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Multivortex and giant vortex states near the expulsion and penetration fields in thin mesoscopic
superconducting squares
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The temperature dependence of the vortex penetration and expulsion magnetic fields are investigated, both
theoretically and experimentally, for mesoscopic superconducting squares. The small-tunnel-junction method is
used to determine the transition fields between the different vortex states. We found that the penetration fields
decrease with increasing temperature, while the expulsion fields for a particular vorticity may increase, de-
crease or be independent of temperature. Using the Ginzburg-Landau theory we link the different temperature
dependencies to the configuration of the vortex state, i.e. giant vortex state versus multivortex state. The vortex
state consisting of four vortices has a larger stability region which is most pronounced in a certain high-

temperature range.
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I. INTRODUCTION

When the sizes of superconducting samples become of the
order of the coherence length ¢ or the penetration depth A,
the sample boundary drastically influences the vortex struc-
ture, which may strongly deviate from the triangular Abriko-
sov vortex lattice. For such mesoscopic superconductors, it is
known that the vortex arrangement is determined by a com-
petition between the vortex-vortex interaction and the bound-
ary that tries to impose its symmetry on the vortex configu-
ration (see, e.g., Refs. 1 and 2).

During the last decade, the study of mesoscopic supercon-
ductors has attracted a lot of attention. Circular mesoscopic
disks have been the most popular in this respect, both
theoretically'~® and experimentally.”~'* Two types of vortex
states were found in such mesoscopic superconducting disks:
(i) giant vortex states (GVSs), where the order parameter has
a single zero and (ii) multivortex states (MVSs) consisting of
several singly quantized vortices (mostly situated on shells).
Experimentally, one measured the resistivity’® and the
magnetization®!? of the superconducting disk for the differ-
ent vortex states. Since these quantities do not provide direct
information on the vortex configuration, there was no direct
proof for the existence of the different types of vortex states
in mesoscopic superconductors.

Recently, we achieved an important breakthrough in the
experimental study of vortices in mesoscopic superconduct-
ing disks by wusing the multiple-small-tunnel-junction
(MSTJ) method,!" in which several small superconductor-
insulator-normal metal (SIN) junctions are attached to a me-
soscopic superconductor to detect small changes in the local
density of states caused by supercurrents. By taking into ac-
count the axial symmetry of the disk, we were able to dis-
tinguish directly between MVSs and GVSs in a thin mesos-
copic superconducting disk.'> Moreover, the experimental
results were in very good agreement with the theoretical pre-
dictions from the nonlinear Ginzurg-Landau theory.
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Subsequently, we found a less direct method to get infor-
mation about GVSs and MVSs in mesoscopic superconduct-
ing disks.'> We showed that by studying the temperature de-
pendence of the expulsion fields, one can distinguish
between MVSs and GVSs. When the superconductor is in
the MVS just before one vortex is expelled, we found that
the expulsion field is almost independent of temperature. In
fact, it decreases slightly. When, on the other hand, the last
vortex state is a GVS, the expulsion field increases with in-
creasing temperature.

Recently, nonaxially symmetric samples such as squares
and triangles were investigated. Theoretical studies'*!?
showed that different types of vortex states can appear in
such samples: giant vortex states, multivortex states, combi-
nations of giant and multivortex states, and even states where
vortices and antivortices coexist.'* In addition, it became
clear that the stability of the different vortex states strongly
depends on the sample shape. Experimentally, both resistiv-
ity measurements’?° and Hall magnetometry?! have been
performed on mesoscopic superconducting squares and tri-
angles. H-T phase diagrams were constructed and the stabil-
ity of the different vortex states were studied.

Very recently, Grigorieva et al.?? succeeded in the direct
observation of vortex shells in mesoscopic superconducting
Nb disks using the Bitter decoration technique. At fixed tem-
perature, they studied well-defined shell structures contain-
ing up to 40 vortices and identified rules of shell filling and
magic numbers, in agreement with Ref. 6. Also squares and
triangles were studied but no evidence for giant vortex states
was found.

In the present paper, we theoretically and experimentally
investigate the different types of vortex states in nonaxially
symmetric samples, placing an emphasis on whether (above-
mentioned) two methods, i.e., the MSTJ method and the tem-
perature dependence of the vortex expulsion fields, are still
able to distinguish between MVSs and GVSs for such non-
axially symmetric samples. Here we limit ourselves to super-
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FIG. 1. Schematic view (a) and scanning electron micrograph
(b) of a square sample with side W=0.87 um, fabricated using
e-beam lithography followed by double-angle evaporation of Al and
Cu. Two small tunnel junctions (shaded regions) are placed on ad-
jacent corners of the Al square which is directly connected to a
drain lead. After the Al film was deposited, the surface of the Al
film was slightly oxidized to provide the tunnel barrier. A part of the
Al square is covered with a Cu film (bright regions). We expect that
the Cu film will not have any serious influence on the superconduc-
tivity of the Al square because of the insulating AlO, layer between
them.

conducting squares. We also discuss the dependence of the
MVSs and GVSs on sample size. Experimental results are
compared with the theoretical prediction within the frame-
work of the nonlinear Ginzburg-Landau theory.

The paper is organized as follows. In Sec. I we describe
the experimental setup. In Sec. III we present the theoretical
formalism to obtain the vortex states in thin mesoscopic su-
perconductors. Next, we discuss the validity of the MSTJ
method to distinguish directly between MVSs and GVSs
when the superconducting sample is not axially symmetric
(Sec. IV). In Sec. V we experimentally and theoretically
study the temperature dependence of the transition fields. We
also discuss the influence of the sample size. Next, in Sec.
VI, we discuss the temperature dependence of the stability of
the different vortex states, by considering the magnetic field
region over which the vortex states are (meta)stable. Finally,
in Sec. VII we summarize our results.

II. EXPERIMENTAL SETUP

We fabricated mesoscopic superconducting squares with
small SIN junctions for detection of a change in the local
supercurrent density and measured the vortex penetration
and expulsion fields as a function of temperature. Figure 1
shows a schematic drawing and a scanning electron micro-
graph of a sample with side W=0.87 um. Two normal-metal
(Cu) leads are connected to adjacent corners of a supercon-
ducting Al square through highly resistive small SIN tunnel
junctions with nominal resistance around 0.5 M(). Squares
with five different sides W=0.40, 0.50, 0.71, 0.87, and
1.0 um were fabricated. The coherence length &(7T=0)
=0.15-0.19 um was determined from the resistivity of the
Al films deposited in the same way. These side dimensions
correspond to (2.1-2.7)¢, (2.6-3.3)¢&, (3.7-4.7)¢, (4.6-5.8)¢&,
and (5.3-6.7)¢, respectively. The thickness of the Al squares
and Cu leads are 33 and 65 nm, respectively. The Al square
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is directly connected to a drain lead. The samples were fab-
ricated using e-beam lithography followed by double-angle
evaporation of Al and Cu in a chamber with a base pressure
of 2 X 108 Pa. The superconducting transition temperature is
1.3-1.4 K.

The samples were cooled in a dilution fridge that was
equipped with lowpass noise filters for measurement lines in
the lowest temperature part. In the measurement, we fixed
the current flowing through one of the junctions to 100 pA,
and measured the voltage between the Cu lead and the drain
as a function of applied perpendicular magnetic field. The
sweep rate was 5 mT/min.

III. THEORETICAL FORMALISM

Theoretically, we follow the approach of Refs. 1 and 2
and solve numerically the two nonlinear Ginzburg-Landau
equations self-consistently. Since d<<&,\, it is allowed to
average the GL equations over the sample thickness. Using

dimensionless variables and the London gauge div A=0 for

the vector potential A, we write the system of GL equations
in the following form:

(= iVap = AW =W (1 - [W]), (1)
- Aph =500, @)

where
o= %(‘P*%D\I’ ~ WV, - WA, (3)

is the density of superconducting current. The superconduct-
ing wave function satisfies the boundary conditions (-iV,p

—X)\If|n=0 normal to the sample surface and A:%H0p5¢ far
away from the superconductor. Here the distance is measured
in units of the coherence length &, the vector potential in
ch/2e&, and the magnetic field in HCZZCﬁ/2€§2=K\/EHC.
The superconductor is placed in the (x,y) plane, the external
magnetic field is directed along the z axis, and the indices
2D, 3D refer to two- and three-dimensional operators, re-
spectively.

By sweeping up and down the magnetic field we can find
the different (meta)stable vortex states and their stability
range. By comparing the dimensionless Gibbs free energies
of the different vortex configurations

F=V"! f [2(A = Ag) - jop — [¥|*1dF, (4)
|4

where integration is performed over the sample volume V

and A, is the vector potential of the uniform applied mag-
netic field we find the ground state.

The temperature is indirectly included in &, N\, H,,, whose
temperature dependence is given by

£(0)

&T) = WF—/T/TCO’ (5)
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where T is the critical temperature at zero magnetic field.
Notice further that the Ginzburg-Landau parameter k=\/¢§ is
independent of the temperature.

IV. MSTJ METHOD

In the case of a mesoscopic superconducting disk we
could experimentally distinguish between MVSs and GVSs
using the MSTJ method.'? For a disk, the GVS has the same
Cooper-pair density and the same superconducting current
density everywhere along the boundary, while this is not so
for the pinned MVS. So, if one places detectors (small tunnel
junctions) at the boundary, one can distinguish these vortex
states by comparing the voltage over those junctions; if the
voltages take the same value, the vortex state is a GVS, and
otherwise, a MVS.

For squares the situation is more complicated. Now, even
for a GVS the current at the boundary depends on the exact
position; the Cooper-pair density and the supercurrent distri-
bution of a GVS do not have axial symmetry, but only te-
tragonal symmetry. Therefore, it is important to attach the
tunnel junctions to symmetrical positions at the sample
boundary, as shown in Fig. 1, where two tunnel junctions are
placed on adjacent corners. But, even with symmetrical junc-
tions, it is in most cases not possible to distinguish between
MVSs and GVSs. The reason is that most multivortex con-
figurations have tetragonal or mirror symmetry. This can be
seen from Fig. 2 where we show some examples of multi-
vortex and giant vortex states in a mesoscopic square, as
calculated within the framework of the nonlinear Ginzburg-
Landau theory. Figures 2(a)-2(f) show the Cooper-pair den-
sity of the multivortex states with vorticity L=3, 4, 5, 6, 8§,
and 10 for a square with width W=10¢ and thickness d
=0.1¢ at T=0.4 K. Notice that ¢ is the coherence length at
T=0 K. For multivortex states as shown in Figs. 2(b)-2(e),
junctions connected to the symmetrical positions as shown in
Fig. 1 will not lead to different voltages and one could
wrongly think that the states are giant vortex states in the
MSTJ measurement. This problem always occurs for
samples without axial symmetry.

V. TEMPERATURE DEPENDENCE OF VORTEX
TRANSITION FIELDS

In Ref. 13 we showed how the temperature dependence of
the expulsion field gives us information on the type of vortex
state which is nucleated in the superconducting disk. When
the vortex state is a MVS just before one vortex is expelled,
then the expulsion fields are almost independent (in fact,
they decrease very slightly) of temperature. When, on the
other hand, the last vortex state is a GVS, then the expulsion
fields increase with increasing temperature. Thus, the tem-
perature dependence of the transition fields can indirectly
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FIG. 2. (Color online) The Cooper-pair density for (a) the L
=3 state at H=0.305H,(T=0), (b) the L=4 state at H
=0.385H.,(T=0), (c) the L=5 state at H=0.465H,(T=0), (d) the
L=6 state at H=0.525H.(T=0), (e) the L=8 state at H
=0.690H,(T=0), and (f) the L=10 state at H=0.865H ,(T=0), in a
square with width W=10¢ and thickness d=0.1&. The temperature
is T=0.4 K. Each figure shows the vortex configuration just before
vortex expulsion. High (low) Cooper-pair density is indicated by
red (blue) regions. (a)—(d) show the multivortex states, (¢) a com-
bination of a multivortex state and a giant vortex state, and (f) the
giant vortex state.

distinguish between MVSs and GVSs. Since the transition
fields can be easily obtained through resistivity, tunnel, or
magnetization measurements, this method might become a
powerful tool to determine the type of vortex states.

A. Experimental results

Experimentally, we measure the junction voltage under a
bias current of 100 pA as a function of applied magnetic
field for squares with different sizes and at different tempera-
tures. Figure 3 shows, as an example, the measured voltage
for a square with sides W=0.87 um for increasing [Fig. 3(a)]
and decreasing applied field [Fig. 3(b)] at different values of
the temperature. The highest curve corresponds to the lowest
temperature and the voltage decreases when the temperature
increases. The voltage variation as a function of magnetic
field results from two origins: (1) smearing of the supercon-
ducting energy gap due to pair breaking by the magnetic field
and (2) a decrease of the energy gap because of the super-
current, i.e., the Meissner effect. In particular, the jumps in-
dicate the fields where one vortex enters or leaves the
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FIG. 3. The measured voltage as a function of (a) increasing
magnetic field and (b) decreasing magnetic field for a square with
sides W=0.87 um at different temperatures, i.e., T=0.15 (highest
curve), 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 0.65, 0.75,
0.85, 0.95, and 1.05 K (lowest curve). The square symbols in (a)
indicate the L=1—2 and the L=4—5 transition fields, and in (b)
the L=3—2 and the L=6— 15 transition fields.

sample, i.e., the penetration or expulsion fields. From Fig.
3(a) it can be seen that the L— L+1 penetration fields de-
crease with increasing temperature. To illustrate this more
clearly we mark the peaks corresponding to the L=1—2 and
the L=4—5 transition fields by black symbols in the figure.
With decreasing field, we find again two regimes, as we
found in the case of a disk (see Ref. 13). At low fields the
expulsion fields slightly decrease with temperature. See, for
example, the black symbols that indicate the L=3 — 2 expul-
sion fields. At higher fields, on the other hand, the expulsion
fields increase with temperature. This can be seen clearly
from the black symbols indicating the L=6—5 transition.

We repeated this measurement for several square samples
with different sizes, i.e., W=0.40, 0.50, 0.71, 0.87, 1.0 um,
and we plot the resulting transition fields as a function of
temperature in Fig. 4. In Figs. 4(a)-4(e) we increase the
applied magnetic field and the penetration fields are given,
while in Figs. 4(f)-4(j) we decrease the applied magnetic
field and the expulsion fields are shown.?*

For all sample sizes, we find that the penetration fields
decrease almost uniformly with increasing temperature [Figs.
4(a)-4(e)]. This result is analogous to the results that we
found in the case of a disk.'> With increasing sample size,
more vortex states become stable and for fixed L the L—L
+1 penetration moves to lower fields.

With decreasing field, we find that for W=0.40 um the
expulsion fields always increase with increasing temperature
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[see Fig. 4(f)]. If our method for distinction between MVS
and GVS is still valid for nonaxially symmetric samples, this
would mean that we only find GVSs in small samples. For
larger squares, we find again two regimes just as we found
for a disk. At high fields the L—L—-1 expulsion fields in-
crease with temperature, but at low fields they are constant or
even decrease slightly over a certain temperature region be-
fore they start to increase again. For W=0.50 pum, expulsion
fields are constant at low temperatures for L=2 [see Fig.
4(g)], for W=0.71 um for L=2,3,4 [see Fig. 4(h)], for W
=0.87 um for L=2-5 [see Fig. 4(i)], and for W=1.0 um for
L=2-6 [see Fig. 4(h)], corresponding to the MVSs before
the transition (if the method is still valid). Assuming that our
method is indeed still valid, the figure would indicate that the
MVS becomes more stable when the sample size increases.

Notice that in Figs. 4(g)-4(j) the L=4 curve is shifted
towards lower magnetic field, which leads to a smaller dis-
tance in magnetic field between L=3 and L=4 and a larger
distance between L=4 and L=5. This is a clear manifestation
of a commensurability effect,!” indicating that four vortices
can more easily be accommodated in a square sample than 3
or 5 vortices.

B. Theoretical results

Now, we theoretically check whether such an indirect dis-
tinction is valid for nonaxially symmetric superconductors.
We calculate the free energy as a function of applied mag-
netic field for different sizes of the square sample and for
different temperatures. As an example, we show in Fig. 5 the
free energy for the vortex states in a square with width W
=10¢ and thickness d=0.1¢ when sweeping up [Fig. 5(a)]
and when sweeping down [Fig. 5(b)] the applied magnetic
field for different values of the temperature, i.e., 7=0.1 K
(lowest curve) to 0.8 K (highest curve) with steps of 0.1 K.
Jumps in the free energy correspond to the penetration or the
expulsion of a vortex with vorticity change of +1. When
increasing the magnetic field, we find that the transition
fields always decrease with temperature, just as in the case of
a circular disk.'”> When decreasing the magnetic field, we
find again two regimes; the expulsion fields are almost tem-
perature independent at low fields, while at higher fields they
increase with temperature. To show this clearly we mark sev-
eral transitions by solid black square symbols in the figure.

We calculated the same for squares with sides W=5¢ and
8¢&. In Figs. 6(a)-6(c) we show the penetration fields and in
Figs. 6(d)-6(f) the expulsion fields as a function of tempera-
ture for squares with W=5¢ (a), (d), 8¢ (b), (e), and 10¢ (c),
(f). We find that for all samples the penetration fields de-
crease uniformly with increasing temperature, just as we
found experimentally. The behavior of the expulsion fields is
more interesting. With decreasing field, we find for the
smallest sample, i.e., the square with W=5¢ [see Fig. 6(d)],
that the L— L—1 expulsion fields increase with temperature
for all values of the vorticity L. For larger samples we find
again that the expulsion fields are almost temperature inde-
pendent at low fields and increase at higher fields. In the case
of the disk we know that the behavior depends on the fact
whether the last vortex state is a MVS or a GVS. To inves-
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tigate whether this is still valid for squares, we checked the
Cooper-pair density of the vortex states, just before the tran-
sition. Some examples are given in Fig. 2. When the last
state is a GVS, the transition field is given by an open sym-
bol in Fig. 6 and when it is a MVS by a closed symbol. For
W=5¢& we find only GVSs. Here, all vortices are compressed
in the sample center, because the sample is too small and the
influence of the boundary is too strong. Notice that we found
similar experimental results for even smaller samples. The
behavior of the expulsion fields as a function of temperature
is in good agreement with the prediction for a disk and with
the experimental results for squares with W=0.4 um [see
Fig.4(f))]. When we increase the sample size to W=8¢ and
10§, MVSs can stabilize in certain magnetic field regions, as
are indicated in Figs. 6(e) and 6(f) by the black symbols.
Notice that the number of vorticities that have MVSs in-
creases with the sample size; For W=8& MVSs appear in L
=2 to 6, while for W=10& in L=2 to 11 at T=0.1 K. This is
also in good qualitative agreement with the experimental re-
sults.

In Figs. 6(d)-6(f), we generally see that the expulsion
fields are almost temperature independent when the state is a
MYVS, and they increase when the state is a GVS, as in the
case of a disk. However, the situation is less clear than in the
case of a disk. Consider, for example, the L=8 — 7 transition
field for W=10¢ as a function of temperature. At low tem-

peratures, the expulsion field is temperature independent. At
T=0.4 K the expulsion field begins to increase, although the
state is still a MVS. Then, for 7=0.5 K the state is a GVS
and the expulsion field increases as expected. Below we
study the L=38 state at 7=0.4 K in more detail. Although the
vortex state just before the vortex expulsion is a MVS ac-
cording to our criterion,”® the Cooper-pair density ap-
proaches the GVS configuration (see below). The reason is
that the maximum Cooper-pair density between two sepa-
rated vortices is only of the order of 107> (normalized by the
value at B=0). Thus, the Cooper-pair density and also the
supercurrent distribution near the boundary are very close to
those for a GVS [see, e.g., Figs. 2(e) and 2(f)]. In spite of
these kinds of uncertainties for some vorticities, we believe
that in general one can still distinguish MVSs and GVSs by
studying the temperature dependence of the expulsion fields,
even though the sample is not axially symmetric anymore.
At the transition fields the vortex state is either a MVS or
a GVS. We do not find a combination of the two vortex states
near the expulsion or penetration fields for the considered
situations. However, from, e.g., Fig. 2(e) and Ref. 17 we
know that such a combination can stabilize away from the
transition fields. This is illustrated in Fig. 7 for the L=8 state
in a square with W=10¢ at T=0.4K, where we show the free
energy of all the (meta)stable vortex states with L=8. The
insets show the Cooper-pair density at the fields indicated by
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FIG. 5. (Color online) The free energy as a function of applied
magnetic field for the vortex states in a square with W=10¢, d
=0.1¢ for different values of the temperature for (a) increasing mag-
netic field and (b) decreasing magnetic field. The temperatures are
T=0.1 (lowest curve), 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 K (high-
est curve). The square symbols in (a) indicate the L=1—2 and the
L=4—15 transition fields, and in (b) the L=2—1 and the L=8
— 7 transition fields.

the arrows. At low fields [Hy<0.665H.,(T=0)] we find
eight separated vortices, i.e., four vortices towards the cor-
ners and four vortices towards the middle of the sides [see
inset (a)]. However, with increasing field the four vortices
which are situated near the middle of the sides move towards
the center of the square and at Hy=0.665H.,(T=0) they
merge and form a giant vortex with L=4 in the center, which
coexist with four single vortices localized near the corners
[see inset (b)]. The vortex state is now a combination of a
GVS and a MVS. With increasing field the four single vor-
tices move towards the central vortex and at H,
=0.745H,(T=0) the four single vortices merge with the gi-
ant vortex and a nonaxial symmetric GVS with L=8 stabi-
lizes [see inset (c)].

When comparing the theoretical and experimental results
(Figs. 6 and 4) in more detail, one notices that the experi-
mental samples favor MVSs strongly in comparison with the
theoretical ones; for example, experimental squares with
sides W=0.71 um [corresponding to (2.6—3.3)¢], and
0.87 um [(3.7-4.7)¢] have MVSs for certain vorticity
ranges, while theoretically a bigger sample with W=5¢ does
not have a MVS region. One possible reason for this discrep-
ancy is the thickness of the sample. The thickness of the
experimental sample d=33 nm is larger than the thickness
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FIG. 6. (Color online) (a)-(c) The calculated L— L+ 1 penetra-
tion and (d)—(f) L— L—-1 expulsion fields as a function of tempera-
ture for square samples with different width W, i.e., W=5¢ (a), (d),
8¢ (b), (e), and 10¢ (c), (f). The sample thickness is always d
=0.1¢ and «=0.28. The indices indicate the vorticity L. Closed
(blue) symbols correspond to a MVS and open (red) symbols to a
GVS just before the transition. The dashed lines correspond to the
values of the expulsion field at the lowest temperature and are
guides to the eye. The critical temperate is taken to be 7,,=1.3 K.

used in the theoretical simulation (0.1€). But we do not think
this is the major reason. Our previous study reveals that the
effective thickness in experimental samples becomes smaller
than the actual thickness, presumably due to surface rough-
ness and the oxide layer, and the effective thickness for a
33 nm Al film is close to 0.1&.!2 Also it is known that the
phase boundary of the vortex states is less sensitive to the
thickness of the samples.” Another uncertainty is the expres-
sion for the temperature dependence of N and & Equations
(5)—(7) are only valid near T,. At low temperatures one
should use the expressions as obtained within a two-fluid
approximation,?>?® where the penetration depth varies as

1

(8)

and the coherence length as
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FIG. 7. (Color online) The free energy as a function of the
applied magnetic field for all (meta)stable vortex states with L=8 in
a square with W=10¢ at 7=0.4 K, i.e., a MVS with eight single
vortices (dashed curve), a combination of a L=4 GVS in the center
with four separated vortices towards the corners (solid curve), and
the L=8 GVS (dash-dotted curve). The open symbols indicate the
transitions between the different configurations. The insets (a)—(c)
show the Cooper-pair density of a MVS at Hy/H.,(T=0)=0.63, a
combination of a MVS and a GVS at Hy/H.,,(T=0)=0.69 and a
GVS at Hy/H.,(T=0)=0.78. These fields are indicated by the ar-
rows in the main figure. High (low) Cooper-pair density is given by
red (blue) regions. White regions indicate the vortex cores with
[W[><0.01 (Ref. 23).

_ o LT
€D =80 = qr o ’

Notice that this leads to a temperature dependent k=\/§. At
present there does not exist a reliable formula which interpo-
lates the expressions for &(7) and N(T) from the T— 0 region
to the 7— T region. Although different expressions for the 7
dependence of &T) and N(T) do not change the qualitative
behavior of the theoretical results, they will result in quanti-
tative difference in, e.g., the value of the expulsion and pen-
etration fields. Another more perturbing effect will be the
presence of possible defects inside the sample. Defects tend
to localize vortices at the defect positions, so that multiple
defects may make the MVSs more stable. Actually, defects
can sometimes play a critical role when determining experi-
mentally the type of the vortex state.'>?” A systematic study
on the effect of defects is needed, but is beyond the scope of
the present work. A simple criterion for the behavior of the
penetration and expulsion fields is discussed in the Appen-
dix.

VI. STABILITY OF THE DIFFERENT VORTEX STATES

Next, we investigate the stability of the different vortex
states in a superconducting square for different values of the
temperature by studying the magnetic field region over
which the different vortex states are (meta)stable. In Ref. 17
we studied this stability region at 7=0 for a disk, a square
and a triangle with the same surface area S=167&*(0). We

PHYSICAL REVIEW B 73, 024514 (2006)
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FIG. 8. (Color online) The theoretical magnetic field range over
which the vortex states with vorticity L are stable as a function of
the vorticity L for different temperature values.

found that for the disk this stability region uniformly de-
creases with increasing vorticity, while for the square we
found a peak at L=4, indicating that this state has enhanced
stability. For the triangle a peak occurs for L=3.

Experimentally, Morelle et al.?' performed Hall magne-
tometry measurements on a Al square and triangle and dis-
cussed the stability of the different vortex patterns at two
temperatures close to 7,.. But no systematic study of the tem-
perature dependence of the vortex state stability was pre-
sented. In Ref. 21 peaks were found at L=4 in a square and
one at L=3 in a triangle.

Now, we will study the temperature dependence of this
enhanced stability at L=4 in a square sample with W=10¢ in
more detail. Figure 8 shows the theoretically obtained mag-
netic field region over which the different vortex states are
(meta)stable as a function of the vorticity L for different
temperature values. Since the sample is larger than the one
considered in Ref. 17 we find at low temperatures not only a
peak at L=4, but also at L=8. With increasing temperature,
the effective size of the sample, i.e. W/&T), becomes
smaller, less vortex states stabilize and the peak at L=8 dis-
appears, leading us to the situation of Ref. 17.

To study how much the stability is enhanced at L=4 as
compared to L=3 and L=5 we linearly interpolate between
the values at L=3 and L=5, and then we subtract the inter-
polated value for L=4 from the value of the peak at L=4.
This result is shown in Fig. 9(a). We find that the temperature
dependence of the stability enhancement at L=4 is a nonuni-
form function of the temperature with a clear peak near 7
=0.6—-0.7 K. Next, we repeat this for the experimental data
for a square with W=1.0 wm and plot the result in Fig. 9(b).
Also experimentally we found such a clear peak structure at
T=0.5-0.6 K, which is slightly shifted to lower temperature
as compared to the theoretical results. The enhancement is
probably due to the fact that the size of the sample decreases
compared to &T) [i.e., W/&T=0.6)=7.3 and W/&T=0.7)
=6.8] and this enhances the influence of the sample bound-
ary on the multivortex state. From Fig. 6(f) we know that at
T=0.6 K and 0.7 K,the state for L=3 and L=5 are still mul-
tivortex states. Since the sample boundary favors square
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FIG. 9. Stability enhancement at L=4 as a function of tempera-
ture, (a) as obtained from the theoretical data and compared with (b)
the experimental data for the sample parameters as indicated in the
figure.

symmetry, the smaller stability of the L=3 and L=5 com-
pared to the L=4 state becomes even more pronounced at
these temperatures. At 7=0.8 K, the L=5 state is a GVS
which fits better in the square sample. Therefore, the peak at
L=4 decreases a little bit (but it is still a peak). Regardless of
a different effective sample size, the possible presence of
defects, uncertainties about the sample thickness, the size of
the coherence length and the value of the critical tempera-
ture, we can conclude that there is qualitative agreement be-
tween theory and experiment. The small shift in temperature
can be explained by the fact that Egs. (5)—(7) are only valid
near the phase boundary (see above) and the experimental
uncertainty on the value of the critical temperature. Notice
that both experimentally (7~0.3 K) and theoretically (T
~0.4 K) an additional smaller peak structure is found at
lower temperatures.

VII. CONCLUSIONS

We investigated vortex states in mesoscopic supercon-
ducting squares, both experimentally by using the SIN tunnel
junctions and theoretically within the framework of the non-
linear Ginzburg-Landau theory. First we tried to distinguish
experimentally between multivortex and giant vortex states
using the MSTJ method, but we encountered major difficul-
ties concerning the importance of the location of the leads,
due to the non-axial symmetry of the square sample. Then,
we investigated the transition fields as a function of the tem-
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perature for square samples of different sizes. We found that
the temperature behavior is similar to the case of disks, but
the temperature dependence is less pronounced. With in-
creasing field, the penetration fields decrease as a function of
temperature, regardless of the type of vortex state. On the
other hand, with decreasing field we find two regimes de-
pending on the type of the vortex state. When the state is a
multivortex state the expulsion fields are almost temperature
independent. In the case of a giant vortex state they increase
with increasing temperature. Using the temperature depen-
dence of the vortex expulsion field, we experimentally veri-
fied that the multivortex states become more stable when the
sample size increases. Finally, we investigated the tempera-
ture dependence of the stability of the different vortex states.
The theoretical results are in qualitative agreement with the
experimental data, even for the temperature dependence of
the stability field of the L=4 vortex state.
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APPENDIX

In this Appendix we give a simple estimate of the tem-
perature dependence of the penetration and expulsion fields.
The transition from one vortex state to the next one occurs
when the supercurrent at a certain point near the edge of the
sample is sufficiently large. Is this case the barrier for vortex
entry or vortex exit can be overcome. For a giant vortex with
vorticity L in a small sample the criterion for vortex transi-
tion can be obtained if we consider the component of the
supercurrent parallel to the sample boundary, i.e.,
eHyR L

hic R

<2eA ) 1
Ve |= -
he - 3
where ¢ is the phase of the order parameter and R is the
characteristic distance from the sample center to the edge.
Notice that in this approach we assume a very thin sample
such that demagnetization effects can be neglected.

We can obtain the following estimate for the penetration
fields H,, and expulsion fields H,:

L, b Ly

T
+——\/l-—, (A2)
wER T,

(A1)

H, =
P wR?>  wéR  wR?
L L T
Lt b0 L o (T (s
wR” wER wR- wER T,

where ¢, is the flux quantum. This simple estimate explains
us why the penetration fields should decrease with increasing
temperature and the expulsion fields should increase with
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increasing temperature. This estimate is expected to hold
even when the giant vortex state splits into a vortex molecule
(multivortex state), provided that the size of the vortex mol-
ecule is much smaller than R.

Next, we check whether the results of Fig. 6 agree with
this simple criterion. We found that the penetration fields
decrease with increasing temperature, both for multivortex
and giant vortex states, as is predicted by the above criterion.
On the other hand, we found that the expulsion fields are
almost temperature independent when the state is a multivor-

PHYSICAL REVIEW B 73, 024514 (2006)

tex state, while they increase with increasing temperature in
the case of a giant vortex state. Therefore, the criterion is still
valid for giant vortex states, but not for multivortex states.
The reason is that near the expulsion field the single vortices
in a multivortex state are no more concentrated near the
sample center but are located more towards the edge of the
superconductor [see, e.g., Fig. 7(a)], and therefore the size of
the vortex molecule is no longer much smaller than R. Notice
that near the penetration fields, the single vortices of a mul-
tivortex state are close to the sample center.
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