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We demonstrate that a square lattice of artificial pinning centers in a superconducting Nb film induces the
formation of highly ordered interstitial vortex phases with different symmetries for external magnetic fields as
high as the eighth matching field. These “supermatching” phases are identified by distinct differences in the
behavior of their critical currents, magnetoresistivity, and magnetization. Our results are consistent with pre-
dictions of supermatching lattice symmetries by recent numerical simulafi®86$63-1829)51142-9

It is well known that vortex-vortex interactions in the However, up to now, the existence and symmetry of the
mixed state of a type Il superconductor generally lead to thesL for higher fields has remained uncertain. Calculaflons
formation of a triangular flux-line latticéFLL) that is dis-  show that for the fifth matching fieldVF) the IFL again
torted in the presence of random pinning. The introduction oforms a square SL, and that low-symmetry SL states are
a regular lattice of artificial pinning centefAPC’s) into a  formed at the sixth and seventh MF. A transition to a trian-
superconducting thin film provides additional strong pinninggylar SL at the eighth MF was also predicted. In this paper,
interactions that induce prominent anomalies in the tempergye show that highly ordered SL at the fifth and eighth MF
ture and magnetic-field dependences Ofl_tg‘e magnetizatioye clearly visible in magnetization and transport measure-
electrical resistance, and critical cur“relgt ' The anoma- - ments on thin Nb film with a square antidot lattice, and that
lies are particularly pronounced at “matching fieldst,,  ¢5mation of low-symmetry SL at the sixth and seventh MF
where the density of flux line§-L’s) coincides wit the den- leads to a broad maximum In(H) which probably reflects
sity of the APC, and essentially all of the magnetic ﬁelda smooth transition between the SL for6 and 7
inside the film resides in quantized fluxoids centered on the A . .

. . Vortex pinning by a lattice of APC competes with a back-
APC. However, there is a maximum numibygr= D/4&(T) of . L . .
ground of the usual mechanisms of pinning, including thick-

flux quantagwhereD is the APC characteristic size ag¢T) dulati ducti inclusi .
is a temperature-dependent coherence lgnttht can be ness modulations, —nonsuperconducting - Inclusions, - grain

trapped by the APE.Further increases in the applied field Poundaries, surface roughness, etc. In order to clearly ob-
aboveH,(n.) lead to the formation of Abrikosov vortices S€rve maiching phenomena, pinning by the APC should be
within the interstices of the APC. Although these “intersti- Stronger than other pinning interactions. This imposes strict
tial FL's” (IFL’s) are relatively mobile, it has been discov- "équirements on the quality of sample films with APC. In
ered recently that they can organize into stable, “superorder to dominate the pinning, the APC must have a size
matching” flux-line lattices(SL’s).”® comparable to the superconducting coherence leg@i)

The SL symmetry in the presence of a square lattice of= &/(1—T/T.)2 which is estimated to be smaller than
antidots(circular holeg was studied in numerical simulations 100 nm for Nb at temperature relevant to this study. This
by Reichhardet al® for the casen,= 1. They predict that the small size scale restricts the techniques that can be used to
interstitial FL undergoes a transition from a lattice of corner-fabricate such pinning centers. To date, electron-beam li-
sharing squares to one of triangular coordination when théhography has been used nearly exclusively to perform this
number of interstitial vortices changes from 2 to 3. This trantask!=® The main drawback of this technique is that it is
sition was directly observed in a thin, perforated Nb foil by expensive and too slow to pattern samples having convenient
Lorentz microscopy. The existence of these SL was also dimensions of order 0.1-1.0 mm. An effective, alternate
inferred, and their relative stability studied, in ac magnetizamethod for producing large-area lattices of AP in supercon-

tion measurements .0f an amor_phoug,é/;@_q)_sg film with a ducting thin films is based on the use of laser interferometric
square lattice of antidots at various ac drive levels and angUithography (IL).2°-15 IL and photoresist liftoff were em-

lar orientations of the film plane with respect to the applied

dc field® ployed to produce a lattice of antidots of peridec1 um
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and diameteD~0.3 um imbedded in a 1000 A Nb film 2.5x10 " T —
deposited by magnetron sputtering on a patterned Sj/SiO ' L
substrate. Details of the patterning and thin-film preparation » 6.68K
can be found elsewhel& The film used in the present study 2x10 ’

had a relatively low superconducting transition temperature f'\ﬂr’;;'
3

T.~6.7 K due to a residual oxygen pressure in the growth 15x10 " gl’
chamber’ )
Transport measurements were accomplished by attaching :
Au wires directly to the Nb film using a silver epoxy and 1x10° ¢ : J ]
postbaking. ac susceptibility and transport measurements / ; 6.55K »
were performed using a Quantum Design MPMS supercon- ot N »
ducting quantum interference devic®QUID) magnetometer 5x10 ff r / |
with the applied dc magnetic field oriented perpendicular to é$ >
the film plane. We concentrated our measurements on the ox10° ' — ‘
temperature interval nedr, where the deptifBean profile 01 2 3 456 7 8 910
of the magnetic field in the sample is nearly flan this case (a) H/H
uncertainties concerning the penetration profile of the FL are
essentially eliminated, and the observed sample behavior can 7x102
be understood by considering only a few “unit cells” of the
antidot lattice.

The critical currentl.(H) was defined using a voltage
criterion of 0.2uV, and the results for the field dependence
of I.(H) andp(H) at various temperature are summarized in
Fig. 1. Sharp anomalies in(H) andp(H) are observed at
applied fields equal to multiples of the MH,,=nH,,
whereH,;=®/d?~20.7 G,d,, is the flux quantum and is
an integer. 3x10®

It was shown earliér'® that the number of observed MF
varies with temperature, with more anomalies visible at
lower T, which was attributed to the change in the maximum
numberng=D/4£(T) of flux quanta trapped by a single an- 1x102 L

p(UQ cm)
N
W

5x10°

I (nA)

tidot due to the strong temperature dependencg o close 0 1 2 3 4 5 6 7 8 910
to T.. Therefore, changes in the collective pinning interac- (b) H/H

tions between the IFL, and the IFL and the fluxoid currents, m

with increases in the number of interstitial vortices were not |G, 1. (a) Magnetoresistivitya) p(H) vs applied dc magnetic
considered in detail prior to the initial discovery of SL for field H for different temperatures and an applied ac current
n>n.”® In contrast, in the temperature intervAlT=T,  =1067 uA driven at a frequency of 23 Hzb) The critical current
—T=0.3 K emphasized in our measurement, we estimaté,(H) vs H corresponding to the data ). Inset: SEM image of a
ne=1 (D=0.3 um, T/T.>0.955, andé,~160 A), which  square lattice of antidots for the sample Nb film.

means that only a singl®, can be trapped at each antidot.

Therefore, all matching anomalies observed at applied dpy IFL is mainly due to the motion of IFL chains along the
fields aboveH,; must be caused by the existence of relatively(100 or (010 directions of the antidot latticeThe chart of
stable Si with different symmetries. Thermal fluctuationspossible IFL given in Fig. 3 indicates that féts<H<H
have less influence on the stability of SL at lower temperather are no long, straight chains of IFL which could “slip”
ture, which explains why the number of well defined MF along the(100 or (010 directions. This effectively places a
anomalies visible in Fig. 1 changes from 2 B+6.68 K  restriction on IFL motion that would explain the suppression
=0.997T to 8 atT=6.55 K=0.978T .. Moreover, there was of dissipation which is reflected in the minimaigH) [Fig.

an absence of the usual type of MF anomaly ndgrand  1(a)], the enhancement of the critical currein{H) [Fig.
H-, which was replaced by a broad anomaly in the magnei(b)], and the corresponding anomalies clearly visible in
toresistance and transport critical current dataTer6.6 K. y(H) (Fig. 2) for Hs<sH=<H,.

The above observations were confirmed using more sen- The nonmonotonic dependencelgfH ) leads us to the
sitive measurements of complex ac magnetic susceptibilitgonclusion that at lower-symmetry SL may yield a relatively
x=x'+ix", taking care that the ac amplitudig was suffi-  high critical current, possibly through the suppression of mo-
cient to attain full penetration of the ac field to the samplebile FL chains. The reemergence of relatively strong pinning
center. The results in Fig. 2 show a broad anomaly(H) atHg corresponds to the transition of the IFL to a more ideal
for fields spanningH,,=6H; and ™, (which cannot be hexagonal coordination of the IFL about the antidot sites.
separately resolved followed by a weak anomaly ait These data are in good qualitative agreement with numerical
=H,,=8H,. Taken together, the data of Figs. 1 and 2 pro-simulations that produce matching anomalies to the second
vide strong evidence that the anomalie$iat H reflect the  and fifth MF (corresponding to a square coordination of the
intrinsic properties of the SL phases. IFL about the antidot sit¢sand the fourth and eighth MF

Numerical simulations have pointed out that dissipation(corresponding to roughly hexagonal coordination of the IFL
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FIG. 2. Field dependences of the regl' Y and imaginary ")
parts of the ac magnetic susceptibilipytimes the ac drive ampli-
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FIG. 4. Magnetoresistivity(H) vs applied dc magnetic field
at temperaturd =6.65 K for different transport currents=117,
223, 330, 435, 540, 645, 752, 856, 963, and 1@&Y driven at a

tude hy for a Nb film containing a square lattice of antidots at geqyency of 23 Hz. The arrow indicates the direction of the trans-
different temperatures, hp=0.2 G, and measuring frequency port current.

=10 Hz. The inset: Fractional matching peakgihat T=6.60 K.

The p(H) data for different transport currents and

about the antidot sijfe These stable SL configurations can be T=6.65 K are shown in Fig. 4, which demonstrates that the
realizeq only in the case of strong vortex-vortex interaqtionsnumber of resolved MF in the electrical transport data is also
extending over a few intervortex separations. Indeed, it waglependent upon applied current. This is again consistent with

shown that at relatively high temperatures closeTtothe
effective thin-film penetration depth is much higher than

simulation results(see Fig. 3, which show that IFL tend to
move in chains along linear channels perpendicular to the

intervortex separatiod, and one can expect collective vortex applied current, since an increase in current along(1i0€)
behavior**#The presence of long-range vortex-vortex inter-direction induces an increase in the Lorentz force acting on
actions is also supported by our observation of fractionathe IFL along the(010 direction. This leads one to expect

matching field Hq,», Hj/,, eto for H<Hj5 in the ac sus-

relatively high dissipation nead=H,, where the SL con-

ceptibility data of Fig. 2. These MF indicate the expectedsists of nearly straight lines along tk@10 and{100 direc-
existence of superstructures or lattices derived from vacancyons, in contrast to the case fét=H;, where relatively

ordering in the IFL when the vortex-vortex interactions ex-low-density chains are broken into short segments consisting
tend beyond the antidot separatfoh®
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of two IFL.

In conclusion, we have demonstrated that relatively stable
supermatching vortex lattice phases comprised of two differ-
ent type of fluxoids—those strongly trapped at APC sites and
Abrikosov vortices weakly pinned within the interstices of
the APC lattice—can exist in patterned superconducting thin
film in fields up to & ,,, much higher than the first matching
field. We present evidence that rather subtle changes in the
SL symmetry are responsible for the unexpected loss of dis-
tinct MF anomalies observed in our measurements. Even
with a relatively simple square APC lattice, the commensu-
rate IFL are surprisingly complex and varied. Our results
show that this complexity has dramatic influence on the dy-
namics of the IFL, inducing large changes in the depinning
threshold and in the dissipation of the moving vortices. The
close connection between complexity and dynamics makes
superconductors with APC lattices an attractive system for
studying dynamic behavior. The complexity can be con-
trolled easily with the applied field and the symmetry of the
APC, and the depinning dynamics should be sensitive not
only to the matching field but also to the Lorentz force di-
rection. One may find, for example, a periodic variation in
the critical current with angle as the Lorentz force sweeps

FIG. 3. Supermatching flux-line lattices SL for a square latticethrough easy and hard depinning directions. As we have

of antidots, as predicted in the numerical simulations of Ref. 9.

shown, the matching field behavior as seen in transport and
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ac susceptibility point to an unexpectedly rich spectrum ofcussion. This work was supported by the U.S. DOE, BES-
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and by U.S. DOE BES-Materials Sciences, Grant No. DE-
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