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We have investigated the periodic pinning of magnetic flux quanta in thin Nb films with rectangular arrays
of magnetic dots. In this type of pinning geometry, a change in the periodicity and shape of the minima in the
magnetoresistance occurs for magnetic fields exceeding a certain threshold value. This was explained recently
in terms of a reconfiguration transition of the vortex lattice due to an increasing vortex-vortex interaction with
increasing magnetic field. In this picture the dominating elastic energy at high fields forces the vortex lattice to
form a square symmetry, rather than being commensurate with the rectangular geometry of the pinning array.
In this paper we present a comparative study of rectangular arrays with Ni dots, Co dots, and holes. In the
magnetic dot arrays we found a strong fractional matching effect up to the second-order matching field. In
contrast, no clear fractional matching is seen after the reconfiguration. Additionally, we discover the existence
of hysteresis in the magnetoresistance in the crossover between the low- and high-field regimes. We find
evidence that this effect is correlated with the reconfiguration phenomenon rather than to the magnetic state of
the dots. The temperature and angular dependences of the effect are measured, and possible models are
discussed to explain this behavior.
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[. INTRODUCTION has been explained by means of a geometrical reconfigura-
tion transition of the vortex lattice. In this model, two com-
The study of vortex pinning and dynamics in type-Il su- peting energies are considered to be important: At a low
perconductors is essential for all prospective applications imagnetic fieldB, the pinning energ¥;, dominates over the
which high current densities or magnetic fields are involvedelastic energyEg, of the vortex lattice, and the vortices are
The rich diversity of different phases found in the mixed dragged onto the artificial pinning centers, this way adjusting
state of high-temperature superconductdshows that vor-  to the underlying rectangular geometry; with increasing field,
tex pinning and dynamics are also highly interesting from &, becomes more important, and at the threshBid it
fundamental point of view. forces the vortex lattice back to the intrinsic geometry, which
Nanolithography provides a method to produce ordereds assumed to be square.
arrays of artificial pinning centers on the scale of the super- The pinning mechanism of the vortices by the magnetic
conducting coherence lengthand the magnetic penetration dots is still not completely understood. It is believed that a
depth\. With these nanoscaled pinning centers it is possibldarge component of the pinning force is of magnetic orfin.
to “engineer” the pinning force of a type-Il superconductor Another contribution is likely to come from the geometrical
such that the critical current is increased for specific mag- modulation of the superconducting Nb film due to the under-
netic fields (matching fields Such arrays can consist of lying dots!* Whether the periodic pinning is mainly caused
holes (antidots,>~® magnetic dot$? or magnetic particles by a magnetic interaction with the stray fields of the dots, by
accumulated in a Bitter decoration experim®&An interest-  the proximity effect, or by a combination of different mecha-
ing application for periodic antidot arrays is the reduction ofnisms still remains unresolved. Intentional manipulations of
1/f-flux noise in superconducting quantum interferencethe magnetic domain structure of the dots show that a mag-
devices'® Arrays of nanoscaled dots were prepared withnetic influence does exist in the sense that the pinning force
various magneti¢'*? and nonmagnetic materidfsand with  increases with stronger stray fieltfs.
different array geometries such as triangdlasquarée Another important issue arises if we consider the fact that
Kagome!* and rectangular a strong matching effect can be observed in electric transport
Rectangular arrays seem to be particularly interestingmeasurements with magnetic dots. Since vortices need to
since a distinct change in the flux-pinning characteristics wasove in order to produce electric dissipation, not only the
observed above a certain magnetic threshold figld'® At static matching but also the dynamics of the flux quanta will
this field value, the shape of the minima in the magnetoreplay an important role for the signal. Particularly in the high-
sistance as well as their periodicity changes. This behavidiield part of the magnetoresistance, the critical curjgntill
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TABLE I. Sample characteristicgyy is the dot diametet,, andty. are the Nb film thickness and the dot thickness, respectively. In the
case of the holegy, is the hole depth.

Dot material T, AT, dyot tNb tdot
Sample 1 Ni 8.2K 0.093 K 300 nm 75 nm 38 nm
Sample 2 Co 8.3 K 0.115 K 300 nm 75 nm 30 nm
Sample 3 holes 6.94 K 0.12 K 300 nm 80 nm 120 nm

be low compared to the applied transport currgrgo that the absolute difference between the mean horizontal and ver-
dynamical effects can be expected. It is known that a movingical diameters yields 8 6 nm. TheT of the samples was in
vortex lattice can undergo dynamical phase transitfbasd g range between 6.94 and 8.2 K, with a superconducting
order itself at higher flux velocitieS™° The systems de- transition width of the order of 0.1 K for all three films. The
scribed in those references contain a random distribution ofelevant parameters for the three samples are summarized in
defects, but the same effect can also be seen with artificiafaple |. The magnetoresistance was measured in a standard
periodic arrays of pinning centef8. o , four-probe microbridge geometry with a bridge widii

It appears that a study focused on the high-field regime of_ 40 um and a length. =50 «m between the voltage leads.
the rectangular pinning arrays, where the reconfiguration The measurements were performed in a helium cryostat

tLanZ't'on O.CC:"S’ has t?ehpotentlﬁ! of pfrfowdlngdlnr;agh_t m.towith a 80 kG superconducting magnet, with the magnetic
:ngch)gﬁ;mc?n réa:rl:(r;a? 'tl'hirrgfitfe ”:r? tehigcrt):;erth F;?Qs'gn'eld oriented perpendicular to the film surface. In some of
experiments done exclusively on samples with rectangula{%e mee}sursments arr]ote;.tlable sam||ole r:jolﬁerwas us_edf_tok;/ary
arrays of magnetic dots. We focus specifically on the behav: e angled between the film normal and the magnetlc elc.
ior of these samples before and after the reconfiguration. W&n€ transport current was always kept perpendicular to the
find evidence of a fractional matching effect before thel€ld direction. It was applied along the long sitleof the
change of regime as well as hysteresis effects occurring iffctangular array. Thus the Lorentz force always drove the
the reconfiguration region. We discuss these effects in th¥ortices along the short sice S
framework of two possible models: a geometrical reconfigu- The voltage drop over the measurement bridge is mea-

ration model, and a model allowing the dots to accommodatéured with a lock-in amplifier which also serves as a supply
multiple vortices. for the transport current. The current density is typically in a

range from 0.3 to 3 kA/cf The electric current for the
magnetic field was provided by a Kepco model BOP20-20 M
current source, and measured as a voltage drop on a resistor
The pinning arrays were prepared by meansedfeam mounted in a series with the magnet leads. With our current
lithography. A detailed description of the sample preparatiorexperimental setup we can reach magnetic-field resolutions
can be found in Refs. 7 and 21 for the magnetic dots and Refis high as 0.1 G over a total range fron2 to 2 kG. The
22 for the holes. In brief, PMMA is spun on top of#00) Si ~ sweep rate was typically between 0.2 and 2 G/s. The mea-
substrate. After the-beam writing process, the material for surements were found to be independent of the sweep rate
the dots is deposited using dc-magnetron sputtefitigand  within this range. In order to test for possible effects due to
e-beam evaporatioriCo), respectively. Alternatively, holes the ac-transport current, the frequency of the lock-in ampli-
can be etched into the substrate using reactive ion etching. fier was varied between 17 Hz and 20 kHz, yielding identical
lift-off process removes the PMMA including the unwanted results for the magnetoresistance.
material. The remaining dots have a typical thickness of 30
nm and a typical diameter of 300 nm. In both cases, a super-
conducting Nb film with a thickness of about 100 nm is Ill. EXPERIMENTAL RESULTS
sputtered on top of the array. For a similar Nb film which
was prepared using the same process parameters, we deter-
mined a surface roughness of7 A and a top oxide thick- Figure 1 shows the positive part of a typical magnetore-
ness of 34 A from low-angle x-ray-diffraction data. sistance curve measured with sample 1. It was recorded us-
The results we present in this paper were obtained fomg a magnetic field resolution of 0.1 G, which is about a
three different samples. For all of these samples we usefhctor of 50 better than in our previous experiments. In the
rectangular &€xb) pinning arrays with an aspect ratio  experiment shown, the magnetic field was increased from 0
=b/a=900 nm/400 nrs2.25. The arrays of samples 1 and to 600 G with a rate of about 0.2 G/s. Clearly two different
2 were made of Ni and Co dots, respectively, while forregimes can be identified in the curve. At low fields there are
sample 3 the pinning array consisted of 120-nm-deep holesharp and well-defined minima similar to the ones seen in
in the Si substrate. A statistical analysis of 20 dots in a scanprevious measurements with sqiarand rectangular arrays
ning electron micrograph for sample 2 indicates a circulaof magnetic doté® The positions can be accurately described
shape of the dots, i.e., the horizontal and vertical diameterby the nth-order matching field8,=n(¢q/a-b), where
coincide within a standard deviation of 5%. An estimate ofp,=20.7 Gum? is the magnetic flux quantum amdis an

Il. EXPERIMENT

A. Fractional matching
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FIG. 1. Magnetoresistance of samplegNi dots) measured at
T=7.8 K with =0.2 mA. Only the positive part of the curve is
shown. The dashed rectangle marks the low-field part. The inset
shows a magnification of the part of the curve marked with the
dashed rectangle. The magnetic field is normalized with the first-
order matching field8,. Field values corresponding to fractional
matching are highlighted with dashed lines.

integer number. Thus, from the experimental values for
sample 1 in Fig. 1, we can determimexb=0.421um?,
with an error of 0.6% resulting from the resolution limit of
the electronic setup.

Apart from the well-known integer matching fields, there
are additional structures visible in the low-field part of the
curve which is marked with a dashed rectangle. These can be
easily identified as the half-integer matching fields for
=1 and2. To the best of our knowledge fractional matching
has not yet been observed in rectangular arrays of magnetic
dots. The inset of Fig. 1 shows an enlargement of the marked
part of the curve. Here, even finer structures can be observed.
The values corresponding to multiples of thend 3 frac- B [G]
tions of the integer matching fields are highlighted with
dashed lines. They C|ear|y coincide with the respective d|ps FIG. 2. Hysteretic effect of the magnetoresistance. Curves with
in the magnetoresistance. The minima for “quarters” are®Pen and fi!leq squares co.rrespond toa incrgase and a decrease of
much shallower than the ones for “halves,” in agreementthe magnetic field, respecuvel@a} Magnetoreswtanc_:e of sample 2
with the fractional matching seen in hole arrdya\Ve em- (Co dotg measured aT =7.8 Kwith | =0.2 mA. In this experiment

. . . the field initially exceeded the valuesB,, for the respective curves
phasize that fraCtlongl m‘"?‘tCh'”g can be clearly seen up to th efore the recording was starteth) Magnetoresistance for the
second-order matching field. The depth of the minima, and, . sample af=7.8 K andl =0.2 mA. Here the field was kept

therefore the corresponding pinning strength, is comparablgeioy + B, . (c) Magnetoresistance of sample 3, consisting of an
for the fractional miniman=1/2 and 3/2see Fig. 1 INFig.  array of holes measured &t=6.5 K with | =0.2 mA.
2, we note that the fractional matching effect at half-integer

fields is also clearly visible in sample 2, which demonstrateqs absent or at least much weaker than for fi@dsB,, . We
oie . : .
the reproducibility of this effect independent of the dot ma-yie,55 possible implications of this result in Sec. IV of this

terial. paper
At magnetic fields higher than the threshold vaByg the '

behavior changes drastically, as described by the previously
mentioned reconfiguration transition of the vortex latfite.

In this regime, the series of matching peaks seems to be well We found another interesting effect in our samples with
described byB,=n(¢,/a?), a being the short side of the rectangular arrays of magnetic dots. When the magnetic field
rectangle, along which the Lorentz force is applied. The vords first increasedor decreasedto a high positive(or nega-

tex lattice literally “loses memory” of the larger lattice pe- tive) start value and then subsequently swept to zero and
riod b. Regarding the fractional matching in this regime, wefurther to negativeor positive fields, a distinct asymmetry
see that, within our experimental resolution, there is ho obappears in the magnetoresistance. The result of such an ex-
servable fine structure. It appears that the fractional matchingeriment can be seen in Fig(a2 For the moment, we con-

B. Hysteretic effect
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centrate on the increasing field cur@pen squargs Here  shown to be due to the formation of single domain configu-
the recording of the curve was started at an initial figkd rations out of the as-grown multidomain arrangement. An
—150 G. We observe a clear asymmetry in the data. It seenmatomic force microscopy imaging of domain walls on mag-
that the sharp low-field minimum of the order —2, which  netic dots similar to the ones in our samples makes the ex-
can be expected at arouBd= — 100 G due to symmetry rea- istence of such domains likef§.Since the hysteresis in our
sons, is missing. On the other hand, the minimum of thecase is reproducible from measurement to measurement, and
ordern=+2 at the matching fiel@=+100 G on the posi- since we did not find any difference between the initial
tive side is clearly visible. Instead of the minimum=—2,a  sweep and the consecutive experiments, we conclude that a
much broader peak appearsBat —120 G which apparently domain switching process either does not occur or has no
matches neither the low-field periodicity if indexed s visible influence on our results.
—2 nor the high-field periodicityAB= ¢,/a. It appears To completely exclude an effect due to a change in the
that under certain conditions, an ‘intermediate state”gffective magnetic moment of the dots, we repeated the
evolves for magnetic fields close B, . If the field is sub-  43p6ve described experiment with a sample consisting of an
sequently swept back from 150 0150 G(filled squares in 4y of holes in the substrateample 3. If the effect is due
Fig. 2(@)] the minimum of the orden=+2 is missing onthe -, yhe magnetization of the dots, this sample should obvi-
.pos[tl\'/e side, while the one far=—2 on the negative '.S'de ously not show the hysteretic magnetoresistance. From the
is visible. Apparently, the shape of the magnetoresistancg , %, Fig. 2c) it becomes clear that hysteresis is also
curves depends strongly on the magnetic history of th .

L . . . ._present and, consequently, that the magnetic moment of the
sgmple. Itis important to point out that, in the experiment mgots does not play a role in its origin. The field sweégmsen
Fig. 2(a), the field has been increased above the thre:sholSquares from-200 to 200 G and filled squares from 200 to

value B;, and decreased below B, respectively. The fact o ! :
that the observed hysteresis appears at magnetic fields close??0 G show hysteresis like the ones with the magnetic dot

to the threshold values B,, suggests that it may have to do arrays (sar_nplgs 1 and)2 Here, probably due to the. less
with the reconfiguration transition. effective pinning of the holes compared to the magnetic dots,

In order to confirm this conjecture, we repeated the exd reconfiguration transition occurs already after the first order

periment keeping the magnetic field in the range between thEatching field 6=1). This behavior was already described
threshold values,~ =140 G, obtaining the results shown " detail elsewheré! Note that the lowefT, of this sample

in Fig. 2b). In this case, contrary to the data in Figagwe  Cc0uld also contribute to a weaker periodic pinning.
obtain a fully reversible magnetoresistance curve except for The results obtained so far suggest that th.PT hysteretlc. ef-
small deviation on the positive side which is probably due to/€Ct IS correlated to the reconfiguration transition appearing
a small temperature drift during the measurement. Thid" rectangular arrays of magnetic dots. The fact that the mag-

proves that the hysteresis is related to the reconfiguratiofétoresistance and the critical current for square arrays,
phenomenon. where no reconfiguration is expected, were found to be sym-

Hysteretic effects in conjunction with periodic pinning me;ric, without shp\évigg hysteresis within the_available ex-
phenomena were also reported in the literature. Thereford€fimental resolution™is in agreement with this result.
possible implications of our results have to be discussed. A
potential microscopic origin of these effects is the hysteresis
due to the alignment of the magnetic moment of the dots,
when the external magnetic field is swept beyond the coer- The dependence of the periodic pinning on the argle
cive field for the perpendicular direction. An asymmetry of between film normal and the magnetic field was studied for
the critical current for samples with arrays of magnetic dotssquare arrays of magnetic ddtét was found that only the
due to this mechanism was reported in Ref. 14. However, itomponent of the field perpendicular to the film surf&e
those experiments the dots were much thiddd0 nm), and  matters for a vortex systefmi.e., that the applied magnetic
had a smaller diametéf20 nm). Thus the shape anisotropy field B is effectively reduced by a factor cé#sHowever, this
can be expected to be much smaller than for the geometry ihas not yet been confirmed for rectangular arrays of mag-
our experimentsdg,= 300 nm, ty,=30—40 nm; see Table netic dots. In this geometrical configuration it is especially
). Still, the magnetic field used in Ref. 14 to magnetize theinteresting to study whether the reconfiguration transition
dots perpendicular to the film surface was around 3.5 kGand/or the high-field behavior also depend only on the nor-
whereas in our experimefFigs. 2a) and 2b)], it was al- mal component of the field. The geometry of our experiment
ways kept below 150 G. Because of the larger shape anisobn rectangular arrays is sketched in Figl@ver inse}. The
ropy, we can expect our dots to have their entire magneticmagnetic field was tilted along the short sidef the rect-
moment in-plangparallel to the film surfage Also, a pro-  angle. Therefore the Lorentz force, resulting from the current
nounced asymmetry effect in the magnetization of Pb filmsapplied along the long side always remains parallel to the
with square arrays of Pt/Co/Pt dots, which have their magshort sidea. Figure 3 shows a series of magnetoresistance
netic moment perpendicular to the plane, was obsel¥&u. curves of sample 2 for values @fbetween 3° and 72° as a
this work no asymmetry in the magnetization®sharacter-  function of the perpendicular component of the applied field
istics was visible for dots with an in-plane magnetic momentB, =B cosf. We again note a pronounced asymmetry in the
However, there was a small difference in the behavior beforeurve, as described earlier in this section. Furthermore the
and after an initial magnetization procedure. This has beepositions of the peaks scale nicely with the 1/absip to

C. Angular and temperature dependence
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FIG. 3. Angular dependence of the magnetoresistance f0§ample 2. For each curve the current was adjusted to give the same
o 4 Voltage of 10uV at a field of 800 G. For clarity, the curves are

sample 2. The axis is normalized with the projection of the fiel . 8 h
shifted with respect to each other along the voltage axis.

on the normal to the film surfad® cosé. The upper inset shows a
plot of the positionB of the minima vs 1/co$ for the ordern
=1 (filled triangles throughn=6 (open circlex The lower inset  currentj. with temperature, the transport current for each
shows a sketch of the geometry used for the angular-dependemeasurement has been adjusted such that the dissipation
experiments. Hera is the normal to the sample surface, andnd  level at a given magnetic field remained the same for all
b are the short and long sides of the rectangle.corresponds to  curves. For the experiment shown in Fig. 4 we used a voltage
the component of the magnetic field perpendicular to the surfacegriterion of 10 uV at a field of 800 G. For all curves, the
andB is the total applied field. magnetic field has first been increased to a positive start
value and subsequently swept to negative values. Once
high orders(see the upper inset of Fig).3This behavior is ~29ain, we can see the typical asymmetry described in Sec.
identical to that of square arrays of magnetic dots. Moreover|! B- For all of the curves, the minimum for the positive
the position of the threshold fieldt B, does not depend on Second-order matching fiekl= +2 is missing. We also ob-
the angled. This means that both the reconfiguration transi->€TVE @ d|ﬁergnt temperature dependence of th? pos_ltlve and
tion and the behavior of the vortex system after the reconl'®gative sections of the curves. .On the positive side, the
figuration depend only oB, . Apparently, for the peak po- MiniMum ~with n=+2, which is suppressed forT
sition only the number of vortices per unit cell of the = /-701 K, starts to develop with decreasing temperature,

periodic array is important, similar to what was alreadyu”t'l it is clearly visible for the lowest temperaturé
found for the square geometry. Nevertheless, there is a no- /-393 K. Because of the asymmetry the change on the
table difference in thebsolutevalue of the magnetoresis- N€gative side affects the minimum witi=—3. Here the
tance if we compare the parts of the curve above and beloWiNimum seems to become more pronounteeepey with

|By|. The low-field par{B|<B, is very stable and reproduc- decreasing temperature as well. However, the change is less
ible when scaled witlB cosé. In contrast, in the high-field dramatic than fom=+2. If we take a look at the overall
section the resistance increases considerably with increasirijaPe of the curve, the low-field pai|<By varies little

6. It is striking that the stability of the low-field regime with temperature on both sides. In contrast, the part after the

stretches out to about the same field values on the positiieconfiguration/B[>By, seems to be strongly dependent.
and negative side of the axis, regardless of the fact that 1€ minima are effectively “washed out” with decreasiig

there is a minimum missing on the positive side. Up to now, NS indicates that random pinning gains importance com-
we do not have a conclusive explanation for this behaviorPared to the artificial periodic pinning as the temperature is
although it could be the beginning of a transition to the nor-turther lowered belowT .. Apparently the random defects
mal state due to the fact that the total applied fiBldomes ~ar€ much more important for the behavior after the recon-
close to theB,, value of our film. This explanation is slightly f|gurat_|on transition than before it. This is a strong |nd|cat|o_n
contradictory with the fact that the properties scale as th&hat different mechanisms are responsible for the matching
normal component of the field. It could indicate that the film Pheénomenon in these two parts of the curve.
thickness is lower but not negligible when compared to

The temperature dependence of the asymmetry and of the
sudden change in the periodicity of the magnetoresistance
minima for the rectangular arrays can give important clues In the discussion of our results we will again distinguish
about the mechanisms involved in causing these effecthetween the two qualitatively different parts visible in our
Therefore, we recorded a series of curves at different temdata. In the low-field regime, we have a well-defined series
peraturesT close toT., which are shown in Fig. 4. For of resistance minima with a periodicity related to the dot unit
clarity, the curves are shifted with respect to each other alongell area. This part will be discussed in Sec. IV A.
the voltage axis. The position of zero magnetic fiBk 0 is The high-field minima are less well defined, and their
marked by a solid line. Because of the change of the criticaperiodicity appears to be exclusively related to the side of the

IV. MODEL DISCUSSION
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dot unit cell along which the Lorentz force is applied. The n=1 n=2 n=3
transition between the two phases shows a characteristic hys- >0 @ -9 0! 01+ 0 @
teretic behavior. The high-field part and the transition be- (a) &—o @ o ols e i +%e oo o
tween the two regimes, will be discussed in Sec. IV B. ® © @ ® © 0. 6-0- ¢
Btr
A. Low-field phase ;

The low-field data are usually described in terms of two (b) *>—o @ 5 @ o o _» ] : - : o

possible models. The first one, which we label the “matched ® o @ ® e o e o o

lattice” model?! assumes that only one vortex can be pinned
to a magnetic dot. The vortex lattice matches the dot array, rig. 5. comparison ofa) the “matched lattice” model an¢b)
and the excess vortices are forced into interstitial symmetryhe “multivortex” model. The sketch shows the situation schemati-
positions of the underlying array. Here the magnetoresistancglly for matching fields of orders=1 and 2 before reconfigura-
minima are directly equivalent to maxima in the critical cur- tion and for orden=3 after reconfiguration. The transition is sym-
rent. These are due to the fact that at integer numbers afolized by a dashed line. This situation resembles the one found in
vortices per unit cell of the dot lattice, there are no freeour experiments.
interstitial positions for the vortices to jump to. In the second
model, which we label as the “multivortex mod&leach  reality it is slightly weaker, due to the additional repulsive
magnetic dot is able to accommodate more than one vorteXateraction with the other flux quantum which is allocated to
This can occur either in the form of multiple confined vorti- the dot. This picture is in agreement with the experimental
ces or as a single multiquanta vortex. In this model thejata forB<B,,.
maxima in the critical current are understood in similar
terms. Now the vortices jump between the magnetic dots,
and an increase in the critical current occurs whenever the
number of vortices is the same on each dot, i.e., again at The transition between the two regimes, which up to now
integer numbers of vortices per unit cell of the dot lattice.we have called a “reconfiguration transition,” has a different
Pinning of multiple vortices to a single pinning center is explanation in the two models. For the multivortex model a
possible, if the saturation numbey is larger than 1. For an change in behavior can be expected when the saturation
isolated hole in the superconductor, it can be estimated usingumberng~2 for the dots is reached:?> Above this satura-
the expressiomg~ xr/2\.%° Here « is the Ginzburg-Landau tion field, additional vortices have to sit at interstitial posi-
parameter, and is the radius of the pinning center. In a tions, as illustrated in Fig. () (n=3). Therefore, in this
periodic array, howevemg can be expected to be higher scenario, the transition is an indication of the formation of
because the interaction with the next-neighbor vortices in thénterstitial vortices. Such a coexistence between multiquanta
lattice is not negligible. Therefore, the saturation number willand interstitial vortices was seen in Bitter decoration experi-
also depend on the geometry of the pinning array. ments with arrays of holés. The absence of a fractional
For both models, the origin of the fractional matching matching effect aboveB,, which was described in Sec.
peaks has an explanation similar to the one sketched aboVge A, could be another indication of a much weaker pinning
for the integer-order-matching peaks. A symmetrical periodiddue to these interstitial vortices. It was shown in theoretical
vortex structure is formed and, in order to move the vorticessimulations that these interstitials tend to move in channels,
this symmetrical structure has to be broken. However, thend produce no or much weaker fractional matching
periodicity of this fractional order structure is larger than onepeaks?®?® However, as already discussed for the matched
dot lattice unit cell, and thus the critical current enhancemenlattice model, the critical current of the interstitial vortices
(or resistivity reduction, respectivelys smaller. should be lower than that of the ones pinned at the dots, and
The experimental data obtained at low fields seem to faconsequently a substantial increase of resistivity should be
vor the multivortex model. A schematic illustration of the observed immediately above the change of regime. In con-
two models is shown in Fig. 5. For the matched-lattice modetrast, our data in Figs. 1 and 4 show that the absolute resis-
one expects the vortices to be pinned more strongly for magance value stays about the same or even decreases after the
netic fields below the first-order minimum than above it. Thisvalue B, is exceeded.
is due to the fact that the vortices are interacting directly with  The presence of hysteresis in the change of regime im-
the dots forB<B;, but reside in interstitial potential wells plies the existence of an energy barrier between the two con-
for B>B, [see Fig. 5a) for n=1 and 3. Consequently, the figurations, and thus may involve a first-order transition. For
resistivity should show a substantial increase immediatelyhe multivortex model it was pointed dithat the transition
above the first-order matching fiefticontrary to the experi- between multiple vortices and interstitial vortices is indeed a
mental data. first-order phase transition, which could explain the hyster-
In contrast, the multivortex model should basically showetic magnetoresistance.
a field-independent pinning, since the vortices are confined In the matched-lattice model, it was propo$ethat a
to the magnetic dofS§ [see Fig. ) for n=1 and 4. This  change of regime occurs as soon as the elastic energy of the
means that the strength of the fractional matching Bor vortex lattice E; dominates over the pinning energy,, .
>B, is expected to be comparable to the oneBsrB,. In  Then the vortex lattice reconfigures from a commensurate

B. Transition region and high-field phase
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rectangular to a square configuration, as shown in Fig. 5 the direction of movement but finite in the perpendicular
(n=3). This suggestion is based on the experimental factlirection. In this situation, the vortices pinned to the dots
that the series of maxima observed at high fields show #rm a repulsive periodic potential. Thus the edges of the
periodicity which seems to be related to the side of the rectmoving lattice experience a periodic perturbation, the time
angle along which the force is applidin this picture, the scale of which depends only on the lattice parameter of the
minima signal the matching of the vortex lattice parameter taarray along the movement direction. This corresponds to a
the dot lattice parameter along the movement direcdon frequencyf=alv, wherev is the lattice velocity. A similar
=nay, leading to adynamicalpinning. However, given that effect was seen for a periodic pinning in superlattices in
the vortex lattice parameter scales & Y2 and a, Wwhich the vortices move perpendicularly to the lay&rs.
=\/¢o/B, this line of reasoning would give rise toqua- However, at this moment it is not clear to us how this per-
dratic rather than arnequally spacedseries of peaksB,  turbation and its interaction with the dynamical states of the
=n?(¢y/a®). This prediction is obviously very different moving lattice would translate to the structure observed for
from the linearly equally spacedseries of peaks found the high-field phase.

experimentally® This argument leads to the conclusion that

an explanation of these features cannot be achieved with a V. SUMMARY AND CONCLUSIONS

simple lattice-matching arggment. If this idea is tq be devel- We have investigated periodic vortex pinning in rectangu-
oped further, other mechanisms have to be considered, su?gr

entati fh tox lattice for diff Cfiold arrays of magnetic dots. In our magnetoresistance mea-
as areoriéntation ot the vortex iattice for difierent €lds or a,, .o ments we found a strong fractional matching effect up to

the second-order matching field. For magnetic fields larger
directi &han a threshold valu®,,, a distinct change in behavior
|rt1e_ch|onh ¢ . t b i derstood in th occurs in this type of pinning array. Above this field, the
€ Nysteresis cannot be easily understood I g, qonq) matching is absent or at least much weaker than
matched-lattice model. To pin and depin the lattice, the VOl clow B
S : r -
t'ﬁ'ty at :jhe dotsthas to ;:hange betwgenll e;nd O’thUt _th|s We also observed an interesting hysteretic effect in the
change oeso%})o present an enérgy barrier for a hole in ﬁ]agnetoresistance curves when the magnetic field is swept
sup_ercpndyct . If the observed changg of regime is Indeecjabove the reconfiguration threshold and back again. We
an indication of a change of the lattice geometry, then %howed that this effect does not appear if this thresBglds

barrier should exist between these two configurations. ot exceeded. Additionally, we also find the same effect in

stagg rfr?otcrl](ljsp?mgn\é?tlgat\;]einilii%uSo?e; \?(L)jrrt(raisllgtzég ts;mz 0Eamples with _no_nmagnetlc pinning center_s: Therefore, we

geometrically’commensurate or incommensurate with a fixe onclude that it is .correlated o the “transitiorB, rather

dot array. However, it was already mentioned that there is an to the magnetic moments of the dots. : .

clear-cut evidence |;)ointing to the presencealphamicalef- O.ur exper]mgntal data} suggest that a model including
ultivortex pinning explains our data better than a model

fects in the magnetoresistance. For example, it was recent X . e
. . ased on the formation of interstitials. We argue that the
shown that the observed features in the magnetore3|stan8

are strongly dependent on the vortex velo@iplso, it was Bserved transition could be due to a crossover from multi-
gly depena . T vortex to interstitial vortex pinning. This explanation would
found that the position of the minima for samples with rect-

angular arrays of magnetic dots depends on the direction 0q,xplam the observed hysteretic behavior in terms of a first-

; . . order transition. It is likely that dynamical effects, such as
the applied currerftt The importance of a dynamical order- . . . )
: . . .~~~ the dynamic ordering of the lattice and the formation of
ing of the vortex lattice under the influence of periodic pin-

. . . ._channels, also have to be taken into account in order to ex-
ning was recently stressed in studies of the vortex lattice

structure using Bitter pinninglt was found that if a vortex plain the high-field behavior of the magnetoresistance. In
S >INg P . o . __order to resolve these issues, experiments which directly im-
lattice is driven by a change in the direction of the applied

field, the very weak periodic pinning caused by a pattern ofge the vortex configuration and correlations with the trans-

Fe clumps produced in a first Bitter decoration experimenpOrt measurements could be useful
can dominate over the bulk pinning in spite of being orders
of magnitude smaller.
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