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We report on direct imaging of vortex matter nucleated in micron-sized BizSroCaCuzOsgy su-
perconducting samples that incidentally present a bridge structure. We find that when nucleating
vortices in a field-cooling condition the deck of the bridge acts as a converging lens for vortices.
By means of Bitter decoration images allowing us to quantify the enhancement of vortex-vortex
interaction energy per unit length in the deck of the bridge, we are able to estimate that the deck
is thinner than ~ 0.6 um. We show that the structural properties of vortex matter nucleated in
micron-sized thin samples are not significantly affected by sample-thickness variations of the order
of half a micron, an important information for type-II superconductors-based mesoscopic techno-

logical devices.

PACS numbers: 74.25.Uv,74.25.Ha, 74.25. Dw

I. INTRODUCTION

The miniaturization of technological devices have
driven the study on how the confinement and surface ef-
fects alter the physical properties of systems of interact-
ing objects.!™ Nucleating small crystals of vortex mat-
ter in micron-sized superconducting samples gives us the
possibility of studying this general problem in a play-
ground where the relevant parameters are easily con-
trolled. Indeed, the density of interacting objects can
be tuned by applied field, the interaction of vortices with
the underlying disorder of the host sample can be altered
by changing temperature, and the confinement and sur-
face effects can be tailored by a suitable design of the
samples.5 11 There is sufficient evidence in the litera-
ture that size and surface effects in micron-sized super-
conducting samples produce dramatic changes on their
physical properties. For instance, for type-I supercon-
ductors of one-micron or sub-micron size, the boundary
conditions imposed by the shape and geometry of the
sample to the quantization of angular momentum of the
Cooper pair wave function govern the superconducting
phase boundary, and stabilizes a complex phase diagram
with several confinement-induced transitions.®” In the
case of micron-sized type-II superconductors, changing
the applied field induces not only different regimes in the
magnetic response of the system, but can also trigger a
structural transition in vortex matter from a giant vor-
tex state with multiple flux quanta to a glass state with
single-fluxoid vortices.®*

On increasing the sample size to tens of microns, and
then nucleating crystals with few hundred vortices, some
works report on how the thermodynamic, magnetic, and
structural properties of vortex matter are significantly
different from the bulk case.?10716 These works warn on
a need of better characterizing these properties for poten-
tial applications of these systems to miniaturized super-

conducting devices. Regarding the structural properties,
a proliferation of topological defects induced by confine-
ment has been reported for crystals with few hundred
vortices in the case of the layered BiaSroCaCuzOgyy Sys-
tem.'416 For thin micron-sized disks, topological defects
in the vortex structure proliferate on decreasing the ra-
dius from 50 to 30 pm and also present an inhomogeneous
spatial distribution.'® At the vicinity of the edge, the
number of defects amplifies over a characteristic length
in which vortex rows tend to bend mimicking the shape of
the sample. In contrast, within the center of the samples
the positional order of the vortex structure is consistent
with the Bragg-glass phase. This healing length at which
topological defects are cured towards the center may be a
key quantity to model confinement effects in vortex mat-
ter nucleated in micron-sized samples. The geometry of
samples is also another parameter that affects the struc-
tural properties of vortex crystals at the mesoscopic scale.
For example, a smaller density of topological defects is
nucleated in square than disk thin mesoscopic samples of
the same typical size. In addition, in the former case the
vortex rows accommodate parallel to the edges without
bending. '

Previous studies have reported data in samples with a
constant thickness, then very little is known about the ef-
fect of varying the sample thickness in micron-sized sam-
ples. In order to amplify the effect of sample thickness
variations, it is desirable to choose a superconducting
material with large line energy per unit length, ¢, =
(®o/47A\)?Ink. A material such as BizSroCaCuzOgyy,
with £ ~ 200, seems a suitable candidate for studying
this issue. Vortex matter in bulk samples of this ma-
terial presents a rich phase diagram that includes liquid
and glassy phases with different magnetic!”2! and struc-
tural properties?272° depending on the type of disorder of
the host sample. In this paper we study the structural
properties of vortex matter in micron-sized thickness-
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modulated samples of the extremely-anisotropic pristine
BisSroCaCuy0Og4 superconductor. We directly image
the ~ 700-vortices crystal nucleated in a square thin sam-
ple of roughly 40 um side and 2 ym thickness that inci-
dentally presents a bridge structure. We find that when
nucleating vortices in a field-cooling condition the deck
of the bridge acts as a converging lens for vortices. Irre-
spective of the higher vortex density in the bridge than
in the base, the structural properties of vortex matter in
both regions are not significantly dissimilar. By means
of energetic arguments we estimate that the deck of the
bridge is ~ 0.6 um thick or even thinner. This quan-
titative estimation allows us to measure a top limit on
how thin can be the samples in order for the structure
of vortex crystals in mesoscopic thin samples not being
significantly affected by sample-thickness variations and
still behaving as a three-dimensional structure.

II. METHOD

The micron-sized square thin sample with a bridge
structure was engineered from a bulk, pristine, and
optimally-doped BisSroCaCupOs, crystal with a crit-
ical temperature T, = 90 K. The sample was obtained
following a top-down procedure that combines optical
lithography with physical ion-milling, see Refs.5 and 11
for further technical details. With the aim of directly
imaging the vortex structure nucleated in such samples,
we cleave the physically-etched bulk crystal, then manip-
ulate one by one the micron-sized samples and glue them
with conducting epoxy onto a scanning. electron micro-
scope sample holder. The sample studied in this work be-
longs to a batch of square thin samples with nominally
40 pm side and t = 2 pum thickness. During the gluing
process, pressure is applied with a micro-manipulator in
order to ensure good thermal and electrical conductivity.
Since BipSroCaCupOsgyy is an easily cleavable and frag-
ile material, many micron-sized samples break or crack
during the gluing process. By serendipity, the one that
we study in this paper broke, but only in the bottom
part. During the gluing process both pieces, labeled as
abutments 1 and 2 in Fig. 1, were in-plane split less than
10 pum. The top part of the sample remained attached to
the larger abutment, number 1. As shown in Fig. 1, this
resulted in a sample with a bridge-like structure with a
trapezoidal bridge deck of ~ 40 pm width and 5 — 10 ym
length. The base of the bridge is the larger region of
the sample observed at the middle-bottom of Fig. 1 and
presents an irregular and curved step (see bottom-left)
that exposes the abutment 1 to which the base remained
attached. The deck of the bridge has a thickness ¢}, and
in the base region the sample has the nominal thickness
t ~ 2 um, see the schematic lateral representation of the
sample at the bottom of Fig.1. The part of the sample
where the deck settles on top of abutment 2 is observed as
a very bright region in this scanning electron microscopy
(SEM) image. The difference in contrast with the rest

of the sample might come from this region being charged
by the electron beam, namely not being able to discharge
the electrons to the sample holder (ground) due to a bad
electrical conductivity with the rest of the sample. It is
rather ubiquitous to observe this flake-like edges when
cleaving layered BixSroCaCuyOgyy samples.

We image the vortex structure in real space and with
single vortex resolution by means of the magnetic decora-
tion technique.?® For the case studied here, we nucleated
the vortex structure in a field-cooling condition applying
a field of 12 Oe in the normal state and cooling down to
the decoration temperature of 4.2 K. The vortex decora-
tion consists in evaporating ~ 100nm size Fe particles
in a sealed chamber submerged in a “He bath. Inside
the chamber the Fe particles collide and form clusters
of size controlled by the He-exchange gas pressure. The
Fe nanoparticles are attracted towards the vortex cores
impinging at the sample surface due to the magnetic

S base .

abutment 2

abutment 1

Figure 1. Scanning electron microscope image of the field-
cooling magnetic decoration performed at 12 Oe and 4.2 K in
a micron-sized square thin sample of BisSroCaCuzOgyy pre-
senting a bridge structure. Fe clusters (white dots) decorate
vortices as they impinge at the sample surface. The sample
has a nominal size of ~ 40 pym side and 2 pym thickness ¢t. Bot-
tom: schematic lateral representation of the bridge structure
indicating the parts of the sample that act as deck, base, and
abutments of the bridge. The abutments 1 and 2 are also la-
beled with yellow numbers in the top picture. The thickness
of the deck is indicated as ts.
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force generated by the vortex-induced local field gradi-
ent. Once the Fe particles decorate the vortex positions,
the sample is warmed up and the Fe particles that re-
main attached to the surface due to van der Waals forces
(see white dots in Fig.1) are observed with a scanning
electron microscope at room temperature.

IIT. RESULTS

Figure 1 shows a snapshot of the vortex structure
nucleated in the micron-sized BizSrpCaCupOsy square
sample with a bridge structure, following a field-cooling
process at an applied field of 12 Oe. The picture is ob-
tained from a magnetic decoration performed at 4.2 K
and vortices are observed as white dots in the SEM im-
age of Fig. 1. The most notorious fact of this snapshot is
that the bridge structure acts as a converging lens for the
vortex structure: The average vortex density in the deck
is 15 G whereas in the base is 10 G, and in abutments 1
and 2 is of 10 and 9 G, respectively. The average vortex
density in the whole sample is 11 G. The region where the
deck settles on top of abutment 2 is observed as a bright
region where vortices (white dots) are not resolved from
the background. Figure2 shows that only the vortices
located at the very bottom part of this region are re-
solved. This might be due to the sample getting charged

Figure 2.
ture nucleated in the micron-sized square sample of
BisSrpCaCu20Og4y presenting a bridge structure.  First-
neighbor vortices are bond with blue lines and non-sixfold
coordinated vortices generating topological defects are high-
lighted in red.

Delaunay triangulation of the vortex struc-

by the electron beam due to poor electrical contact with
the below abutment, as mentioned.

Figure 2 shows the same image than in Fig. 1 but with
the Delaunay triangulation of the vortex structure super-
imposed. The triangulation shows each vortex bonded
to its first-neighbors with blue lines. Non-sixfold coor-
dinated vortices are highlighted with red circles. This
figure makes clear that at the bottom of the deck of the
bridge vortices are aligned along it. Nevertheless, this
construction also shows that there is not a strong cor-
relation between the nucleation of grain boundaries and
variations in the sample thickness, either due to steps as
in the bottom-left part, or to the thickness reduction at
the deck of the bridge. The vortex structure is polycrys-
talline in the whole sample with crystallites formed by
10-20 vortices. The density of topological defects, namely
the ratio of the non-sixfold coordinated to the total num-
ber of vortices, is of 46 % in the deck and 34 % in the
base regions of the sample. Most of topological defects
form grain boundaries and a few isolated edge disloca-
tions. Then, the focusing effect produced in the deck of
the bridge entails a moderate enhancement of topological
defects in the deck, probably produced by the combined
effect of the density change with a structure aligned along
the bottom part of the deck.

It is important to point out that the vortex structure
nucleated at 12 Oe in bulk BizSroCaCupOgy, samples is
also polycrystalline since vortex interaction is weak at
such low fields.?4?5 Nevertheless, for a vortex structure
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Figure 3. Main panel: Angularly-averaged structure factor
of the vortex structure nucleated in the base (red points)
and deck (green points) regions of the micron-sized square
sample of BisSroCaCuzOsyy presenting a bridge structure.
These data are obtained from angularly-averaging the two-
dimensional structure factor S(q) at a given ¢ £ dq circular
region. Insert: Example of the S(q) for vortices nucleated in
the base region of the sample.
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with larger interaction energy (applied fields of ~ 40 Oe),
previous works in bulk BiySroCaCuyOgy, samples show
that steps in the surface act as grain-boundary nucle-
ation centers,?” in contrast to data in NbSey.?8 This dif-
ference in vortex structure behavior in both materials
has been ascribed to the larger line energy (larger ) of
BiySroCaCusOsyy than of NbSey.?

Aside from the converging lens effect of the bridge
structure and the difference in topological defects, the po-
sitional order of vortex matter nucleated in the deck and
the base with different thicknesses are alike. We char-
acterize the positional order computing the angularly-
averaged structure factor (S(gq)) of vortex matter in
both regions. This magnitude results from angularly-
averaging the two-dimensional structure factor S(q) at
a given ¢ + dq circular region. The latter is obtained
by computing S(q) =| p(¢z,ay) |2—o, With p(¢z.qy) the
Fourier transform of the discrete vortex density detected
at the sample surface. An example of S(q) is shown in the
insert to Fig. 3. The angularly-averaged structure factor
for the deck and base regions are alike: Both present a
peak at the average first-neighbor distance a (traduced in
reciprocal space as q/qo = 1 with ¢ = 27 /r and g9 = 27/a
the Bragg wave-vector), and decay algebraically at low ¢-
values. These findings are presented in the main panel of
Fig. 3 showing the (S(gq)) for both regions of the sample.

IV. DISCUSSION

The focusing effect occurs probably at the beginning of
the field cooling process. Even though the decoration of
vortex positions is performed at 4.2 K, in a field-cooling
process this technique actually captures a snapshot of the
vortex structure frozen at a temperature Tiee, close to
the irreversibility line.2® At the irreversibility tempera-
ture Ti,;, weak bulk pinning sets in and then the vortex
structure is frozen at lengthscales of the lattice spacing a.
On further cooling, vortices are able to explore the sam-
ple only within distances smaller than the range of the
pinning potential, £ < A, with A the penetration depth
and also the spatial resolution of the magnetic decoration
technique. On nucleating vortices at high temperatures,
in the liquid vortex phase bulk pinning is not relevant
and the nucleation of a denser structure in the deck can
be understood just by considering vortex-vortex interac-
tion energy arguments exclusively. Since the interaction
energy between vortices is equal to the interaction energy
per unit length, Ej,, times the thickness of the region of
the sample, a denser structure with larger Ej,; can be
stabilized in a significantly thinner region of the sample.

The possibility of this focusing effect being marginally
produced by a stronger screening in the thicker abut-
ments has to be considered. A sample-thickness variation
induced screening effect was long ago observed in field-
ramping experiments in superconducting weak links of
Al thin films.?? Indeed, the flux penetration can be inho-
mogeneous in thin mesoscopic samples of thickness ¢ and

4

width 2w comparable to A since the London limit with
A — 0 is no longer applicable for these geometries.?! In
these type of samples, within the London model but tak-
ing A > 0, the relevant length-scale for magnetic field
penetration is the Pearl length A = \?/t. For some
particular sample geometries and A/w ratios, numeri-
cal solutions to the thickness-dependent current distri-
bution in thin mesoscopic samples have been theoreti-
cally obtained.3?73 These works consider the case of flux
penetration in the Meissner state33%, or for low fields
close to the Meissner-mixed state transition?, and all
of them study flux penetration in the non-static case of
ramping field.3273° In contrast, the experimental situa-
tion reported here correspond to vortices nucleated at
fields way larger than the effective H.; at high tempera-
tures, then cooling without changing the vortex density.
For the presently studied field-cooling experimental sit-
uation, the effect of a thickness-variation-induced inho-
mogeneous flux penetration due to an enhancement of
screening currents in the thicker region of the sample is
expected to be significantly reduced. Detailed theoreti-
cal work in the mixed state in field-cooling conditions is
mandatory to asses if the mentioned effect is suppressed
completely, but since that is beyond the aim of our paper
we will consider as expected that it is a marginal effect.

The focusing effect entails a local decrease of inter-
vortex distance and then an enhancement of vortex-
vortex interaction energy per unit length, Fi,;. For every
single i-th vortex, in the case of a large k = A/£ super-
conductor such as BiySryCaCuyOgyy, and for low vortex
densities as in our case, this magnitude can be computed
as

. roi
Eiznt(Tfreez> = 2¢p ZKO(M>
J

A (Tfreez)

In this expression ¢y = ®q/(47A(Thoez))? is the vortex
line tension, ®; = 2.07 - 1077 G-cm? the magnetic flux
quantum, Ky(z) is the lowest-order modified Bessel func-
tion, and | r;; | the separation between vortex ¢ and
its neighbors j. The sum in this expression runs over
all the N — 1 remaining vortices of the structure. In
macroscopic samples this sum becomes numerically ex-
pensive to compute and since Ky(x) strongly decays with
x, typically a proper cut-off is considered in the calcula-
tion. In the case of our structure of ~ 700 vortices, we
considered all the digitalized vortices shown in Fig.2 to
calculate EY .. For this calculation we have considered
AMTtreez) = 0.6 um. This value is obtained from taking
into account the A(T'/T;) evolution reported in Ref. 29 for
bulk pristine BisSroCaCusOgy, samples, and from con-
sidering that Tee, ~ Tir = 89K for a vortex structure
nucleated with an applied field of 12 Oe.?!

Figure4 (a) shows the interaction energy per unit
length of every vortex sorted as a function of the dis-
tance r between the vortex and the bottom part of the
deck (r = 0). The insert to this figure shows a schematic
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Figure 4. Vortex-vortex interaction energy of the structure nucleated in the micron-sized square thin BizSroCaCu2Osg4, sample
presenting a bridge structure. (a) Main panel: Interaction energy per unit length of individual vortices shown as a function of
the distance r between each vortex and the edge of the deck (see insert). Data result from computing the interaction of every
vortex with the rest of vortices nucleated in the sample (see text for further details). Data in different colors correspond to
different regions of the sample as indicated with the legends. Lines are the average value of the interaction energy for the base
(red) and the maximum for the deck (green) regions. (b) Probability density function of the vortex-vortex interaction energy
per unit length in the deck (green points) and base (red points) regions.

representation on how this distance is computed. As indi-
cated with the legends, red data points correspond to vor-
tices in the base region, green ones to vortices in the deck
and black ones to the abutments 1 and 2. Another token
of the focusing effect in the deck of the bridge is that E}.
is significantly larger for vortices there than in the base
and abutments regions. Indeed, the average value of this
magnitude is 12.2 in the deck against 6.4 x 10~ % erg/cm in
the base (see red line). A similar Ej,; mean value of 6.4,
and a slightly smaller of ~ 5 x10-% erg/cm, are found in
the abutments 1 and 2 regions, respectively. This implies
that the thicknesses of the abutments are quite close to
that of the base region. The panel (b) of Fig. 4 shows the
probability density function (PDF) of the distribution of
E¢ . for individual vortices in the deck and base regions
(green and red points respectively). As already visible in
panel (a), the distribution of this magnitude has not only
a larger mean value but also a larger standard deviation
in the deck (24 %) than in the base (18 %).

Since at the freezing temperature of the vortex struc-
ture the volume interaction energy has to be roughly the
same in the whole sample, the difference in the interac-
tion energy per unit length in the deck and base regions
can be taken into account to estimate the thickness of
the deck ¢;,. Then, the maximum energy observed in the
deck times its thickness can not be larger than the volume
energy in the base, namely

Max[Ei(flt] S <Eibnt> -1

where we have estimated the volume energy in the base
from the average value of the interaction energy per unit

length, (E?,). Taking into account the maximum and
average values shown with green and red lines in Fig. 4,
we get t, S 0.3t ~ 0.6 um considering the nominal thick-
ness of the sample. It is important to realize that this
numerical value for the upper bound of ¢}, is in addition
overestimated: Due to the lack in contrast in the SEM
picture we were not able to digitalize all vortices in the
brighter region on top of the deck, and then the Ef  for
vortices in the deck is underestimated since the contri-
bution of half of its neighbors is missing. Nevertheless,
since Ko(x) rapidly decays at even two lattice spacings,
the contribution from the non-detected vortices would
imply only a ~ 10 — 30 % enhancement of interaction en-
ergy for vortices in the deck. We estimated this percent-
age by simulating different configurations of artificially-
added vortices in the brighter region with a density equal
to that of the base region. We would like to point out
that similar energetic arguments have been considered
by other authors in the case of blind microholes3® and
pillar-like antipinning centers3” in Nb samples, but in or-
der to explain the observed vortex arrangements, not to
quantify the sample thickness variation as we do here.

Finally, we would like to mention that this estima-
tion neglects any possible effect of vortices bending along
the sample, namely they are considered as straight lines.
This seems to be a reasonable assumption since small-
angle neutron scattering data in bulk BixSroCaCuzOgyy
samples indicate that at low fields the correlation length
longitudinal to the direction of vortices is ~ 7a ~ 7 ym.?*
In addition, this calculation does also not consider any
difference in the vortex pinning energy that might have
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the deck and base regions.

V. CONCLUSION

In conclusion, we have found that micron-sized sam-

ples of type-II superconductors presenting a bridge-like
structure might be effective converging lens devices fo-
cusing vortex density in the deck of the sample. Here we
reveal this effect in the case of a ~ 700-vortices struc-
ture with a 11 G density nucleated in a mesoscopic thin
BisSroCaCuyOg4y sample with 40 pm side, 2 um nomi-
nal thickness, and presenting a bridge with a < 0.6 um-
thick deck. We find that in this material with large
line energy this converging effect is due to the thick-
ness reduction at the deck allowing a larger interaction
energy per unit length while conserving the volume in-
teraction energy. We also find that both, in the base
and deck regions of the sample, the structural proper-
ties of vortex matter present similar orientational (poly-

crystalline) and positional order.

By means of ener-

getic arguments we provide an (over)estimation of the
upper bound of the thickness of the deck of the bridge
of ~ 0.6 pm. This thickness is also an upper bound for

the structure of mesoscopic vortex structures still behav-
ing as three-dimensional and not being dramatically af-
fected by sample-thickness variations. This is an impor-
tant finding in the vortex physics of micron-sized type-II
superconducting devices intended for technological appli-
cations: Different ranges of sample thickness and lateral
size, applied field, material anisotropy, and temperature,
can produce extremely-anisotropic vortices to behave as
three or two dimensional entities, the latter being more
easy to manipulate.
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