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Temperature-dependent matching in a flux-line lattice interacting with a triangular array of

pinning centers without long-range order

J. Eisenmenger,"* M. Oettinger,! C. Pfahler," A. Plettl,! P. Walther,? and P. Ziemann'
Abteilung Festkorperphysik, Universitit Ulm, D-89069 Ulm, Germany
27E Elektronenmikroskopie, Universitdt Ulm, D-89069 Ulm, Germany
(Received 31 October 2006; revised manuscript received 23 February 2007; published 30 April 2007)

A triangular array of nanoscaled artificial pinning centers (APCs) for magnetic flux lines is prepared into a
Nb thin film. The APCs are formed by deposition of Nb onto a Si substrate covered with nanopillars with
diameters of 20 nm and lattice constant a=122 nm. The production of pillars is based on arrays of gold
nanoparticles used as etching masks during reactively ion etching a Si substrate. In this way, the pattern of the
original nanoparticle array is transferred onto the substrate. The Au nanoparticles in turn were prepared using
the self-organization of inverse micelles formed by diblock copolymers, whose core is loaded with a gold
precursor. The resulting lattice of APCs formed by the Si pillars perforating the Nb film mirrors the order of the
micellar array which has triangular, short-range order, but loses its directional order for distances larger than
about 4-8 lattice constants. Similar to the Little-Parks experiments with external magnetic fields perpendicular
to the superconducting film, the resulting 7,(B) curves show AT, deviations. Those vanish for B larger than the
first matching field B; indicating that no more than one single flux quantum can be captured at each APC, even
at low temperatures. Moreover, integer and fractional matching effects in the critical current are observed
within a wide temperature range. Two critical currents can be distinguished indicating different types of
pinning mechanisms: Strong pinning at APCs and weaker pinning at interstitial sites accompanied by strong
caging effects. A unique feature of such prepared samples is the surprising temperature dependence of the
matching field for which a value of B, is observed close to T,, which, however, is shifted towards smaller
values at lower temperatures. This effect is traced back to a temperature dependent averaging over differently

ordered domains within the array of APCs.
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I. INTRODUCTION

The dynamics of superconducting flux lines still is a fas-
cinating area being both of fundamental and practical inter-
est. Macroscopic behavior and parameters like critical cur-
rent, flux flow and creep, electrical resistance, and
magnetization are strongly influenced by pinning forces be-
tween individual flux lines and local inhomogeneities in a
superconductor which act as pinning centers. Their strength
and spatial distribution not only determine the degree of or-
der of the standard flux-line lattice, but also the resulting
vortex dynamics. Enhanced pinning is expected if the flux-
line spacing matches the pinning center spacing. Such a
matching immediately implies a condition on the applied
magnetic field defining the so-called first matching field B;.
For randomly distributed pinning sites the matching condi-
tion is met when the flux-line density equals the density of
pinning sites.! For regular arrays of artificial pinning centers
one has a more complex situation,> and matching effects are
also possible at integer and fractional multiples of B;. In low
T, superconducting thin films, electron beam lithography and
focussed ion beam irradiation has been widely applied to
prepare different kinds of pinning centers on a submicrome-
ter scale such as holes® (so-called antidots), magnetic dots,*
nonmagnetic dots,> and asymmetric pinning sites.®” Besides
matching effects a rich variety of different dynamic phases
are expected and observed depending upon applied magnetic
field and current.>

These studies based on conventional lithography methods
like electron-beam or focused ion beam lithography, exhibit
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as a common feature that the artificial pinning centers cap-
ture single flux quanta only close to the critical temperature
T.. At lower temperature multiple flux quanta can be pinned
by each pinning center because of the corresponding de-
crease of coherence length that reaches values being consid-
erably smaller than the diameter of the artificial pinning cen-
ter. To prevent this, centers comparable to the coherence
length or smaller are required, which are difficult to produce
by conventional lithography techniques.

On the other hand, single-quanta pinning conditions offer
the prospect of interesting phenomena related to the interac-
tion of vortices with periodic lattices at low temperatures.
For example, a Mott insulator transition between strong and
weak Bose glass phases has been studied for systems with
randomly arranged columnar pinning® and more pronounced
effects are expected for pinning lattices with perfect!® or a
certain degree of periodic order.!" According to simulations
by Wengel and Tiuber,'! in a sample with a uniform, random
distribution of columnar defects, a Mott insulating phase is
not observable as a consequence of the repulsive interactions
between vortices. It may, however, persist up to considerably
larger interaction ranges, if the disorder distribution is cho-
sen in a more correlated manner, e.g., almost matching the
triangular Abrikosov lattice of a pure type-II superconductor.
Conversely, a perfect triangular defect lattice would not work
at nonzero temperatures either, because of expected corre-
lated hops of flux lines."!

Besides these more fundamental aspects, artificial pinning
centers in thin films may significantly enhance the critical
current densities, thereby providing relevant technological
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prospects. To tackle the preparational challenge of obtaining
nanoscaled pinning centers, techniques based on self-
organization could be of some advantage. In addition to their
reduced size, such centers often exhibit a high degree of
lateral periodicity with triangular medium-range order result-
ing from the close packing of the self-assembling units.
Thus, this type of ordered array of pinning centers offers
strong matching to the triangular vortex lattice that is ex-
pected to form under weak native pinning conditions. Al-
though the interaction of such vortex systems with totally
random or perfectly periodic pinning centers has been stud-
ied extensively, little is known about the interaction of vor-
tices with a lattice of pinning centers exhibiting short-or
medium-range order, but no long-range order. This latter
situation will be the focus of the present contribution.

To arrive at such arrays of nanoscaled artificial pinning
centers (APCs), we presently apply a patterning technique
based on self-organization of Au-salt-loaded spherical mi-
celles made of diblock-copolymers that form a triangular lat-
tice of medium-range order over 4—8 lattice constants. By
plasma treatments described below, the polymer carriers are
completely removed, while the metal salt is reduced to me-
tallic nanoparticles, which still exhibit the original triangular
order. Such particles deposited onto Si substrates can be used
as an etching mask to provide a corresponding triangular
array of Si nanopillars. After depositing a thin Nb film, the
pillars perforate the superconducting film thereby defining an
array of “antidots” forming the APCs. In this way, large areas
of a Nb film (5 mm X 10 mm) can be patterned with an array
of APCs exhibiting a medium-range triangular order with a
lattice constant a=~ 122 nm. The nanopillars perforating the
Nb superconductor have an average diameter of 20 nm de-
livering, to the best of our knowledge, the smallest antidots
ever used as APCs.

From the medium-range order of such APC arrays, one
might expect integer and fractional matching. However,
since the long-range order is missing, such detailed matching
features may be averaged out leaving just one peak of the
critical current at B;. As will be demonstrated below, for
quasiperiodic APC arrays as treated here, matching effects
become temperature dependent. This is a surprising new fea-
ture, since for an ideal APC array the corresponding match-
ing condition is set by its temperature-independent lattice
parameter. For a nonperfect APC array, however, different
matching conditions must be considered for various subdo-
mains of the lattice exhibiting different orientations and lat-
tice parameters. The overall matching effect then involves
additional elastic distortions of the flux-line lattice (FLL)
and, thus, will sensitively depend on the ratio of its elastic to
its pinning energy, which, in turn, changes with temperature.

II. EXPERIMENT

The APCs are produced by depositing a Nb film onto a Si
substrate whose surface was prepatterned with Si nanopillars
(height=50 nm, diameter=20 nm, lattice constant =122 nm)
exhibiting a medium-range triangular order. Correspond-
ingly, the resulting superconducting Nb film is perforated
with antidots reflecting the order of the nanopillars.
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FIG. 1. Scanning electron micrograph of the surface of the Nb
layer perforated by an array of Si pillars.

In more detail, the applied patterning process consists of
several steps with the first being the deposition of an array of
Au nanoparticles onto a Si (100) (5 mm X 10 mm X 1 mm)
wafer. For this purpose, the substrate is dipped into a toluene
solution containing inverse micelles formed by
poly(styrene)-block-poly(2-vinylpyridine) diblock copoly-
mers. The cores of these micelles are loaded with HAuCl,
as metal precursor. Thus, in standard notation,
PS(1850)-b-P[2VP(HAuCl,), 5(730)] in toluene is used. By
pulling the substrate out of this solution at an optimized ve-
locity one obtains an approximately close-packed monomi-
cellar layer with a short- or medium-range triangular order.
The lattice constant is determined by the block length of the
applied polymers, whereas the Au dot size can be varied by
the HAuCl, concentration. By exposing the deposited mi-
celles to a hydrogen plasma (power=30 W, pressure
=100 mTorr) for 55 minutes, the polymer matrix is com-
pletely removed, the Au salt within the cores is reduced to
metallic Au while their arrangement preserves the original
triangular order. Exploiting then the Au nanoparticle array as
etching mask, in a subsequent step the sample was etched by
reactive ion etching in a CHF;+CF, mixture (ratio=10:1,
power=30 W, pressure=10 mTorr) for 20 minutes resulting
in the formation of Si nanopillars with average heights of
50 nm and diameters of 20 nm. Overgrowing these pillars at
ambient temperature with a 50 nm thick Nb layer was
achieved by evaporation at a rate of 1 nm/min. Finally, the
Nb was covered with a 5 nm thick Au film to prevent oxida-
tion.

Figure 1 shows a scanning electron microscope (SEM)
micrograph of the resulting sample surface. The covered pil-
lars are visible as bright spots in the SEM image. Such mi-
crographs can be analyzed further by extracting the distribu-
tion of mutual distances of the nanopillars. The result of such
an analysis performed on Fig. 1 is presented in Fig. 2, where
the solid squares represent the experimental data and the
solid curve through them a fit to a Gaussian of the form
n(d)=[(2m)"a,]™" exp[-(d—ay)*/(207)] delivering a maxi-
mum at ayp=121.5+0.3 nm and a width o,=16 nm for the
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FIG. 2. (Color online) Mutual distance (squares) between APCs
calculated from the SEM micrograph Fig. 1. The nearest-neighbor
distance has a maximum at 122 nm. From a Gaussian fit (solid line)
n(d)=[2m)"?c,]! exp[—(d—a)z/(ZO'za)] the width o,=16 nm is
determined.

nearest-neighbor distance. The upturn, starting at 180 nm in
Fig. 2, belongs already to the next-nearest-neighbor distance.
Assuming a perfectly triangular array, for which B,
=(2D)/ (\Ea2) with the flux quantum @;=2.0678
% 10715 T m?, one obtains B;=161.74 mT for a=a,. On the
other hand, without assuming any particular order, one cal-
culates a value of 159.29+1.91 mT for B; by multiplying the
number of pillars in Fig. 1 with @ and dividing by the area
of the SEM image. The error takes uncertainties into account
whether pillars at the edge of the SEM image are included or
excluded for the calculation. Thus, the values of the first
matching field are not significantly different justifying the
above approximation of a triangular array.

To demonstrate that the Si nanopillars completely pen-
etrate through the Nb film, a magnified view of an edge of
such a film is shown by the SEM image of Fig. 3, from
which it is apparent that the pillars are covered by a Nb cap
but still perforate the Nb layer. The diameter of the holes in
the Nb layer corresponds to the diameter of the Si pillars.

To unequivocally prove the influence of the APCs on the
magnetic as well as critical current behavior of the Nb films,

4.0kV 0.8mm x80.1k SE

500nm

FIG. 3. (Color online) View onto the edge of the tilted sample.
The lower dark part is the Si substrate, the upper bright part the Nb
layer, which also forms caps on top of the Si pillars. At the edge,
holes in the Nb are visible where Si pillars perforate the Nb layer.
The inset shows a sketch of the cross section of the sample.
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FIG. 4. (Color online) Left-hand axis: B(T,) determined at the
onset of resistive transition for I=1X10"7 A. For comparison
B.,(T) is plotted as determined from the field-induced crossover
from nonlinear to linear /(V) characteristics. Right-hand axis: The
coherence length &(T) calculated with £0)=8.8 nm. The value of
&(0) is determined from the linear fit to the onset curve for 7.2 K
<T<82K.

in all cases the results were compared to unpatterned refer-
ence samples. For this purpose, only one-half of the Si sub-
strate was nanostructured with pillars, whereas the Nb layer
was deposited onto the entire sample guaranteeing identical
deposition conditions for patterned and unpatterned parts.
For transport measurements the samples were additionally
patterned into bridges (width=20 um, length=50 um) by
optical lithography and reactive ion etching with SF¢. Elec-
trically contacted in a four-probe geometry, I(V) characteris-
tics were determined at different temperatures and magnetic
fields applied perpendicular to the sample plane.

Since similar behavior is observed for different samples
with slightly different pillar sizes and distances, we will con-
centrate in the following on the results of a single sample
with its reference to allow a better comparison between dif-
ferent experiments.

III. RESULTS AND DISCUSSION
A. Little-Parks effect of critical temperature

The superconducting transition temperature 7. of the
sample containing APCs was determined from transport
measurements defining the onset temperature by the resis-
tance criterion R(7,)=0.9R, with R, being the residual
normal-state resistance of the sample at low temperatures. In
this way, without applying an external magnetic field, a value
of 7,=8.348 K was obtained for this sample. The corre-
sponding width of the resistive transition (10%-90% of the
normal-state resistance) is =~0.02 K at an applied current /
=1X107"7 A. Keeping this current value fixed, the depen-
dence of the critical temperature on the magnetic field was
determined with the field oriented perpendicular to the
sample plane. The resulting B(T,) curve is presented in Fig.
4. Alternatively, the boundary B,,(T) between the supercon-
ducting and the normal-conducting phase can be extracted
from current-voltage I(V) curves taken in various external
magnetic fields by defining the crossover from nonlinear to
linear behavior of I(V) curves. Indeed, excellent agreement is
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observed between the onset B(T,) and B, (T).

A linear temperature dependence

Dy Dy(1 = TIT, guy)
2wE(T)? 2mE0)?

Bc2(T) = (1)
as expected from Ginzburg-Landau theory for bulk super-
conductors with critical temperature 7, g, iS observed only
for B>170 mT, whereas for smaller fields related to tem-
peratures closer to T, the B,,(T) curve significantly deviates
from linearity towards smaller values. Such a behavior could
be caused by the increasing coherence length close to 7.
where it becomes comparable to the width of the supercon-
ducting areas between the artificial pinning centers. In that
case, the free energy is expected to be changed from its bulk
value leading to a nonlinear B,,(T) dependence. In order to
investigate this possibility, a straight line is fitted to the ex-
perimental B(T.) curve within the temperature range
7.2 K to 8.2 K (solid line in Fig. 4) delivering the coherence
length £(0)=8.81 nm and T, g, =8.56 K according to Egq.
(1). With these parameters the temperature dependence
ET)=&0)/ (1 =T/T, gyy) can be calculated and the result is
given in Fig. 4 as dashed curve (right-hand scale). Closer
inspection of this curve indeed indicates that for 7>8.2 K
the coherence length &(T) becomes comparable to one-half
of the distance w=102 nm of the Nb sections between the
pillars. Thus, for 7>8.2 K the T.(B) characteristic might be
similar to a behavior known from superconducting wire
networks'?> and perforated superconducting thin films'3
where periodic Little-Parks oscillations of AT, with integer
or fractional number of flux quanta per unit cell are ob-
served, which are superimposed on a nonlinear B> depen-
dence of T. reflecting the finite width of the superconducting
wires. It is worth mentioning that the finite width of wires in
superconducting networks does not only influence T.(B)
curves but also magnetic moment m(H) curves for which a
Gaussian background was found recently.'*

A parabolic background of the field dependence of T, is
also observed for a single cylinder'® and is explained by a
finite ratio of radius to wall thickness of the cylinder.'® Ad-
ditionally, for a perforated thin film the ~B? background can
be motivated by comparing to the expression of the upper
critical field B, of a thin superconducting film of thickness
w in parallel field'*!7

A (ON _ ‘J/—(I)O\e"(l—T/TC)
B "Z(T)‘\’32wg(r)(w/z) = E0)(wi2) @

Although the applied magnetic field is normal to the plane of
our sample, it is parallel to the Si pillars and therefore par-
allel to the cylindrical Nb walls around them. Since, the Nb
sections between neighboring pillars are smaller than &(T
>8.2 K), the order parameter within these sections may be
taken as constant justifying the application of the thin film
expression (2). By using 7,=8.348 K, w=102 nm and &(0)
=8.84 nm, we find the B, (T) characteristic, which is in-
cluded in Fig. 4 as the dotted curve and which approaches
the measured data points reasonably well between 7.8 K and
8.2 K. The deviation from the measured curve for T
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FIG. 5. (Color online) Right-hand axis: Magnification of the
low-field regime of Fig. 4, i.e., T,(B) (open squares) and the calcu-
lated, parabolic thin film T(B.,) with &0)=8.8 nm, w=102 nm
(dotted line). Left-hand axis: Little-Parks deviations AT.(B), i.e.,
the difference of 7. and the parabolic background of 7. Closed
squares represent measured data, the solid curve a fit to Eq. (3).

< 7.8 K mirrors the fact that Eq. (2) is no longer applicable
for &T)<w/2, and higher correction terms, as well as the
bulk expression, must be considered, respectively (cf. Chap.
4.10.2 in Ref. 18). The dotted B,(T) characteristic is then
used as parabolic background reference allowing the defini-
tion of additional AT.(B) deviations by subtracting this back-
ground from the measured T,.(B) data. The corresponding
results are presented in Fig. 5 as closed squares.

Interpreting these deviations in terms of the Little-Parks
effect, for a wire network or a perforated thin film, oscilla-
tions are expected as a function of the applied magnetic field.
Additionally assuming a phase correlation between the wire
loops, the reduction AT, is given by!”

__r[E0)1 (2 1”
ATC_—TC< p)L— o, ""2) | (3)

where ®/®,=B/B is the average number of flux lines per
hole, n is an integer number with n<®/dy<n+1, ie., n
=0 for B<B,. In the present case, radius p can be approxi-
mated by one-half of the lattice constant a, if the supercon-
ducting section between the perforated holes is small com-
pared to the hole radius r. In more detail, the radius p is
expected to be smaller than a/2=61 nm but larger than the
radius of the Si pillars r=10 nm. By fitting Eq. (3) to AT.(B)
for 0<B<B; we obtain a radius p=45 nm which is consis-
tent with this expectation. For the fit we used the fixed values
T.=8.348 K, £0)=8.8 nm, and B;=158 mT. The value for
B, is the position of a sharp peak in I.(B) characteristics
close to T,, where the matching field could be obtained with
a higher precision than from the SEM image (see below).
The resulting fit is included in Fig. 5 as solid curve demon-
strating excellent agreement with the experimental data up to
the first matching field B.

For B> B, a linear B,,(T) characteristic is measured as
expected for bulk. That differs from measurements on perfo-
rated Nb films deposited onto anodized aluminum
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oxide,'3?021 where AT.(B) oscillations with nonlinear B>
background are measured up to the third matching field. This
difference could be caused by the smaller diameters of our
APCs at comparable lattice parameter and coherence length.
Consequently, the Nb section w between our APCs is larger
and &T) becomes smaller than w/2 at higher temperatures,
i.e., smaller B, values, than in Refs. 13, 20, and 21. How-
ever, &T)<w/2 cannot be the only reason for the missing
AT, oscillations for B> B;. Even for perforated thin films
with well separated holes, Little-Parks oscillations were
measured in recent experiments'® and theoretically
predicted.”?->* In this case the phase correlation between the
single loops is absent, and the holes can be considered inde-
pendently. This results in a AT,(B) characteristic more simi-
lar to the single cylinder in the Little-Parks experiment.
Since AT.(B) changes with the number of flux quanta
through the cylindrical hole,>> we conclude from linear be-
havior for B> B, without any AT,(B) oscillation, that, in our
case, the maximum number of vortices which can be cap-
tured by a single APC is one.

To a first approximation, we compare this maximum num-
ber with theoretical calculations of cylindrical cavities be-
cause we are not aware of any expressions which apply to
our specific case of Si pillars with Nb caps perforating a Nb
film. According to considerations by Buzdin?® for a triangu-
lar array of cylindrical cavities, single quanta pinning is ex-
pected if the radius is smaller than a critical value ry,
=(&*)"3. For larger radii multiple vortex pinning becomes
more likely. With the coherence length £(0)=8.81 nm and a
lattice constant a=122 nm of our APC array this radius is
r,=50 nm. An alternative estimation by Mkrtchyan and
Shmidt> considers a single cavity and not an array which
leads to a threshold r,=2£&=17.6 nm. Since the radius of the
APCs in our samples is 10 nm and, thus, smaller than both of
these ry, values, we expect single vortex pinning even at low
temperatures, which is consistent with our experimental ob-
servation.

B. Matching effect of critical current

Besides T,(B) curves V(I) characteristics were measured.
While the reference sample without APCs shows the ex-
pected standard behavior with a continuously changing V(1)
curve above a well-defined critical current /. and a flux flow
characteristic before superconductivity breaks down com-
pletely, the situation for the sample with pillars is more com-
plex. In Fig. 6 corresponding V(I) curves are presented for
B=141 mT and different temperatures. Clearly, two regimes
can be distinguished: Coming from small current values, we
observe for />1., a region which can be described by a
linear V(I) characteristic suggesting flux flow. At a second,
higher critical current /.,, a kink appears accompanied by a
sudden increase of voltage. Similar curves with two different
critical currents were observed within a wide range of fields
and temperatures. In particular, the two critical currents are
observed even for B<<B,. In order to properly define these
currents /., and I, corresponding voltage criteria must be
given. It turns out that for the lower critical current /., one
universal small voltage criterion of 50 nV can be used for all
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FIG. 6. (Color online) V(I) curves of pillar sample for B
=141 mT <B, and different temperatures. The first critical current
is followed by a linear regime before a second critical current ap-
pears at /,.

temperatures. In contrast, for /., the voltage criterion must be
adapted for each temperature to the corresponding kink
value. In detail, a voltage criterion was chosen which is
slightly larger than the voltage where the /., kink, i.e., very
sudden increase of dV/dI, appears in the V(I) curve. Since
these voltages varied with magnetic field, even for constant
temperature 7, the maximum value was chosen as a voltage
criterion for 1., for the specific 7. Due to the large dV/dI
values for 1>1_,, this procedure yields /., values which are
practically identical to those determined directly from the
step in the different dV/dI curves. However, the used proce-
dure has the advantage to be applicable even at larger mag-
netic fields, slightly above B; and larger, where the kink in
V(I) disappears and two different critical currents cannot be
distinguished anymore (cf. Sec. III G). Once these criteria
are set, the magnetic field dependence of the critical currents
can be determined. The results of such measurements taken
at T=7.21 K are given in Fig. 7 for both the sample with
APCs as well as its reference. The two critical current den-
sities j., and j., of the pillar sample are calculated from /.,

9
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FIG. 7. (Color online) Magnetic field dependence of the critical
current densities j.,(B) and j.,(B) as determined from the two volt-
age criteria given in the inset. Results for the sample with pillars are
related to the left scale, those for the reference to the right scale.
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and /., which, in turn, were determined by different voltage
criteria. For completeness, the corresponding electrical fields
are also given with £=3.67 V/m for j. and E=1.84 V/m
for j.,. For the reference sample the single critical current
density j. is obtained from the same field criterion E
=3.67 V/m as for j,.

Compared to j,. of the reference sample, the pillar sample
has a critical current density j.,(B=0) which is more than
one order of magnitude larger indicating a strongly increased
stability of the vortex system by APCs. These values can be
compared with the Ginzburg-Landau depairing current den-
Sity Jjgepair Which can be expressed as a function of the Lon-
don penetration depth \ and the coherence length & (Ref. 17),

)

T (4)
3V3mugh2é

Jdepair =

with flux quantum @ and the permeability constant w,. With
A(0)=150 nm and £(0)=8.81 nm, we estimate for the depair-
ing current density jgepar=1.15X 10" A/m?* at T=7.2 K and
B=0 mT, which is about a factor of 2 larger than j_,.

Besides its higher critical current density, the j,,(B) curve
for the sample with APCs in Fig. 7 exhibits a sharp maxi-
mum at 158 mT followed by a strong decrease. This value is
within the range for the first matching field of
159.29+1.91 mT as estimated from the SEM image Fig. 1.
Thus, the maximum is interpreted as a matching effect with
Jeq being determined by depinning of vortices from artificial
pinning centers formed by the Si pillars. If the density of Si
pillars matches the density of flux lines at the first matching
field, an enhanced stability and a pronounced maximum of
Jea(B) is expected. Since the peak in j.,(B) is much sharper
than the estimation from the SEM image, we will use its
position at 158 mT as the value for B, in the following.

The lower critical current density j., can then be attrib-
uted to depinning of vortices from additional weaker native
pinning centers (NPC) and/or by caging. If pinning in the
regions between the APCs would only be caused by NPCs,
one would expect a monotonous decrease of j., with B, as
opposed to the observation of a small peak close to the
matching field B;. We attribute this effect to caging, i.e., the
movement of vortices between the APCs is hindered by the
repulsive interaction with vortices already pinned at APCs.%¢
The efficiency of caging is expected to increase with grow-
ing occupation of the APCs by vortices leading to the ob-
served local maximum of j., close to B;. At the first glance,
interstitial pinning is unexpected for B <<B;, because empty
APCs are more attractive and at these fields, available. How-
ever, simulations for a regular pinning lattice by Reichardt et
al. show vortices at interstices even below the first matching
field.”” Such a behavior might be even more pronounced if
the order is not perfectly periodic and/or pinning by native
pinning centers is present.?®

At this point, it is concluded that both the AT(B) devia-
tion for B<B; and the pronounced matching peak of I ,(B)
at By are strong indications that the Nb-capped Si pillars
perforating the Nb film act as attractive pinning sites.
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FIG. 8. (Color online) Magnetic field dependence of the second
type critical current /.,(B) measured at different temperatures ap-
plying the voltage criteria attached to each curve.

C. Temperature dependent matching

A completely new phenomenon is observed when analyz-
ing the temperature dependence of the commensurability ef-
fects related to I,,(B). For example, in Fig. 8 I.,(B) curves
are presented taken over a temperature range from
4 Kto 7.7 K. At the two highest temperatures 7.7 K and
7.2 K, the matching peak of the I.,(B) curve is exactly at B,
whereas with lower temperature this maximum becomes
wider. For significantly lower temperatures 7<6.2 K the
maximum is shifted to smaller values B<<120 mT<B,,
whereas the steepest decrease remains at B;. Such a shift of
the matching peak is surprising, because the highest stability
is expected directly at the matching field B; which is given
by the temperature independent product of flux quantum @,
with the area density of APCs.

A possible explanation for the shift of matching field
could be the influence of flux gradients within the sample
which may change with temperature. As numerical simula-
tions show, flux gradients lead to a deviation of the observed
matching field compared to that of a homogeneous flux-line
density in case of field cooling.?® Moreover, for decreasing
and increasing fields different matching fields could be ob-
served experimentally.?®3% To estimate a possible influence
of flux gradients on the shift of matching field, additional
field-cooling (FC) experiments were performed and one ex-
ample obtained at 6.2 K is included in Fig. 8. Direct com-
parison, however, of the FC measurements (here the sample
is field cooled for each B-field from above 7. to the measur-
ing temperature with no current flowing in the film) to the
standard procedure where the sample was zero-field cooled
(ZFC) (the external magnetic field is ramped in small steps at
constant temperature), proves that the slight differences ob-
served for these two procedures are much too small to ac-
count for the above temperature shifts. Similar small devia-
tions between FC and ZFC results were found also at other
temperatures pointing to a different mechanism for the ob-
served temperature dependent shift of the matching field.

D. Subareas with different lattice constants

The behavior of vortices pinned by an APC lattice de-
pends on the balance between the energy gained by pinning
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FIG. 9. (a) Autocorrelation image of Fig. 1. The inset shows the
chosen subarea and the square its position in the original image Fig.
1. The dashed lines mark examples of ordered domains similar to
the pre-selected subarea. (b) Autocorrelation image of Fig. 1. Com-
pared to panel (a) a different subarea is preselected (cf. inset) whose
position in the original image Fig. 1 is marked by a square. As a
result, the ordered domains are at different locations as compared to

(a).

and the elastic energy lost by deforming the vortex lattice
from its ideal triangular order. In case of a perfectly ordered
triangular APC lattice the vortex lattice is not distorted at the
matching field making any additional elastic energy superflu-
ous. The situation changes for a periodic APC lattice contain-
ing a certain degree of disorder as in our sample. The kind of
disorder becomes apparent in the SEM micrograph of the
sample (cf. Fig. 1) where the Si pillars covered with Nb
appear as bright dots. On a short-range, the order of pillars is
triangular while, on the long-range, periodicity is lost.

This becomes even more obvious in autocorrelation im-
ages, where a linear correlation procedure is used to identify
areas within a bitmap that are similar to a preselected subarea
of the bitmap. Once this subarea is chosen, the algorithm
calculates the linear correlation coefficient for each sub-
bitmap of the original image, which has the same dimen-
sions. This yields a two-dimensional map of the correlation
coefficient which corresponds to the gray scale values in the
autocorrelation image. Bright pixels in this image indicate
high correlation and dark pixels show little correlation as the
correlation coefficient range of —1 to +1 is mapped from
black (equals —1) to white (equals +1) (further details can be
found in Ref. 31). Figure 9(a) shows the autocorrelation im-
age of Fig. 1 with a subarea shown in the inset. The lattice
constant of this subarea is a=119.9 nm and its position in the
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original image Fig. 1 is marked in Fig. 9(a) by a white
square. As examples, the dashed lines mark some of the do-
mains, which appear as ordered in the autocorrelation image,
i.e., have identical lattice constants and orientations as the
preselected subarea. Areas which appear blurred out have
different lattice constants and/or orientation. Similarly, Fig.
9(b) shows the autocorrelation image of the same Fig. 1, but
with a different preselected subarea of different lattice con-
stant a=126.4 nm. Correspondingly, the positions of the or-
dered domains are now different from the ones in Fig. 9(a).
However, the typical domain diameter of 4-8 lattice con-
stants is comparable in both images.

In the following, we will provide arguments that this kind
of disorder, typical for triangular order produced by self-
organization, does not result in simply smearing out the
matching features, but to the observed shift of matching peak
with temperature.

E. Balance of elastic and pinning energy

For simplicity, let us first assume that vortices are pinned
only at APCs and there is no pinning on native pinning cen-
ters at interstices or by caging. We consider the case where
B=B,, i.e., the average density of vortices equals the average
density of pinning centers. If we are close enough to T, or
B, the vortex lattice can become soft enough that each
single vortex is located directly at an individual APC by
pinning. For such soft vortex systems a maximum in the
I.,(B) curve is observed exactly at B=B,, i.e., local devia-
tions of the APCs from the mean value do not influence the
position of the matching peak. The temperature range in
which such complete adaptation of the vortex lattice occurs
can be estimated from the pinning and elastic energy. We
approximate the total pinning energy of N vortices by

E,;, =N%/,L0H37Tr2d, (5)

where H.(T)=®,/ [2\/§7T,LL0)\(T)§(T)] is the thermodynamic
critical field, r the radius of the pinning center, and d the
length of the pinning center, which, in the present case, cor-
responds to the film thickness. The elastic energy can be
written as

L ko
Eejast = EJBZ Qua(k)q)aﬁ(k)uﬁ(k) (6)

with (a,B)=(x,y) (Ref. 32). The k integral is over the first
Brillouin zone (BZ) of the FLL. The Fourier components
(k) are defined by ﬁ(E):%E,- I dzﬁi(z)exp(—ilzlsi), where i;
is the displacement of the ith flux line from its ideal position

R;. The elastic matrix @,z is related to the elastic moduli ¢y,
for uniaxial compression, cgq for shear, and cyy for tilt, by

(I)xx = Cllk)zc + C66k§ + C44k§, (7)
(Dyy=c66k§+cllk§+C44k§, (8)
q)xy = q)yx = (Cll - 666)kxky- (9)

For a first approximation of elastic energy in a thin film, we
consider straight and parallel flux lines and only the contri-
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bution of isotropic compression in the x and y directions. The
distortion is assumed to have single wave number k with
amplitude u. Then the elastic energy Eq. (6) can be approxi-
mated by

1 &
Eejas = NEdEOM(Z)[Cn(k) - c66]k2, (10)

D . .
where d EO is the volume per flux line and c¢;; —cgq the modu-
lus for isotropic compression. The moduli ¢;; and ¢4 can be

written as>?
B? 1 2k -1
kT 11
enleT) = o (1+K213) (1 + I3/K2) 262 - 1+l/ﬁ( )
and
B®, ( ) )
1- 1-b(T
ceo(T) = T6mN (T a0 e (T)2 [1-56(T)]
X[1—=0.5856(T) + 0.295(T)?]. (12)

The functions ky and k;, are temperature dependent accord-
ing to
V2[1-b(T)]
k(1) = ———— (13)
! &)

and

[1-b(D2k(T)?* 1
[26(1)*8= B+ 1IND)’
with B=1.16 and b(T)=B/B.,(T). Moreover, we used \(T)
=Aef(0)(1=£%712 and &T)=&0)(1-1)""? for the tempera-
ture dependence of London penetration depth3? and coher-
ence length, respectively. With Eq. (5) and (10) the differ-
ence between pinning and elastic energy per vortex and
length d is

D) 1 a1
Nd2c

k(1) = (14)

Mo[cn(k) ceslk®.  (15)
Figure 10 shows the calculated temperature dependence of
the energy difference AE(T)/Nd at B=B, for parameters of
our sample. A typical wave vector k can be approximated by
setting k=2m/L at which L is 2 times the diameter of an
ordered domain as estimated from the autocorrelation images
in Fig. 9. Due to uncertainties in the effective penetration
depth \(0) and sizes of ordered domains, varying within a
finite range, the energy difference was plotted for different
values of L, uy, and A(0). From the distribution of nearest-
neighbor distances of pillars, the amplitude of distortion is
estimated as up=11-12 nm (cf. Fig. 2) and 2 times the di-
ameter of ordered domains as L=(6-12) a, (cf. Fig. 9). The
other parameters are T, g, =8.56 K, &(0)=8.81 nm, r
=10 nm, and B=B;=158 mT. According to its definition,
AE(T)/Nd> 0 implies that the amount of elastic energy nec-
essary to occupy all the APCs despite their inherent disorder
with vortices at B; is overcompensated by the gained pinning
energy. In those cases, a peak is expected for /., at a fixed
value of B,. Experimentally, such a behavior is observed for
temperatures above 7.2 K, while for lower temperatures the

PHYSICAL REVIEW B 75, 144514 (2007)

20 ,’777 L=6a,, u;=12 nm,l , <
15- J  go=13mm, [ ||
—_ v A,q(0)=800nm 7 |
E 101 g [
B y —¢L=12a,u=11nm, I .
% 57 £0)=881nm, { /
= 2q(0)=800nm ¢ / |
s ¢ 7 1
z 5. 4—L=12a, u =12 nm, / | [
&~ £(0) = 8.81 nm, & (0) = 800 mé |
o -10{ —»—L=6a, u =12 nm, i
o £(0) = 8.81 nm, %,,(0) = 800 nm / |
-16{ —4-L=12a, u=20 nm, > i
o 5(0) 8.81 nm, & (0)- 1000nm | | |
74 72 73 74 75 76 7.7 78 79 80

TIK]

FIG. 10. (Color online) Difference between pinning energy and
elastic energy (Epin—FEclaq) per vortex and its length d as a function
of temperature calculated for different parameters according to Eq.
(15). Positive energy differences indicate that the vortex lattice can
adapt perfectly to the underlying APC lattice. Negative energy dif-
ferences indicate that such exact matching is no longer energetically
favorable.

peak is shifted towards lower magnetic fields (cf. Fig. 8).
Such a behavior is reflected in the behavior of the AE(T)/Nd
curves calculated for various parameters in Fig. 10. Indeed, a
crossover of AE is observed at a specific temperature de-
pending on the detailed choice of the parameters indicating
that the more soft vortices at higher temperatures can adapt
to the underlying lattice of APCs, while below the crossover
temperature 7, exact matching is no longer energetically fa-
vorable. Considering the many approximations used in the
calculation, the agreement between the estimated and the ex-
perimental 7', values is surprisingly good for parameters u,
and L, which are within the expected experimental range.
Next, the behavior at low temperatures 7<<T, will be dis-
cussed applying ideas from the theory of collective pinning
as developed by Larkin and Ovchinnikov.** Thus, we adopt
the notion of a correlation volume, within which the FLL is
reasonably undistorted, but between which there are pinning-
induced shear and tilt distortions. Consequently, the macro-
scopic sample volume is subdivided into correlation volumes
with sizes chosen to optimize the trade-off between pinning
and elastic energies. The correlation volume increases if the
pinning forces are weaker and the elastic moduli are larger.
In case of a thin film with the magnetic field normal to the
plane, the correlation volume is the film thickness times a
correlation area because the elastic modulus for tilt ¢4y can
be omitted. In case of Nb films without APCs, Stoddart et
al.® measured correlation radii r, within the range from
1.6 pum to 2.4 pm. It is important to note that this range is of
the order of the image size given in Fig. 1 showing the APC
arrangement within our samples. This comparison especially
proves that the expected vortex correlation area is signifi-
cantly larger than the average size of an ordered APC domain
in our sample (cf. Fig. 9). On the other hand, since the den-
sity of APCs varies in our sample over a finite range, we
have a corresponding distribution of local matching fields
B 1ocal Which can be estimated from the variation of the mu-
tual distances between pillars (Fig. 2). Due to the different
length scales of the correlation area and the ordered domains
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of APCs, each correlation area of the FLL contains a distri-
bution of local matching fields B ;o.,. Consequently, even if
the magnetic induction B of a correlation area is equal to the
geometrically defined average B, only part of the flux lines
will match the APCs, exactly that part meeting locally the
condition B j,.,;=B. Since the FLL is undistorted within the
correlation area, regions of the APC lattice, where By ¢ 15
slightly smaller or larger than B;, will achieve local com-
mensurability only at slightly smaller or larger B, respec-
tively. Naturally, subareas of the correlation area where B
equals By o, are optimally pinned. Correspondingly, for
subareas with larger B ., the pinning force is already
lower, because not all vortices are at the center of pinning
sites. It is important to note that the reduction of pinning
forces is not symmetric relative to By, since a substantially
lower pinning force is expected for subareas in which the
flux-line density is above B j,.,, because the significant in-
crease of weakly pinned vortices at interstitials and their re-
pelling interaction with vortices at APCs result in a less
stable state of the entire vortex system.

The critical current /. in a sample with length [/, width w
and thickness ¢ is given by

Ic_B F total F Ve

16
wt  Iwt V. (16)

where F, is the sum of all pinning forces in the sample and
B is the magnetic induction normal to the /-w plane. Thus,
Fo/(Iwt) represents the pinning force per unit volume,
which can be expressed as fy,.=Fy,./V, where Fy, is the sum
of all pinning forces within a correlation volume V.. As a
result, the critical current /., in our thin film sample depends
on the sum of pinning forces within a correlation area. Thus,
in order to calculate /., one needs a model function describ-
ing the pinning behavior of an ordered APC domain with a
locally defined B j,c,. Since at high temperatures close to 7,
the vortices can adapt to the APCs, the related, sharply
peaked I,.,(B) curves like those presented in Fig. 12 below
are supposed to represent the pinning behavior within a
single highly ordered APC domain. An example for such a
I. oin(B;,B) behavior is shown in Fig. 11 as the dotted curve.
Based on this model for each APC domain, the following
averaging procedure is applied.

For each ordered FLL domain within a specific correlation
volume, the pinning force per unit volume reads
FsunB1 1ocat> B) = Foup(B 1ocal» B)/ Vi With  the  subvolume
Vb given by the corresponding subarea times the film thick-
ness 7. To obtain the pinning force per unit volume of the
total correlation area fy.(B), one must integrate over a dis-
tribution of fy,(B1 joca1, B) curves. To make that procedure
work, we assume that the shape of the pinning behavior is
practically identical for each ordered domain, as given by the
dotted curve in Fig. 11, but with its peak shifted to the local
matching field By ,,. Thus, a local pinning force density
Sfean(B1+AB,B) is attributed to the shifted local matching
field Bjjoq=B;+AB according to f,(B+AB,B)
= funlB1,B(B,+AB)/B;]. We assume further that the distri-
bution of AB around B;=158 mT is Gaussian within large
enough correlation areas with an estimated range of AB
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FIG. 11. (Color online) Dotted curve: Model I, (B ,B) curve
locally attributed to each ordered APC domain with individual po-
sitions of the peak. Solid curve: I.,(B) behavior averaged over a
sample according to Eq. (19) with the dotted model function. Filled
squares: Measured /,,(B) at 5.6 K.

=+70 mT and a variance of g3=48 mT. The latter was cal-
culated with oz=2(2®)/ (\Eag)aa where o,=16 nm is the
variance of the Gaussian distribution of nearest-neighbor dis-
tances as obtained from Fig. 2.

The pinning force density of a correlation area averaged
over all contributing locally ordered domains is then given

by
70 mT 2
1 - AB
dAB ex ( ) (B, +AB,B)
f ~70 mT \r’ETO'B P 207% FuunlB1
Ve 70 mT 1 _ ABZ
dAB——exp
AB=-70 mT \2mog 207
(17)
With (16) and (17) and
(B + AB,B)wt
Tty + A8, B) = Ll b (18)

B

the 1.,(B) curve of the whole sample can be calculated by

70 mT A B2
f dAB ! X < )I (B AB B)
— exp su + ,
V2mopg 20’% ¢ subtEl

-70 mT
f70 mT
AB=-70 mT

This just described procedure was applied to simulate the
1.,(B) curve as experimentally determined at 5.6 K, which
exhibits a clear shift of its pinning induced maximum to-
wards lower magnetic fields. The corresponding data points
are added to Fig. 11 as closed squares with the calculated
result given by the solid curve. Excellent agreement is found
between both for the parameters given above. Here, it is
worth noting that these parameters were not obtained by just
fitting but were estimated from corresponding experimen-
tally determined distribution and correlation functions (cf.
Fig. 2 and Fig. 9).

]ca(B) =

ap—! (- ABZ)
— ex
\2mog P 20%

(19)
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There is still another point worth mentioning. Even
though a symmetric Gaussian distribution centered at B; was
used above, this did not result in just broadening the maxi-
mum at By, but to its shift towards lower B. This shift can
immediately be related to the pronounced asymmetry of
I, sub(B1 jocal» B) With its sudden drop for B> B .., Which is
also expected for a transition from a strongly pinned Bose
glass to a weakly pinned Bose glass or interstitial liquid.*®
Thus, at this point, the surprising effect of temperature de-
pendent matching fields, which, to the best of our knowl-
edge, has neither been predicted nor observed previously, can
be traced back to the following two prerequisites. A nonper-
fect array of APCs providing locally ordered domains repre-
senting local matching fields on a length scale smaller than
the correlation area of the vortices and the presence of pin-
ning mechanisms leading to strongly asymmetric I.,(B)
curves. The temperature dependence then follows from the
changing ratio of pinning to elastic energy of vortices. At
high temperatures close to 7, the FLL can adapt even to the
distorted array of APCs due to its elastic softness resulting in
a depinning peak at B, while at lower temperatures the FLL
becomes elastically more and more stiff leading to the neces-
sity to average over locally ordered domains of APCs with
their individual matching fields, as described above.

It should be noted that the temperature dependence of the
matching peak at B in our experiment differs from the tem-
perature dependence of a peak effect which was theoretically
predicted and observed at B slightly below B, as the FLL
softens with the approach to the superconducting-to-normal
phase boundary.3*37 The latter occurs also for completely
randomly positioned pinning sites and is not a matching ef-
fect at which the number of vortices equals the number of
pinning sites at the peak position. Moreover, lowering the
temperature increases B, and the position of the peak shifts
to larger B.3*37 Exactly the opposite occurs in our case where
the maximum at the matching field shifts to smaller B at
lower temperatures.

F. Interstitial vortices

For simplicity, we neglected in the above discussion that
some vortices in an imperfectly ordered lattice are at inter-
stitial sites even below B,. These vortices are either pinned
by native pinning centers or by caging?® due to the interac-
tion with vortices pinned at APCs. Since the pinning forces
of interstitial vortices are smaller than those of vortices
pinned by APCs, they are expected to start moving already at
lower driving currents. This naturally explains the appear-
ance of two critical currents in Fig. 6, where the lower value
at I, is attributed to depinning from interstitial sites. The
movement of these interstitial vortices is characterized by a
shifted linear characteristic of type V=RA{I-1,,) which is
typical for a flux flow regime where the Lorentz force is
large compared to the pinning force resulting in a viscous
flow of interstitial vortices. The mean velocity v of vortices
gives rise to a drag force —nv opposing the sum of Lorentz
force and dynamic pinning forces. By expressing the Lorentz
force by the applied current / and the pinning force by /.,
the velocity v is given by
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n = (1_ Icn)q)()/tw (20)

with 7 is a phenomenological viscosity coefficient, ¢ is the
thickness, and w is the width of the microbridge. Along a
bridge with length / the moving vortices with area density n,
and velocity v create a voltage V,

V= El=vn,®,l. (21)
By eliminating v in (21) by (20) the voltage becomes

n, ®FI
V=RI-1,) with R;=-L—". 22
= 1en) = (22)

From (22) the area density n; of moving vortices can be
determined if the coefficient # is known. In the Bardeen-
Stephen model the flux-flow resistance is determined by the
dissipation in the normal-conducting cores by the local time
variations of the magnetic field, and is given by

nPo

R = RO
" oH o

(23)
with R representing the resistance in the normal-conducting
state. From (23) the density of moving flux lines ny can be
estimated. For the V(I) curve at B=141 mT and 7=6.2 K in
Fig. 6 a density of n;=3.4X 107*B,/®, is estimated, which
is much smaller than the total density of vortices n,=B/®,
=0.89B,/®,. Similarly small values for n; can be estimated
for the other temperatures and field values. This small num-
ber of moving interstitial vortices is consistent with our ob-
servation that the matching peak of 7., fits very well to the
density of APCs as determined from the SEM micrograph. If
the number of moving interstitial vortices would be signifi-
cantly larger, the matching peak is expected at larger fields
than B, because not all APCs would be occupied at B;.

G. Matching of interstitial vortices

As already mentioned above, the lower critical current
1.,(B) is attributed to depinning of interstitial vortices. Sur-
prisingly, this type of vortices exhibits a matching effect as
well, even though pinning on native pinning centers should
not result in an enhanced stability at B;. The corresponding
experimental results for the relative low temperature of
7.2 K were presented in Fig. 7 and are complemented for
higher temperatures in Fig. 12. Here, at 8.05 K and 8.10 K,
I.,(B) and I.,(B) curves are shown for immediate compari-
son. Again, the I,(B) curves indicate matching effects,
which are attributed to caging of interstitial vortices due to
the repulsive interaction with those vortices already occupy-
ing APCs close to B;. In agreement with the previous discus-
sion, the I.,(B) curves exhibit peaks exactly at B;. In con-
trast, the maximum of the [I.,(B) curve at T=8.05 K,
indicating matching, is shifted down to B=120 mT already.
At this temperature one approaches the upper limit where the
two types of critical currents can clearly be distinguished.
Thus, the I,,,(B) curve added to Fig. 12 for 8.10 K was de-
termined by formally applying the same voltage criterion as
for lower temperatures. In this case, only a kink at a charac-
teristic field below B, rather than a peak points to matching.
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FIG. 12. (Color online) /.,(B) and I.,(B) curves for two differ-
ent temperatures close to 7. The applied voltage criteria are given
in the inset. Besides integer matching at B; also fractional matching
at By, is observed.

Remarkably, the largest temperature related shifts observed
for the matching maxima of 1,,(B) and I,,,(B) are comparable
with values at about B=120 mT. This corresponds to a local
lattice constant a=141 nm, which fits quite well to the larg-
est measured distances between APCs (Fig. 2). The observa-
tion of two different B dependencies of /., and /., might be
surprising. It may become comprehensible, however, by con-
sidering that the ranges of the V(I) curve, at which I, and I,
are determined, belong to two different dynamical regimes to
which differently pinned vortices contribute.

It is worth discussing these two regimes in some more
detail. The critical current /., is determined by the threshold
at which the vortices at interstitial sites start to move whereas
the vortices at APCs are still strongly fixed. In this regime of
interstitial dynamics, the caging pinning potential is deter-
mined by the interaction with fixed vortices at APCs. The
strongest contribution to this pinning potential comes from
occupied nearest-neighbor APCs whose local number in-
creases up to the corresponding local matching fields By j,cq,
where we expect a maximum of vortex stability. Above
B Joca the number of interstitial vortices increases strongly
because all APCs are occupied. This results in a decreasing
stability of the interstitial vortex system. Since below and
close to By, the density of interstitial vortices is still rela-
tively low, the interaction between interstitial vortices is
smaller than the interaction with neighboring APC vortices.
This is supported by the observation that the measured 1, is
considerably smaller than /., in this regime indicating that
the force of caging is smaller than the force which pins vor-
tices directly at APCs. Within this scenario, as soon as the
local matching field in the subareas with lowest APC density
is reached, the locally increased number of interstitial vorti-
ces will give rise to an enhanced vortex flow without being
hindered significantly by interstitial vortices in other subar-
eas where the local matching field is not reached, yet. The
maximum of /,,(B) at B=120 mT, which is approximately
temperature independent below 8.10 K, corresponds very
well to those subareas with the lowest APC density. For
higher densities of interstitial vortices their mutual interac-
tion becomes comparable to that with vortices at APCs. Pref-
erential flow of interstitial vortices is then no longer possible
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FIG. 13. V(I) curves taken at 7.2 K for various magnetic fields
emphasizing the range between /., and /., exhibiting a linear be-
havior with practically constant slope. The numbers denote the
magnetic induction in mT. The inset shows Ry=dV/dI for different
B.

because vortices also will depin from APCs. That occurs for
fields slightly larger than the matching field, where the kink
in the V(I) characteristic disappears as is demonstrated in
Fig. 13. In that situation, vortices at interstitial sites and at
APCs depin at one and the same critical current density.

H. B Dependence of Ry

According to the Bardeen-Stephen model, the flux-flow
resistance Ry, should linearly increase with the areal density
of vortices n; or, equivalently, with the applied B [cf. Eq.
(23)]. This expectation, however, is not met by the experi-
ment as is demonstrated in Fig. 13, where V(I) characteristics
are presented taken for variable magnetic fields at a fixed
temperature of 7.2 K. The current range chosen here empha-
sizes the regime between /., and 1., which is attributed to the
flow of interstitial vortices as discussed above. While such a
flow immediately explains the observed linear characteris-
tics, their constant slope at different magnetic fields is at
odds at least with the Bardeen-Stephen model. As already
estimated from Ry above, below B, the fraction of interstitial
vortices is only small. Thus, for B<<B, the constant Ry val-
ues may indicate that increasing the magnetic field in this
regime leads to a preferential occupancy of APCs rather than
interstitials. Here, the primary effect of B is to decrease the
volume pinning force resulting in depressed /., and /., val-
ues and corresponding almost parallel shifts of the character-
istics towards smaller currents. For fields B larger than By,
however, the number of interstitial vortices must increase
significantly. Nevertheless, the slopes of the related V(1)
curves remain practically unchanged. Comparable behavior
was observed within a wide temperature range. One reason
could be that the number of actually moving vortices does
not increase in the same manner as the number of interstitial
vortices. That could occur if only a small number of vortices
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contributes to flux flow and most of the additional interstitial
vortices, appearing for B> B, are strongly caged by APCs
and do not contribute to flux flow. While such a picture may
hold for B> B/, for smaller fields a blocking of flow appears
rather unlikely due to the small fraction of interstitials. More
likely are contributions of alternative dissipation mechanism
for flux flow, like losses induced by irreversible entropy flux
in the core vicinity,® by nonequilibrium generation and re-
combination of Cooper pairs around the vortex core, or by
nonequilibrium phenomena when vortices cross local pin-
ning potentials.*>*' From the first two models an increasing
Ry with decreasing temperature is expected in contrast to the
experimental observations presented in Fig. 6. Thus, an al-
ternative or extended interpretation is required. It could be
related to the smaller London penetration depth at lower tem-
peratures causing a better defined caging potential with
stronger caging pinning force. If flux-flow viscosity is
strongly influenced by nonequilibrium phenomena of vorti-
ces crossing local pinning potentials,***! 7 should increase
with this stronger caging pinning force resulting in a smaller
Ry The nearly missing or only slightly increasing R with
B, in our case, differs from interstitial flow observed by
Lange et al. for a regular magnetic pinning array on lead.*?
There, the presence of interstitial vortices for B<<B; is ob-
served as vortex creep whereas a linear V(I) characteristic
appears only at much larger B>2.8B, at which R strongly
increases with B. A possible origin of these differences is the
higher density of our pinning centers from which a different
damping behavior becomes likely. In experiments by Ville-
gas et al.% on a regular array of magnetic, triangular pinning
centers in niobium, interstitial flow with ohmic behavior ap-
pears at larger fields, i.e., B>3Bj, too. However, any infor-
mation about a field dependence of Ry is not provided and
not further discussed.

I. Integer matching and fractional matching

Besides the commensurability effect at B;, we also ob-
serve multiple integer and fractional matching. However, as
opposed to more ideal periodic arrays of APCs, in the present
case integer matching is found only up to B,=2B,. An ex-
ample is given in Fig. 8, where the I,,(B) curves determined
for T=<5.6 K show a small but significant shoulder at 2B,
=316 mT whose position is temperature independent. The
shoulder is much weaker as compared to the maximum at B;.
This can be caused by the missing long-range order from
which matching features at integer multiples of B; are ex-
pected to be less pronounced. In addition, even in a perfect
array, matching features at B> B; are weaker than at B, if
each artificial pinning site is able to capture just one single
vortex and occupation by multiple flux lines can be ex-
cluded.

Besides integer matching, we also observe fractional
matching. As demonstrated in Fig. 12 for I.,(B), a local
maximum at Bl,4=4]-131=39 mT is observed and weaker ef-
fects can be supposed at Bl/3:%BI=52 mT and 32,3:§B1
=105 mT. Fractional matching at By, B3, and B, is con-
sistent with molecular dynamics simulations by Reichardt
and Grgnbech-Jensen of triangular arrays of pinning sites.?’
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In contrast to the matching peaks at By, a clear peak at By, is
only observed for I.,(B) but not for 1,,,(B). This indicates that
caging has a much weaker influence here than at B, which is
in fact expected due to larger distances between the vortices
involved. Moreover, the number of interstitial vortices does
not increase suddenly as at B;. A further difference compared
to By is the temperature independence of the position at By,
although it becomes broader (Fig. 8). Crucial for the shift of
the first matching maximum is a pronounced asymmetry of
the local pinning forces of subareas F,,(Bj joca,B), Which
strongly decreases at By .., This may be attributed to the
strongly increasing number of weakly pinned interstitial vor-
tices and their interaction with vortices pinned by APCs. In
the vicinity of a fractional matching field such a significant
change of the number of interstitial vortices is not expected
explaining the temperature independence of this peak.

The present observations differ from experiments on Nb
films grown on anodized aluminum oxide (AAO) substrates
with larger pores (by about a factor of 2) and comparable
antidot distances.!3?2!43 In contrast to our electrical trans-
port, Welp et al. observe in magnetization measurements
matching steps up to the fourth integer order. As discussed in
connection with T,(B), this difference can result from larger
APC diameters allowing multiple flux-line trapping per pin-
ning site. Moreover, temperature dependent shifts of match-
ing field were not observed in the AAO samples, which,
according to the above discussion, can be attributed to dif-
ferent degrees of order in the APC arrays of AAO and Si
pillar samples, respectively.

IV. CONCLUSION

In conclusion, several unexpected features were observed
for arrays of APCs produced by a micellar technique, which
can be related to their exceptionally small size and the degree
of self-organized order of their arrangement.

(i) Due to their nanoscaled size, the APCs guarantee
single-vortex pinning even at temperatures well below T..
This is proven by the fact that the Little-Parks oscillations
AT,(B) can be observed only up to B; and not up to higher
orders as observed for wire networks or perforated films with
larger holes.

(ii) Although the order of the APC array is restricted to
short- and medium-range order, integer and fractional match-
ing is clearly observed, even at low temperatures.

(iii) Two types of critical currents, I, and I, could be
distinguished, indicating two different types of pinning
mechanisms: Strong pinning on artificial pinning centers and
weaker pinning by native, randomly positioned pinning cen-
ters and by caging in interstitial regions. For magnetic fields
slightly larger than B, these two critical current densities get
indistinguishable because of an increasing number of inter-
stitial vortices and their interaction with flux-lines pinned at
APCs.

(iv) The first matching maximum of [, is at a temperature
independent value B <B; determined by the largest local lat-
tice constant of APCs. In contrast, the position of the first
matching maximum of /.,(B) shifts from B, at high tempera-
tures to B<B; at lower temperatures. This effect can be
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understood by applying a modified concept of collective pin-
ning. To the best of our knowledge, such temperature depen-
dent effects have not been predicted or observed previously
for totally random or perfectly ordered pinning arrays and,
thus, must be attributed to the medium-range order of the
array of APCs in our sample. They should play a role for
other systems as well if the average distance between pin-
ning centers depends on the size of the considered area,
which is typical for many self-organized patterns. Such ef-
fects should also have relevance for vortex systems interact-
ing with different quasiperiodic pinning arrays** for which

PHYSICAL REVIEW B 75, 144514 (2007)

stability within an extended range of B was predicted, based
on physical arguments, and confirmed numerically and
analytically.¥
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