 K, empty  dot magnetic dipolq;.23 The interaction energy between the
symbols; T=8.0 K, filled symbols. The solid lines are linear re- vortex and a magnetic particle of momemtgiven by
gressions.

=u-H= MK (L 5
Dew-Hughes? However, none of those mechanisms can ac- P T Ny O\ ®
count for the behavior of the Ni dofs.e., provide the ob-
servedJ:(T) dependence with right pinning center charac-
teristicy. For example, pinning by point defedise., with all Dop, r
three dimensions smaller than the penetration daptmd F=—|V(u-H)|=- —SKl(—>, (6)
intervortex spacing as is the case hagares rise to a tem- 27N o A
perature dependence in the pinning force linear in (lwhereu, is the component of the magnetic moment parallel
—T/T¢) inconsistent with our observations. Therefore it isto the vortex field and (x) is the first-order Hankel func-
worth analyzing in some detail the pinning mechanismsion. Asr—0, K,(r/\) increases ag(\) ~* with a cutoff at

based on the ferromagnetic character of the dots. r= ¢ due to the vortex core. This corresponds to a maximum
First, we consider the change in vortex magnetic energyalue of the pinning force

due to the higher permeability of a dot with radiyg,; and

This energy gives rise to an attractive force

thicknesd ;. In this case, the pinning energy is given by B Do, @
P 2mpeéN
2 2
. _ Ko PH2dV= DFtgopx (rdot { (L” rdr Close toT, using the Ginzburg-Landau expressions Xor
P2 Ny 4ol Jo o\\ ' and ¢, the temperature dependence of this pinning force is
(1)  given by
where y is the Ni dot susceptibilityuq is the free space F oo o (1= T/Te)¥2 )

permeability, and the magnetic field of a vortesis EN?

which is compatible with the experimental results of Fig. 5.
H(r) = @, (L @) For a Ni dot with dimensionsty,;=40 nm and rq;
27\ °\N)’ =130 nmu, can be estimated aﬁzz,uoszzwrﬁottdot
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=3x10 2 Tm®. Here y, is calculated using the formulas B. Temperature dependence of pinning by rectangular arrays

for an oblate elllpsoﬁf as xz=1(Na—Nc)=1.6, with N, The elastic properties of the vortex lattice can be probed
and N. the demagnetizing factors, and a typical value ofpy the study of periodic pinning with nonisotropic arrays of
H.= 1097 Oe has been considered. This valueugfgives  defects. In particular, an overall deformation in the vortex
Fp=10" dynat0.98.. o _lattice can be induced in order to match the geometry of a
Finally, another possible pinning mechanism is providedectangular array of dots. This rectangular configuration of
by the presence of normal regions around the dot caused Rye yortex lattice is stable at low-fields but at higher field

either the dot stray field or the ferromagnetic proximity ef-there is a crossover to a more isotropic square geometry. The
fect. Stray fields cannot be very relevant since the observegnergy balance that governs this crossover is

pinning effect is independent of magnetic history and shows

no hysteresis effects. On the other hand, a clear indication of  AE=Eectanguia— Esquare

the proximity effect is found in the stronf. depression of a

Nb film grown on a Ni layer prepared under identical condi- =AEcjasud rectangular-squarg — AEpinning,
tions as the Nb films on top of the Ni dots arrays used in this (11)
work 28 Morevoer, the presence of normal regions around the

dot is consistent with the superconducting wire network be\WNere AEeiasidrectangular-squarg is the increase in

havior found in samples with very small dot separation elastic energy due to the rectangular distortion relative to the
The pinning energy of a normal inclusion with radius SAuare vortex lattice andEpiqning is the gain in pinning

larger than¢ inside a superconducting film of thicknessg,, energy of the wvortices at the .magnetic .dOtS'
can be estimatéds AE. astidrectangular-squarg becomes bigger as vortices

interactions become stronger at higher magnetic fields, and

induces the crossover between the low- and high-field
1, L Dt regionst®
SP_EMOHcTrf tfilm_W’ © The reduction in the crossover field for higher tempera-

tures observed in Fig. 6, is an indication that the balance

AEpinning/ AEejastic decreases slightly with increasing tem-
perature. To understand this change, we must consider the
temperature dependence of the different terms. The incre-
ment in elastic energy considering vortices interactions in a

where Hc is the thermodynamic critical field and the
Ginzburg-Landau parameter. The pinning force is given by

ep 1 bulk superconductdf is
Fp=—o3x(1-T/Tc)¥? (10)
& ¢ AEg . stid rectangular- square
which is also in good agreement with the obsendedT) _ <I>§ [2 K (ﬂ) _[ 2 K (ﬂ)“
dependence in our samples. A more refined numerical T 8mANE| AL N sdaare ° ’
calculatiorf’ solving the two dimensional Ginzburg-Landau
equations for this problem gives the same temperature de- (12)

pendence of the pinning force. This pinning mechanism prowherer;; is the distance between vorticesaindj, and the
vides a pinning forcdp=7x10"2 dyn at 0.99 for our  sums are extended over two square or rectangular lattices of
samples, similar to the previous case. In both cases, thig density given by the magnetic field. In a thin-film limit
value is in good agreement with the order of magnitude oft;,.,<\), there is an additional interaction between vortices
the pinning force by a magnetic d6b=10"" dyn obtained  via the magnetic field outside the superconductor. Then, the
earlief® from the analysis of the vortex lattice reconfigura- Ko(ri;/\) function in Eq. (12) should be substituted by
tion in similar samples. Ho(2tsiimf i; /N2 = Yo(2timri; /N?), with Ho(x) being the
The temperature dependence of the critical current densit$truve function andry(x) being the Bessel function of the
is consistent with two pinning mechanisms that provide simisecond kind® The largest contributions to the sums of Eq.
lar pinning force strength, both related with the ferromag-(12) are given by the nearest and next-nearest neighbors with
netic character of the dots. These two mechanisms, constituptlal <\, where bothK(x) andHy(x) — Yo(x) have the same

opposite limits of the same problem. The first corresponds t@lependence. Then, EfL2) can be written in both limits as
a “dirty” interface between the Ni dot and the Nb film in

which the dot does not perturb the superconducting proper- AE astid rectangular-square

ties of the Nb film, so that pinning occurs via a magnetic 2

interaction with an unperturbed vortex. The second is that of _ ®o E [—In(r)]— 2 [—In(r)]
a perfectly “clean” interface in which the proximity effect 8m\2| 5% 4 square el

with the Ni dots creates a normal region in the Nb film and (19
pinning occurs only by reduction in the vortex core energy.

Therefore, in a real sample, the pinning interaction between €lose toT the temperature dependence of this term can be
vortex and a Ni dot must be a combination of both mechaapproximated by

nisms. These results are in good agreement with previous
works that show strong enhancement of the periodic pinning
in samples with magnetic dots compared to samples with
nonmagnetic dot?141° (14)

1
AE,astid rectangular- squareg « 32 (1-TIT¢).
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The second term in Eq11) is the difference between the of periodic pinning with random defects become relevant. In
pinning energy of the vortex lattice in the rectangular and thegeneral, the overall behavior in this high-field region is quite
square configurations  AEpjnning=Ep(rectangular)  similar to the sample with the square array discussed above.
—Ep(square), wher&,=¢epfp, with ep being the pinning In that case, it was found that periodic pinning was favored
energy per dot anfl is the fraction of vortices pinned at the for temperatures close b, so that it could be observed in
dots for each particular field and vortex lattice configuration.a wider current range. Therefore, the reduction in the cross-
In a first approximationEp(square) may be neglected be- over field must be related with this relative enhancement in
cause the fraction of pinned vortices in this configuration ispinning energy for the square vortex lattice at higher tem-
much smaller than in the rectangular one. Assuming that gberatures.
matching there is only one vortex per dot and neglecting the

contribution of interstitial vortices, the gain in pinning en- V. CONCLUSIONS
ergy of the vortex lattice iSAEpjnning=Ep(rectangular) o _
=npep, With np being the density of pinning centers. Tak- N summary, we have analyzed the pinning mechanisms

ing into account the relevant pinning mechanisms discussel® Nb by ordered(squareor rectangulaj arrays of submi-
above,ep is given either by Eq(5) (epc1/\2) or by Eq.(9) ~ crometric Ni dots by studying thes/(z:urrent and temperature
(epc1/£2) in both cases a linear dependence in-(IT) ~ dependences. The same—HT/Tc)™ temperature depen-

close toT¢, i.e., dence is found insquare arrays of dots for the optimum
periodic pinning currend,,; and inrectangulararrays for
AEpinning=Npep>*(1—T/T¢). (15  the critical currentic(T) at the first minimum inp(H) [i.e.,

) . maximum inJc(H)]. This T dependence is directly related
Since the temperature dependence of Eif§.and(15) is (o the pinning force between one vortex and one dot, since at

the same, in a first approximation, the crossover field shoulghjs first minimum the vortex lattice exactly matches the ar-
be temperature independent. This is in agreement with thgay with one vortex pinned per every Ni dot. These results
weak temperature dependence derived from the magnetorgan be understood in terms of a combination of two pinning
sistance data shown in Fig. 6 and implies that a more refineghechanisms related with the ferromagnetic character of the
calculation would be needed in order to account for the temggts that provide the corre@tdependence and order of mag-
perature change in the crossover. For example, for a proxinsitude of the pinning force.
ity effect pinning mechanism the ratidEpnning/ AEejastic For therectangulararrays, two field regimes can be de-
«\?/¢ so, using the exact temperature dependen€®)  fined in the magnetoresistance data corresponding to two dif-
=N(0)/V1—(T/T¢)", results in a 6% decrease in the cross-ferent geometrical configurations of the vortex lattioect-
over field from 8.0 to 8.3 K. This is qualitatively in agree- angular at low-fields and square at high-fields. The
ment with the experimental behavior although it is smallercrossover between both regimes is weakly temperature de-
than the change in crossover observed in Figa85-20% pendent and occurs at lower fields for higher temperatures.
decrease in the sanieinterval. This indicates that the balan@eEp;nning/ AEelastic, Which
Ep(square) neglected above is the additional term thagoverns theectangularto squarecrossover, decreases with
affects the temperature dependence of the gain in pinninfhcreasing temperature. This is related to dynamical effects
energy, AEpinning=Ep(rectangulary-Ep(square). In the in the vortex lattice that induce an enhancement in the pin-

high-field region, the shape of the minima in magnetoresisning energy of thesquarevortex lattice configuration at high
tance presents a strong temperature dependence, and theyhperature.

become much deeper as the temperature is incre@ssd
Fig. 6). This implies that the vortex lattice is more strongly
pinned at the matching conditions, i.&p(square) becomes
more important close tolc. In this high-field regime, The work was supported by Spanish CICYGrant No.
vortex-vortex interactions are strong enough to prevent disMAT99-0724), the U.S. National Science Foundation, UC-
tortion of the lattice by the rectangular array. This can giveCULAR, and the Spanish-U.S. Commissid@rant No.
rise to a more complex behavior and factors such as the ord€9002. We thank M. I. Montero, J. Jsson, R. Sasik, and J.
in the vortex lattice, dynamical effects, and the competitionP. Maneval for useful conversations.
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