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Stability and transition between vortex configurations in square mesoscopic samples with antidots
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Using the complete nonlinear Ginzburg-Landau theory, we investigated the superconducting state and phase
boundaries for mesoscopic square samples containing one to four submicron antidots in the presence of a
uniform perpendicular magnetic field. The properties of the different vortex states, possible degeneracies, and
the transitions between them are studied. Due to the interplay of the different types of symmetry, a qualitative
difference in the nucleation of the superconducting state in samples with different number or arrangement of
antidots is found. The superconducting/normal st&t& phase boundary of these structures reveals an oscil-
latory behavior caused by the formation of different stable vortex configurations in these small clusters of
pinning centergantidoty. We analyze the stability of these configurations and compare the superconducting
phase boundary with experimental results.
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[. INTRODUCTION phase boundary using the complete Ginzburg-Landau
formalism.

Recent progress in microfabrication and measurement For the superconducting structures, containing a large
technigues made it possible to study the properties of supenumber of submicron hole@ntidots, it is not a simple ex-
conducting samples with sizes comparable to the penetratioggrcise to take into account the vortex-vortex interaction due
depth\ and the coherence lengéh In this case the proper- to the very large number of interacting vortices. From this
ties of a superconductor are considerably influenced by coroint of view, a microdot with an antidot cluster X2, 3
finement effects. Therefore, for such mesoscopic sampleX 3. €tc) with a small number of interacting vortices is a
nucleation of the superconducting state depends strongly off"y Promising “intermediate” system between a single su-
the boundary conditions imposed by the sample shaee, percpndqctlng_loop with a finite strip widtand a supercon-
on the topology of the system. ducting film with a large regular array of antidots. The re-

Recent technical and theoretical advances have led to @/C€d number of interacting vortices simplifies the

revival of the interest in the magnetic properties of supercong.ak:u"""t'OnS and the re_sults may b_e extrapolated_ to the analy-
sis of the vortex state in substantially larger antidot arrays.

ducting networks and artificially structured superconducting In the last decade, several experimental stdéfiddwere

films. Many different topologies have been studied experi-_ . :
mentally and theoretically, which can be classified intopUb“Shed’ where the vortex state of superconducting (2

. . ) . X 2)-antidot clusters made of different kinds of supercon-
simple single loops; ® multiloop structureg; *®and large in- ) P

fini K618, dered ‘ ducting material were investigated. In Ref. 12 the authors
|n|te networks. ose struc_:turgs are considered, €.g., 01gy,jieq the transport properties of a superconducting Pb/Cu
single flux quantum logic applications in analogy with semi-

X microdot with a (2<2)-antidot cluster, measuring tt&N
conducting 2 quantum dot systentS.in a superconduct- phase boundary, the magnetoresistance, the critical currents,
ing (2x2)-antidot cluster, the vortices play the role of the ang the V(1) characteristics. They compared their experi-
electrons in the quantum dots and the antidots play the rolgental results with calculations in the London limit of the
of the quantum dots. The advantage of such a system is th&inzburg-LandauGL) theory and in the framework of the
the different vortex states can be studied on a macroscopige Gennes—Alexander model. It was shown that vortices can
level and they can even be visualiZ8d" Also, these super- be pinned by the antidots forming a cluster and that the
conducting structures have attracted attention as potentigiround-state configurations of the vortices are noticeably
new components for low-temperature electronics. modified by the current sent through the structure. The au-
The theories used to explain experimental results for thehors of Ref. 13 considered a<2 aluminum antidot cluster
H(T) boundary of these structures were mainly based on theand a microsquare containing two submicron holes. It was
linearized Ginzburg-Landau theory, using either the Londorfound that theS/N phase boundary.(H) of these structures

limit,22?® where the modulus of the order parameter is asshows quite different behavior in low and high magnetic
sumed to be spatially constant, or the de Gennes—Alexandéelds.
formalism/"?*allowing | ¥ (x)| to vary along(but not across In this work, we investigated systematically the supercon-

the strands. ducting state of mesoscopic square samples in the presence
Fomin et al® studied the superconducting state in a nar-of a uniform perpendicular magnetic field for six different

row mesoscopic square loop and analyzed phase boundariggpologies(Fig. 1). It is well known that different geometries

on the basis of a self-consistent solution of the Ginzburg-of mesoscopic superconductors will favor different arrange-

Landau equations. Baelus and Peétemsnsidered mesos- ments of vortices and will make certain vortex configurations

copic superconducting disk structures containing a circulamore stable than others. Here, we investigate how the vortex

antidot and investigated the vortex structures andHR&  configuration and the critical parameters are influenced by
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(a) (D) (©) IV. Transitions between these vortex states are presented in
|:| |:| Sec. V. In Sec. VI we show the dependence of the free en-

ergy and magnetization on the sample parameters, such as

I:I the Ginzburg-Landau parameter and the sample thickness. In

Sec. VII we present the superconducting/normal phase
boundary for the (X 2) antidot cluster. Thél-T diagram of

w
G @) W, | this structure is compared with experimental results. Our re-
t‘ [] m sults are summarized in Sec. VIII.

Wi

][] [ ] ﬁ Il. THEORETICAL FORMALISM

In the present paper, we consider thin flat superconducting
samples of different geometry which are immersed in an in-
sulating medium in the presence of a perpendicular uniform
magnetic fieldHy. To solve this problem we follow the nu-
merical approach of Schweigert and Peetér8For thin su-
perconducting samplesi€ £,\) it is allowed to average the
GL equations over the sample thickness for superconductors
of arbitrary geometry. Using dimensionless variables and the

the sample geometry. We studi¢see Fig. 1 a filled mi-  London gauge di&=0 for the vector potentiah, we write
crosquarga), a square with onéb), two (c,d), three(e) and  the system of GL equatiofis3tin the following form
four (f) identical antidots, where each antidot can in principle L
contain a different number of flux quanta. (—iVop— A2V =W (1-|¥|?), 1)

Our theoretical analysis is based on a full self-consistent
numerical solution of the coupled nonlinear GL equations. _d .
As an example we took the Ginzburg-Landau parameter —AgpA=—38(2)]2p, 2
=0.28, which is typical for Al thin diské® No a priori shape K
or arrangement of the vortex configuration is assumed. Th@nere
magnetic-field profile near and in the superconductor is ob-
tained self-consistently, and therefore the full demagnetiza- . 1 . . .
tion effect is included in our approach. We calculated quan- jzo=5(‘1’* Vop¥ = W V,pW*) — | W|%A, 3)
tities such as the free energy, the magnetization, the Cooper-
pair density, the total magnetic-field profile, and the currentys the density of the superconducting current. The indices 2D
density distribution. Due to the interplay of the different and 3D refer to two- and three-dimensional operators, re-
kinds of symmetry, there exists a qualitative difference in thespectively. The superconducting wave function satisfies the
nucleation of the superconducting state in samples with d'fboundary conditionsfiV}D—AT)\If|n=0 at the sample sur-

ferent number of hole&@ntidots. R - ~
e 3 face and the vector potential is given W=§H0pe¢ far

We calculated théi-T superconducting phase boundary, way from the superconductor. Here the distance is measured
which shows characteristic oscillations at specific values of Way. P ' S
In units of the coherence lengtfi the vector potential in

the magnetic flux coming from the limited number of pos- A o
sible vortex configurations. A comparison between the calcuS’/26¢, and the magnetic field ifl,=ch/2e£"= Ky2H..
The thin flat superconductor is placed in they) plane, and

lated H-T phase diagram and the experimental Hatn- h | ic field is di | ,
firms that these effects are due to fluxoid quantization and€ €xternal magnetic field is directed along #hexis.
To solve the system of Eqgs.(db), we generalized the

vortex pinning at the antidots. Fluxoid quantization around ) .
each antidot leads to characteristic minimalg{H), corre- approach of Ref. 28 for circular disks to flat superconductors
sponding to the transitions between different vortex stateé’,‘”th an grbltrary geometry. We apply a finite-difference rep-
known as Little-Parks oscillatiorf. resentation for the order parameter a_nd the vector potential
In small systems vortices may overlap so strongly that iton & unnform _é(,y) Cartesian space grid, with typically 128
X 128 grid points for the area of the superconductor, and use

is more favorable to form one big giant vortex. In order to he link variabl A . !
see clear multivortex configurations we chose sufficientlytn® link variable approachand an iteration procedure based

large values for the sizes of the samples. A square sampfy! the Gauss-Seidel technique to fiid The vector poten-
with sideW=7.0¢ is taken as a reference sampiiég. 1(a)]. tial is obta|nefi with the fast Fourier-transform technique
The dimensions of the holes for all structures were taken thwhere we set\,_gr_ y-r,;=Ho(X,—Y)/2 at the boundary
sameW,=2.0¢, and Wy=1.0¢ is the lateral distance be- of the square simulation region with width typically four
tween the antidots. The thickness of all samples is taken times the width of the superconductor.
=0.1¢. Contrary to circular configurations such as df§kfor

The paper is organized as follows. The theoretical formunonaxially symmetric systems there exist no axially symmet-
lation of the problem is presented in Sec. Il. Different vortexric giant vortex states and hence the superconducting state is
configurations and their stability are studied in Secs. Il andalways a mixture of different angular harmonics. The vortic-

FIG. 1. Model configurations: full microsquarthe reference
sample (a), superconducting squares with ofi®, two (c,d), three
(e), and (f) four antidots.W denotes the size of the side of the
samples\V, is the side of holes, an@/, is the distance between
antidots.« is the Ginzburg-Landau parameter, and the sample thick
ness equalg=0.1¢.
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ity L of a particular superconducting sample can be calculations are done for a fixed temperature. Notice that the
lated by considering the phase of the order parameter Ginzburg-Landau parameter=\/¢ is temperature indepen-
along a closed loop at the boundary of the sample, where théent.

total phase difference is alwayse=2xL. In nonaxially
symmetric systems three possible vortex states etiis@a
multivortex state that contains separate vorti¢gésa super-
conducting state that contains one giant vortex in the center,
and(iii) a state that is a mixture of botha giant vortex in the The free energy and magnetization of the mesoscopic su-
center which is surrounded by single vorticeShe giant perconducting samples give us plenty of information on the
vortex is not necessarily circular symmetric as in the case ophysical processes in the superconductor, and therefore we
a circular disk, but it may be deformed due to the specifiowill first compare the free energy and magnetization for our
shape of the sample boundary. different superconducting samples.

To find the different vortex configurations, which include  Figures 2a)—2(f) show the free energy for the reference
the metastable states, we search for the steady-state soluticgsmple(full square and for the square superconductor with
of Egs. 1a,b starting from different randomly generated ini- one, two, three, and four holes, respectively as a function of
tial conditions. Then we increase/decrease slowly the maghe applied magnetic field. The insets in all figures show an
netic field and recalculate each time the exact vortex strucenlargement of the free energy of the states with large vor-
ture. We do this for each vortex configuration in a magnetic+icity. Open circles indicate continuous transitions and open
field range where the number of vortices stays the same. Byquares indicate th&/N transition fields. In the reference
comparing the dimensionless Gibbs free energies of the difsample[Fig. 2(a)] vortex states up tb =11 can nucleate. At
ferent vortex configurations lower magnetic-fields states with vorticity=2, 3, 4, 5, and
6 are multivortex statesee Ref. 3R Further increase of the
magnetic field leads to the formation of the giant vortex state
in the center of the sample.

The insertion of one hole in the sample changes the free
where integration is performed over the sample volwhe energy of the sample considerabpBig. 2(b)]. In this case all
and ,&0 is the vector potential of the uniform magnetic field, ground-state transitions between different vortex states occur
we find the ground state, the metastable states, and ti§ lower magnetic fields. The =1 state is stable over a
magnetic-field range over which the different states argnuch larger magnetic-field range than the other states. No-
stable. The free energy will be expressed in units oftice also that the superconducting/normal transition field is
H2V/8w. The dimensionless magnetization, which is a directarger. This field isHq/H,=2.01 for the reference sample
measure of the expelled magnetic field from the sample, i@ndHo/H¢,=3.21 for the superconductor with a hole. The

Ill. FREE ENERGY, MAGNETIZATION AND STABILITY
OF THE DIFFERENT VORTEX STATES

F=v-1fv[2<ﬁ—/io>~fzd—|\If|“]dri (4)

defined as 60% increase of the critical magnetic field is completely due
to the narrow superconducting area in the upper right corner

(HY—H,q of the sample. It is well known that superconductivity is

P 5 enhancetf in such corners. In both cases, only transitions

between successivie states are preseffte., L=n—L=n
whereH, is the applied magnetic fieldH) is the magnetic +1 transition$. The maximum vorticity that can be accom-
field averaged over the superconducting area of the samplgjodated in the full square is=11, while for the sample
andH =rot A. We also calculated the magnetization averag-W'th a single hole, this is 19. The t_ransmons between_ yortex
ing the field over thaVx W area(superconductor and holes states aft_e_r the=10 state are continuous and the position of
The temperature is indirectly included in the calculation,th® transitions at which the vorticity changes by one unit

throughé, N, H,,, whose temperature dependence is giverf® indicated by the open dots. The c_ontinuous vortex tran-
by sitions are a consequence of the noncircular geometry of the

sample and are analogous to those found earlier in ringlike
structures with nonuniform width?

£(0)

E(T)= ——— | (6) Figure Zc) shows the free energy of the superconducting
VI1=TIT sample with two antidots, where the antidots are located
along the diagonal. In this case there exist vortex states with
\(0) vorticity up to L=18 with a S/N transition field of
NT)= —, (7) Ho/H = 3.22 which is almost identical to that of the single-
VI1T=T/Tl antidot sample. Contrary to the previous two cases, here we

found with increasing magnetic fieldll =2 transitions such
asL=2—L=4,L=6—L=8, L=12—-1L=14, L=14—-L
' ®) =16, andL=16—L=18. Notice that the last three transi-
tions are continuous and for these transitigkis=2; i.e.,
whereTq is the critical temperature at zero magnetic field. states with vorticityL =13, 15, 17 do not become the ground
We will only explicitly insert the temperature dependence ifstate. The energies of all superconducting states are lower
we consider thed-T phase diagrams, while the other calcu- and the ground-state transitions occur at lower magnetic

T
Heo(T)= ch(o)‘ 1- T_
c0
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FIG. 2. The free energy as a function of the applied magnetic field for the reference damahel for the square with ong), two
diagonal(c), two top (d), three (e), and four(f) holes. The insets show the free energy for higher vorticity. The open circles indicate

continuous transitions between different vortex states and open squares sheiM thiate transition fields.

fields as compared to the previous sample. Notice also thdtighest of all the six considered structures. There is also a
the superconducting state with even vorticity is more stablelear enhancement of the stability for states witlk 4, 8,

than those with odd vorticity. 12, and 16.

In order to see the influence of the sample topology, we The maximal value of the vorticity .« and theS/N
considered the superconductor with two antidots, when theyransition fields for the five different topologies are summa-

are in the top half part of the samglsee Fig. 1d)]. Figure

rized in Table. I. There is a substantial increase f, when

2(d) shows the free energy of this structure. In this case thean antidot is introduced in the square samplg,, is prac-
free energy of the states withsA. <6 is higher than the free tically independent of the number of antidots. For the two-
energy of the sample with the two antidots located along thentidot sample. ,,,,= 18 is one unit smaller, which may be

diagonal. We also found that the transitions after lthe9

the consequence of the fact that only eveoan nucleate as

state are continuous. The maximal number of vorticeks is a ground state in the high magnetic-field region. T3i&l

=19 and theS/N transition field isHy/H.,=3.28 slightly
higher than in previous sample. Notice, that h&te=1 be-

critical field increases only by 3.4% when we go from the
one- to the four-antidot sample. This indicates that the size of

tween the different vortex states which is a consequence dhe narrowest superconducting area in the sample mainly de-

the different symmetry of the sample as compared to that ofermines theS/H transition field.
Fig. 1(c).

Figure 3 shows the magnetization of the different vortex

The free energy for the three-antidot sample is shown irstates for the same samples as considered in Fig. 2, i.e., for

Fig. 2(e). In this case we found onl=n—L=n+1 tran-
sitions, exceptL=0—L=2 transition, and in the high
magnetic-field region continuous transitions are found afte;
theL=11 state.

the full squareg(a) and squares with on@), two (c,d), three

TABLE |. Maximum vorticity L., and theS/N transition field
or the five different superconducting structures depicted in Fig. 1

The most interesting case is the superconductor with four

antidots. The free energy of this sample is given in Fi).2 Lmax HealHez
Notice that each of the vortex states has a larger stabilityull square 11 2.01
region, the energies of the different superconducting stateSne antidot 19 3.21
are lower as compared to all previous cases, the transitiorsvo diagonal antidots 18 3.22
between different states occur at lower magnetic fields; and Two top antidots 19 3.28
all thermodynamic equilibrium transitions are discontinuouSThree antidots 19 3.30
with AL=1. Vortex states with vorticity up tb =19 can be  Four antidots 19 3.32

nucleated and th&/N transition fieldHy/H.,=3.32 is the
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FIG. 3. The magnetization as a function of the applied magnetic field for the reference saneid for the square with ong), two
diagonal(c), two top(d), three(e) and four(f) holes. The vertical lines show the ground-state transitions between different vortex states, and
open circles indicate continuous transitions between different vortex states.

(e), and four(f) holes. The magnetization is a measure of theductors with onéb), two (c,d), and threde) holes the lowest
expelled flux from the sample and is calculated after averagmagnetization is reached for the state wherequals the
ing the field only over the superconducting region excludingnumber of holes, i.e., in that case the largest paramagnetic
the holes. In these figures the vertical gray lines indicate theesponse(i.e., —M<0) can be realized. Only the vortex
ground-state transitions. Notice that in the rest of the text watates with vorticity less or equal to the number of antidots
define the magnetization asM, i.e., the difference between exhibit a paramagnetic response. Note that for the reference
the applied magnetic field and the averaged magnetic fieldsample a paramagnetic respotizen be realized in a small
The magnetization curves are strongly influenced by thenagnetic-field region of th& =1, 4, 5 states. It should be
presence of the antidots. In the absence of the ant[dets  stressed that the superconductor is in a metastable state when
Fig. 3@] the maxima in the magnetization curve decreasesuch a paramagnetic response is found. Notice also the dif-
with increasingL which is not so for the other samples. For ference in the magnetization for the different two-antidot
the single-antidot sample the largest flux expulsion issamples.
reached forL=1, while this is realized in the case of the In experiment one measures the magnetization by averag-
two- (three) antidot sample fot. =2 (3), i.e., it equals the ing the magnetic field over some area, which is determined
number of antidots. The magnetization also depends on thigy the size of the detector. In the case of samples with anti-
arrangement of antidots in the sample. For example, theots, the magnetic-field distribution is extremely nonuniform
magnetization of the states with<d. <11 for the sample inside as well as outside the sample and therefore the detec-
with two antidots along the diagon@Fig. 3(c)] is higher tor size will have an effect on the measured magnetization.
than the magnetization for the sample with two antidots onTo illustrate this we calculated the magnetization by averag-
the top row[Fig. 3(d)], while for the other vortex states it is ing the magnetic field over the ar&x W. As an example,
opposite. The sample with four antidots behaves very differwe plotted the magnetization for the four-antidot sample in
ent and we found that M is maximal forL=8. There is  Fig. 4, which exhibits a quite different behavior. The magne-
also a clear bunching of the magnetization curves with intization does not decrease monotonically by increakirgut
creasing the number of antidots which is absent in our referit is periodical. Now the maximal magnetization is found for
ence sample. The number of curves that are bunched togethiéie states with.=0 andL=4. The states are now clearly
increases with the number of antidots. The Meissner statdgunched together in groups of four. Notice also that many
i.,e., L=0 state becomes less stable when antidots areortex states exhibit paramagnetic response, which clearly is
present. The transition to tHe=1 state occurs at a lower very sensitive to the definition oM and that there are
magnetic field indicating that the presence of the anf®@lot ground-state transitions to the states witt <0!
eases the penetration of the first vortex. For the supercon- Figure 5 shows the magnetic-field rangél; over which
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FIG. 4. The magnetization of the four-antidot sample as a func- L

tion of the applied magnetic field when the field is averaged over

the areaVx'W. FIG. 6. The magnetic-field regioAH, over which the state
with vorticity L is the ground state as a function of the vortidity

the vortex state with vorticityL is stable (i.e., AHg  for the reference sampléull circles), for the sample with onéopen

=H enetratioi~ Hexpuision @s a function of the vorticity. circles, two-diagonal (full triangles, two-top (open triangles

For the reference sample the result is shown by the fulthree(full square$, and four(open squareholes. The result for two

circles, for the one-antidot sample by the open circles, for theliagonal, two top, three- and four-antidot samples are shifted over

two-diagonal-antidot sample by the full triangles, for the0.2Hc;, 0.4H.,, 0.6H., and 0.8, respectively.

two-top-antidot sample by the open triangles, for the three-

antidot sample by the full squares and for the four-antidojearly a consequence of the commensurability of the square

sample byhthe opends?uares. _Ehe resultls for the t";ﬁ'dgigona}ortex lattice with the square geometry of the sample as we
two-top, three- and four-antidot samples are shifte OV€hointed out earlief? For the square with a single hole, the

O'ZH?Z' O'S'HCZ.’ O.'6.'H°2’ and 0.8Ac, _respectlv_ely. The state withL=1 has the largest stability range. With increas-
stability of each individual superconducting state is very sen- o I ; :

o ing vorticity, the stability region decreases monotonically,
sitive to the topology of the sample. For the reference sample

AHg(L) decreases with increasing except for theL=4 ex;:eﬁt fg_rﬁthe state with =5 an d hl /- I\:once thatt) fclJr Ir‘]
state which exhibits an enhanced stability and which is|> the different vortex states in the reference sample have a
arge stability region than those for the sample with one an-

tidot and(2) for L=11 the stability region is practically in-

T T T T T T T T T T
- A- 2 antidots (T) ]

18f 7 a3 antidots ] dependent of, i.e., it is the magnetic field region where all
. —h—4antidots ] L transitions are continuous. For the superconductors with
161 7 ] two-diagonal and four holes, the vortex states with even vor-

ticity are more stable than those with odd vorticity. This is

o- /x j\: /\/\ less pronounced in the case of the two top antidot sample.

. For the four-antidot system vortex states in whichre mul-
tiples of 4 have the highest stability. But for the supercon-

AH/H
5
>.om

>
.

05 [Ty R b ] ductor with three holes the=3 andL =6, 7 states have a
o8f .| \a ‘\AA L.\(_______\_: substantial larger stability _region as compar_e_d to the other
ook A At nnnah ] vortex states. The states _W|th enhanced stability are clearly

! f A p, a—a ] a consequence of matching phenomena.
04f “ 3 The magnetic-field range over which each of the vortex
[ . & ref, sample . ] states is the ground stateH, is shown in Fig. 6 for the
O2F griamiol | eooooong,] different geometries as a function of the vorticity The
Y L S A AT ST I T ground-state regiodHy also shows similar features as the
202 46 8101214161820 stability regionAH. There is one main difference\H,
L exhibits an overall decrease with increasingn the larger
FIG. 5. The magnetic-field regionH, over which the state Magnetic-field region which is not presentArH, . -
with vorticity L is stable as a function of the vorticity, for the In all cases, the vortex states show enhanced stability for

reference sampléfull circles), for the sample with ongopen ~ COmmensurate vorticity, namely, when the number of vorti-
circles, two diagonalfull triangles, two-top (open trianglels three  Ce€S penetrating the sample is a multiple of the number of
(full square$ and four (open squareholes. The result for two- holes. However, for higher magnetic field these commensu-
diagonal, two-top, three- and four-antidot samples are shifted ovefability effects disappear or are less pronounced, which is
0.2H.,, 0.8H,, 0.6H,, and 0.81.,, respectively. due to the finite size of the sample.
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4 2 0 2 4 2 0 2 4
X/g X/g

FIG. 8. Contour plot of the Cooper-pair density in logarithmic
scale for the one-antidot sample corresponding toltkes (a), 7
(b), 8 (c), 9 (d), 10 (e), and 11(f) states atHy/H,=1.22, 1.37,
1.52, 1.67, 1.82, and 1.95, respectively. Ddight) gray regions
correspond to higtilow) density. The scales afe) 3x 10~ 4-0.9,
(b) 3x10°%-0.9, (c) 8x105-0.9, (d) 1x10°°-0.8, (e) 1
Xx107°-0.8, and(f) 1x10 ®-0.8.

FIG. 7. The phase of the order parameter for the superconductor . L .
with one hole for the states with=2 (a), 3 (b), 4 (c), 5 (d), 6 (6), States at the given magnetic fields. In these figures phases

7 (f), 8(g), and 9(h) atH,/H,,=0.62, 0.82, 0.92, 1.07, 1.22, 1.37, Ne€ar zero are given by light gray regions and phases near 2

1.52, and 1.67, respectively. Phases near zero are given by lighy dark gray regions. In order to determine the number of
gray regions, phases neardy dark gray regions. vortices in some region, we should “go” around this region.

If the vorticity in this region isL, then the phase changks
times 2r (Ap=27L).

In the one-antidot sample the first vortex will sit in the

In the full square sample, vortices may form multivortex hole. We found that the second vortex is located in the su-
states with vorticityL =2, 3, 4, 5, and 6. By further increas- perconducting material on the same diagonal where the hole
ing the magnetic field, vortices move towards the center ands located Fig. 7(a)]. The third vortex nucleates in the super-
form a giant vortex statésee also Ref. 32 conducting material and pushes the second vortex away from

When one antidot is placed in the upper right half of thethe diagonal[Fig. 7(b)]. By increasing the magnetic field
sample, the square symmetry is broken and the hole acts likbese vortices move towards the hole. The fourth vortex is
a pinning center. As a consequence the multivortex state wilpushed inside the hole, where now two vortices are located
become more favorable and stay stable even up to highgFig. 7(c)]. The fifth vortex is again nicely located on the
fields and vorticity. For the multivortex states with higher diagonal[Fig. 7(d)]. The sixth vortex is located in the super-
vorticity, the separate multivortices are not visible anymoreconducting region, where two vortices are located very close
in the contour plots of the magnetic-field distribution or to each other in the opposite corner of the ant|dag. 7(e)].
Cooper-pair density. The reason is that the vortices are todhe latter two vortices form almost a giant vortex state, but
close to each other, the size of the Cooper-pair density ithey can be resolved as two separate vortices if we plot the
very small, and the spots corresponding to high magnetiphase of¥ [Fig. 7(e)] or if we make a log-scale contour plot
fields are overlapping. Therefore to visualize the vortex conof the Cooper-pair densitjsee Fig. 8)]. The Cooper-pair
figurations we plot the phase of the order parameter for thelensity variation between these two vortices is of order 3
sample with one hole in Figs.(&-7(h) for the states with x10 %-7x10 * and, therefore one will probably not be
L=2-9 at Hy/H.=0.62, 0.82, 0.92, 1.07, 1.22, 1.37, able to resolve them experimentally as two separate vortices.
1.52, 1.67, respectively. All states correspond to groundncreasing the vorticity t&. =7 the latter two vortices move

IV. SPATIAL DISTRIBUTION OF THE VORTICES
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apart and an additional vortex is added forming a local tri-
angular arrangemeifsee Figs. @) and 8b)]. For the states
with L=8 [Fig. 7(g)] andL=9 [Fig. 7(h)], the number of
vortices in the hole is unaltered and additional vortices are
added along the diagonal passing through the anfigigss.
8(c,d)]. Increasing the field further th =10 [see Fig. &)

for Hy/H:,=1.82] an additional vortex enters the antidot
where now three vortices are located. The vortex arrange-
ment for theL=11 state withHy/H:,=1.95 is shown in
Fig. 8f). For theL = 16 state four vortices are inside the hole
which is the maximum number of vortices that can be con-
tained in the hole. As is apparent from Figs. 7 and 8 the
vorticity of particular vortices in the one-hole sample may
vary, but the distribution of vortices in the superconducting
region is always symmetric with respect to the diagonal pass-
ing through the hole. From Fig. 8 we clearly see that the
variation in the Cooper-pair density between the vortices is
very small and as a consequence we expect that experimen-
tally the multivortex area will be observed rather as a trian-
gularlike shaped giant vortex state.

The sample with two antidotksee Fig. 1c,d)] is more
symmetric, which will have an influence on the position of
the vortices. We show in Figs.(&—-9h) the phase of the
order parameter for the states with vorticity=3-10 at
Ho/H,,=0.76, 0.87, 1.02, 1.1, 1.38, 1.51, 1.67, 1.81, re-
spectively. At these magnetic fields the vortex states in ques-
tion correspond to the ground state. Thee1l andL=2
vortex configurations are trivial. Far=1 there is one vortex
in one of the antidots and the ground statdegeneratavith
respect to which antidot the vortex is located. This degen-
eracy is a new aspect which was not present in previous
sample. WherL=2 each antidot contains a single vortex.
For L=3 the extra vortex is located in one of the antidots
[Fig. 9(a)] and the superconducting state is again degenerate, FIG. 9. _The phase of the order parameter for the superconductor

) . . With two-diagonal holes for the states with=3 (a), 4 (b), 5(c), 6
When L=4 two vortices nucleate in each of the anudots(d) 7(@), 8 (f), 9 (g), and 10(h) at Hy/H,=0.76, 0.87, 1.02, 1.1

. . . . . , y , ) 0 c2 . , V.Of, L. y 4.y
[Fig. 9(b)]. Th_e fifth apd the sixth vortgx are situated in the 1.38, 1.51, 1.67, and 1.81, respectively. Phases near zero are given
superconducting region along the diagonfgigs. SIc,d)]. by light gray regions, phases neat dy dark gray regions.

When the seventh vortex enters the superconductor, its posi-

tion is close to the center of the sampleg. Ae)] and the are placed and the rest of the sample is practically in the
state is degenerate with a similar vortex configuration innormal state.

which the additional vortex is to the right side of the diago- In order to show the influence of the symmetry we plotted
nal passing through the two antidots. This nonsymmetric vorthe phase of the order parameter for the sample with two
tex arrangement with respect to the diagonal passing througintidots, where the antidots are at the upper half of the
the antidots is energetically preferred because of the narrogample[Figs. 1Ga)—10(h)]. The first and the second vortex
superconducting region between the two antidots where swre, as expected, in the holes. The third vortex is located in
perconductivity is enhanced.Figure 9f) shows that fol.  the superconducting regidifig. 10a)]. For theL=4 state
=8 there are two vortices in each hole and the other vorticesvo vortices in the superconducting region are located sym-
are along the diagonal in the superconducting region formingnetrically[Fig. 10(b)] and this symmetry is broken when the
two clusters each consisting of two closely spaced vorticedifth vortex enters the holgFig. 10(c)]. Up to theL =10 state
The ninth vortex is stabilized in the center of the samplgFigs. 1Gd)—10(g)] two vortices are in each hole and the
[Fig. A9)]. When the tenth vortex enters the superconductorpther vortices are in the superconducting region, forming dif-
it initially forms a giant vortex in the center with vorticity ferent vortex configurations. At the lower magnetic-field re-
L=2, but we find that this giant vortex is not stable andgion for theL =10 state, each hole contains two vortices and
eventually the giant vortex decays in two separate vorticeshe other two vortices are situated close to the hfkg.
each of them moves to each of the hdlegy. 9(h)]. Till the 10(h)]. By further increasing the field these two vortices
L =16 state all other vortices are situated along the diagonakventually enter the holes.

IncreasingL further we found that the number of vortices in ~ The symmetry is reduced when we add a third antidot
each hole increases with one unit. Superconductivity is thefiFig. 1(e)]. In Figs. 11a)—-11(h) the phase of the order pa-
only preserved in the corners of the sample where the holeameter for the superconductor with three holes is given for

‘I
™%
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FIG. 10. The phase of the order parameter for the supercon- FIG. 11. The phase of the order parameter for the supercon-
ductor with two top holes for the states with=3 (&), 4 (b), 5 (c), ductor with three holes for the vortex states witk4 (a), 5 (b), 6
6(d), 7 (e), 8(f), 9(g), and 10(h) atH,/H,,=0.67, 0.9, 0.97, 1.07, (c), 7 (d), 8 (e), 9 (f), 10 (g), and 11(h) at Hy/H.,=0.87, 0.97,
1.27, 1.47, 1.65, and 1.77, respectively. Phases near zero are givero2, 1.195, 1.47, 1.65, 1.77, and 1.92, respectively. Phases near
by light gray regions, phases neatr by dark gray regions. zero are given by light gray regions, phases neart® dark gray

reglons.

the states with.=4-11 atH,/H.,=0.87, 0.97, 1.02, 1.195, ?
1.47, 1.65, 1.77, 1.92, respectively. In this case the first voref the antidots contains three vortices and one giant vortex
tex is located in one of the two antidots, situated along thevith L=2 nucleates in the superconducting region. Until the
diagonal of the sample. The second vortex is then placed ih =15 state each antidot contains three vortices and the other
the opposite antidot along the diagonal. Eer 3 each anti- vortices are located in the superconducting region. Increas-
dot contains a single vortex and the vortex configuration isng the field changes the vortex arrangement in the supercon-
very stable(see Figs. 5 and)6The fourth vortex enters into ducting region. For example, fdt=12 three vortices are
the superconducting regiofFig. 11(@)]. The next vortex located along the diagonal and increasing the field rearranges
nucleates in the upper antidot of the sanifig. 11(b)]. For  them such that they form a triangle lattice. Ho= 15 the
L =6 the two antidots along the same diagonal contain eacfourth vortex enters the lower left hole. For the= 16 state
two vortices[Fig. 11(c)]. In the L=7 state there are two each hole contains four vortices and until the superconductor
vortices in each of the hold&ig. 11(d)]. The eighth vortex transforms to the normal state no more vortices are added to
enters into the superconducting reg|étig. 11(e)] and forms  the antidots.
a tight cluster of two vortices which is practically la=2 For the sample with four antidof§ig. 1(f)] the vortices
giant vortex. For the vortex state with=9, each antidot are, up to high magnetic fields, located in the antidots. As a
contains two vortices and three separate vortices are locatensequence the phase of the superconducting condéhsate
in the superconducting regidirig. 11(f)] in a triangle ar- contains less information and therefore we show in Figs.
rangement. When the next vortex enters the sample it goes tt(a)—12h) the magnetic-field distribution for the sample
the upper hole and one of the vortices from the superconwith four holes for the states with vorticity=1-4, 12, 13,
ducting region moves to the bottom right hdkig. 11(g)]. 14, and 17 atd,/H.,=0.25, 0.33, 0.46, 0.67, 1.2, 2.36,
When there are 11 vortices in the samfdfég. 11(h)], each  2.48, and 2.97, respectively. At these values of the magnetic
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FIG. 12. The magnetic-field distribution for the superconductor  FIG. 13. The magnetic-field distribution for the superconductor
with four holes for the states with vorticity=1 (a), 2 (b), 3(c), 4 with two holes for the states with vorticity=0 atH,/H.,=0.02
(d), 12 (e), 13(f), 14 (g), and 17(h) atHy/H,=0.25, 0.33, 0.46, (a) and 0.47(b), with vorticity L=1 atH,/H.,=0.03(c), 0.13(d)
0.67, 1.2, 2.36, 2.48, and 2.97, respectively. Higher magnetic fieldind 0.53(e) and with vorticityL =2 atHy/H.,=0.08(f), 0.28(g),
is given by dark gray regions and lower by light gray regions. and 0.92(h). Dark gray regions correspond to high magnetic field.

fields, the considered states correspond to the ground state thie sampléFig. 12f)], which is due to the small sizes of the
the superconductor. The applied magnetic field is alway$oles that prevent them from capturing more vortices at
given by the same gray color. An increaskecreaseof the  those fields and the fact that if the extra vortex would go to
local field with respect to the applied field is indicated by aone of the antidots a very asymmetric configurations would
darker (lighter) color. Up to the first penetration field, the be obtained, which is energetically unfavored. When the 14th
magnetic field is expelled from the superconductor and wevortex appears in the superconductor, the symmetry can be
see an increased magnetic field near the boundary of thestored by moving two vortices to the holgsg. 12g)].
superconductor. But even in this case there is some increas&tarting fromL =17, the superconductivity in the central re-
magnetic field in all antidots. Atly/H.,=0.56 the first vor- gion of the sample is destroyed and vortices move to the
tex enters the superconductor. One can expect that the posienter. After the 19th vortex the sample transforms into the
tion of this vortex can be in any of the four holgsg. 12a)] normal state.

(for a much smaller size of the superconductor this vortex The magnetic-field distribution in the superconductor and
can be located in the center of the supercondicidre sec- inside the antidots is also of interest. As an example, we
ond vortex is situated in the hole opposite to the hole coneonsider the magnetic-field distributigfig. 13 in the su-
taining the first vorteXFig. 12b)]. The probability for the perconductor with two antidots for vorticity=0, 1, and 2,
third vortex to be located in one of the remaining two holeswhere the value of the magnetic field is taken such that it
is equal. In the depicted configuration the third vortex is incorresponds to the ground state. The dark regions in the fig-
the top right hole, as shown in Fig. 2. For theL=4 state  ures correspond to high magnetic fields. It is clear from these
all antidots contain a single vortéfig. 12d)]. This rule of  figures that the magnetic field is nonuniform in and around
filling the antidots with vortices is repeated up to the 12ththe sample and inside the antidots. For low magnetic fields
vortex[Fig. 12e)]. The 13th vortex appears in the center of the superconductor expels the magnetic-field and the mag-
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netic field lines are bent around the superconductor, which
leads to, so-called, demagnetization effects. Figuréa)l13
shows the magnetic-field distribution for the state with vor-
ticity L=0 (we know this, e.g., from the phase of the order
parameter Even in this case there is a small increase of the
magnetic field inside both holes. With increasing external
field the intensity of the field in the holes also increddsg.
13(b)]. Outside the antidots the magnetic field is expelled
towards the holes and consequently near, but inside the holes
there is a higher density of magnetic field lines. Starting from
Ho/H:>,=0.03 the first vortex enters the superconductor and
a single vortex is pinned by one of the antidfsg. 13¢)].

The distribution of the magnetic field in the hole is also
nonuniform. The magnetic field is lower in the central part of
the hole and peaks in the magnetic-field strength are found
near the four corners of the antidot. With increasing field the
vortex is compressed towards the center of the supercon-
ductor [Figs. 13d,e)]. Further increase of the field beyond
Ho/H:»,=0.08 leads to the appearance of a vortex in the
second holgFig. 13f)]. In this case the intensity of the
magnetic field in the first hole decreases. At the smaller field
region the intensity of the field in both holes is higher near
the corners of the superconductor. With increasing external
field vortices move toward the center of the superconductor
[Figs. 13g,h)]. It is clear that with increasing external field
and fixed number of vortices the demagnetization effects are
more pronounced, because the superconductor has to expel
more magnetic field.

As is well known, when a superconducting sample is
placed in an external magnetic field, the magnetic field is 4
expelled from the superconductor due to screening currents 4 =2 0 2 4 2 0
near the sample boundary. The direction of the screening X/g XIg
current is such that the corresponding created magnetic field FIG. 14. Vector plots of the supercurrent in the superconductor
is opposite to the external one, which leads to a lower tota) i tour holes for the vortex states with=0 @, 1(b), 2(0), 3
field inside the superconductor. Magnetic field, i.e., vortices_(d), and 4(e) at Hy/H.,=0.07, 0.57, 0.56, 0.75, and 0.78, respec-
penetrating the superconductor creates currents flowing ifyely, and in the superconductor with two holes for the states with

the opposite direction to the screening currents. The COMP§-=0 (f), 1 (g), and 2(h) atH,/H,=0.07, 0.52, and 0.57, respec-
tition between these currents results in the creation of vortigyely.

ces.
Examples of vector plots of the current density are shownion. The current flows around the edge of the sample and
in Fig. 14. In Figs. 14a)—-14(e) we show the results for the around the other antidots are the same as in Figa) 1®%/hen
superconductor with four antidots for the=0—-4 states at the second vortex enters the superconduld®a. 14(c)], the
Ho/H,=0.07, 0.57, 0.6, 0.75, 0.78, respectively, andextra vortex appears in the second hole and the currents
Figs. 14f)—14(h) show vector plots of the current density in around the first and the second hole flow counterclockwise,
the sample with two antidots for the states with-0—-2 at  which is responsible for an increase of the magnetic field in
Hqo/H=0.07, 0.52, 0.57, respectively. For conveniencethe antidots 2 and 4, while around the antidots 1 and 3 a
we labeled the holes. clockwise direction of the current is seen which expels the
Let us first consider the current distribution for the super-field inside these antidots. Note also that, as the value of the
conductor with four holes. In the zero-vorticity state the magnetic field is larger than in the previous figures, the in-
screening currents near the sample boundary flow clockwistensity of the current is also larger. In the state with three
[Fig. 14@]. The magnetic field is expelled from the whole vortices[Fig. 14(d)] the current also flows counterclockwise
sample, including the antidots. The intensity of the currentsaaround the first hole, where the third vortex is situdtsee
in the center is lower than the intensity of the currents neaFig. 12c)]. We can see a decrease of the intensity of the
the outer edge. Thus around the holes we see that near toarrent in the corners near the holes 1 and 2. From the vector
outer boundaries the current flows clockwise, while at theplot of the current density one can expect antivortices in the
inner boundaries the current flows counterclockwise. In Figcenter and near the boundary of the sample, because there
14(b) the current distribution is shown for the state with are some spots where the currents flow in the clockwise di-
vorticity L=1. The vortex is located in the “fourth” hole rection, while currents around the holes flow counterclock-
around which the current flow in the counterclockwise direc-wise [Fig. 14(e)]. This occurs because of the cancellation
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FIG. 15. The free energy and magnetization as a function of the F!G- 16. The free energy and magnetization as functions of the
applied magnetic field for the reference supercondutagy and applied magnetlc field for the super;onductors with two-diagonal
for the sample with a holéc,d). Dashed curves correspond to the (& and with two-top(c,d) holes. Solid curves correspond to the
case magnetic field sweep up, solid curves correspond to the ca§@5€ magnetic field sweep down and dashed curves correspond to
magnetic field sweep down and dotted curves correspond to th&'€ case magnetic field sweep up. Dotted curves indicate the
field sweep down for thé =1 state. The dash-dotted curve (i statg. Thg dash-dotted curves correspond t.o the magngtlzatlon when
shows the magnetization when the field is averaged over the ardj€ field is averaged over the areé<W for increasing field.

WX W for increasing field.

down when the superconductor is locked into thel state.
between the screening currents and the currents around tha decreasing field the reference sample drops to the super-
holes, which do not lead to antivorticéwe checked this conducting state with nine vortices. Decreasing further the
from the phase of the order parameter field we find allL—L — 1 transitions. If we decrease the field

For the sample with two holes, the current flows clock-Peyond zero to negative fields we obtain a free energy which
wise in the whole superconductor in the Meissner dtEtg. IS symmetrical with respect to the curves we obtained for
14(f)]. The current can be decomposed in a clockwise flonincreasing field. In the case a single hole is pre$é€igs.
near the perimeter and a C|0ckwise ﬂOW in the Shape Of é.S(C,d)] we f|nd Continuous tranSitiOHS betWeen vortex states
noncrossing eight across the upper left and right bottom reUp to theL=10 state. All other transitions are—L—1
gion. When the first vortex “appear$Fig. 14g)], the vortex transitions and occur with a jump in the free energy. Notice
is in hole 1 and the current flowing around antidot 1 cancelghat (1) on average the magnetization for the one-antidot
the screening current near the corner of the superconductdi@mple, calculated averaging the field only over the super-
which leads to a weakening of superconductivity in this re-conducting regioridashed curve is larger than for our ref-
gion. The current distribution in the other parts of the supererence sample ar(@) beyondH,/H¢,>1.7 both magnetiza-
conductor is qualitatively not changed. For the state with twdion curves are markedly different. We also calculated the
vortices the current flows counterclockwise around bothmagnetization for the one-antidot sample averaging the mag-

holes[Fig. 14h)] as expected. netic field over theWxW region [Fig. 15d) dash-dotted
curve], which shows similar features as the magnetization of
V. TRANSITION BETWEEN VORTEX STATES only superconducting regioffFig. 15d) dashed curvg In

this case the magnetization is lower for hlistates, except
In order to investigate the vortex configuration in moretheL=0 state.
detail we studied our samples as a function of a decreasing Figures 16a)—16(d) show the free energy and magnetiza-
and an increasing magnetic field. In doing so we can investion as a function of applied magnetic field for a field sweep
tigate vortex expulsion and penetration into the supercontip (dashed curvgsand field sweep dowfsolid curves for
ductor. the samples with two antidots along the diagoteb and
Figure 15 shows the free energy and magnetization athe one with the antidots along the top rdw,d) of the
functions of the applied magnetic field for the referencesample. In the case of the superconductor with two-diagonal
sample(a,b and for the sample containing a single hole holes we can see transitions between states it to L
(c,d). The dashed curve corresponds to the case for increas=6, with L=6 to L=8, with L=12 toL=14, and withL
ing magnetic field, the solid curve corresponds to a field=14 to L =16 for field sweep upFig. 16a)]. For the field
sweep down, and the dotted curve is for a field sweep up answeep down we see all—L—1 transitions, except the
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FIG. 17. The free energy and magnetization as a function of the
applied magnetic field for the superconductor with th(ad) and
with four (c,d) holes. Solid curves correspond to the case magnetic X
field sweep down and dashed curves correspond to the case mag- : 2 L=1
netic field sweep up. Dotted curves indicate the 1 state. The 40 60 8IO 160
dash-dotted curves show the magnetization when the field is aver- iterations

aged over the ared/x W for increasing field.

FIG. 18. The free-energy evolution during the transition from
=16—L=15, L=14-L=13, and L=10—-L=9 transi- theL=0 state to the.=1 state for the superconductors with four
tions. For the two top antidot sample we found omy holes (a) (at Hy/H.,=0.55) and with 2 holegb) (at Hq/H,,
=1 transitions for both field sweep up and field sweep down=0.48). In the inset, the spatial distribution of the superconducting
For the sample with two antidots along the diagonal, theelectron density 4|2 is shown after the number of iteration steps
magnetization calculated averaging the field over We indicated by black squares.

X W area[Fig. 16b) dash-dotted curveis similar to that

calculated only over the superconducting regiigig. 16b) All the considered structures have the property that they
dashed curveand the value of the magnetization is smallerreach theL=0 state when the field was decreased to zero.
for all vortex states, excejit=0 state. The magnetization of Notice that for the samples with one, two, and three antidots
the sample with two antidots on the top row, calculated ovethe magnetization in the magnetic field regiortB,/H.,

the superconducting regidfrig. 16d) dashed curvgfor the <3 s reversible which is not so for our reference sample
L=2 state, is higher than for the other states, but the magand the one with four antidofsee Fig. 16)]. But notice
netization of this sample calculated over téxXW area that in all cases th&/N transitions exhibits a clear hysteretic
[Fig. 16d) dash-dotted curdeis maximum for theL=0  pehavior. The previously discussed bunching behavior is also
state. Also in this case the magnetization of the states witblearly observed, in particular for the field sweep down
L=1, 2, 3is equal. curves.

Figure 17 shows the free energy and magnetization in Next, we investigate the evolution of the free energy and
increasing and decreasing fields for the superconductor witthe vortex stateluring the transition between different vortex
three(a,) and four(c,d) holes. For the three antidot sample states. This was realized as follows. For a given magnetic
in increasing field we found alAL =1 transitions except the field our computer program calculates the free energy of the
L=0—L=2 transition in decreasing field the=5—L=3  stable vortex state, corresponding to the local minimum in
andL=2—L=0 transitions are also possible. For the four-the free energy. When we increase the magnetic field beyond
antidot sample with increasing field, the vorticity changessome critical value the considered vortex state no longer cor-
always by 1, i.e.AL=1. With decreasing field we find tran- responds to a local minimum and the program runs away to
sitions where the vorticity changes fromto L—2 for L a different vortex state which corresponds to a different local
=10, 6, 4, 2. The magnetization of the three-antidot sampleninimum in the free-energy space. During the iterative pro-
calculated over thewxW area[Fig. 17b) dash-dotted cess, the state evolves from the initial st@t®ich was stable
curvel for the Meissner state is higher than the other vortexup to the previous magnetic-field sjep another state, cor-
states, while the magnetization calculated only over superesponding to a new local minimum of the energy for the
conducting regioriFig. 17b) dashed curveis maximum for  given field.

L =3 state. Figures 18a,b show the free-energy evolution during the
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FIG. 19. The free-energy evolution during the transition be-
tweenL=4 andL=6 states H,/H.,=1.25) for the two-antidot FIG. 20. The free-energy evolution during the transition from
sample. Cooper-pair density corresponding to the black squares thheL =2 to theL=0 state aH,/H.,=0.05. The inset shows spa-
the free-energy curve is shown in the inggark gray regions cor- tial distribution of the superconducting electron density in the su-
respond to higher density perconductofdark regions correspond to higher densities

transition from theL=0 state to theL=1 state for the To limit the number of curves we will show only the results
square sample with four and two holes, respectively. Théor magnetic-field sweep up.

insets show the evolution of the Cooper-pair density during Figure 21 shows the free energy and the magnetization for
this transition. These transitions occurkag/H,=0.55 for  the reference sample,b and for the four-antidot sample for
the four-hole case and ad,/H.,=0.48 for the two-hole two values of the Ginzburg-Landau parameter=0.28
case. In the case of the superconductor with four holes thglashed curvésand«= 1.0 (solid curve$. The results for the
first vortex enters the superconductor from the right edgenagnetization for=1.0 are multiplied by 10. The latter is
into the right bottom antidot. For the superconductor withthe value of the Ginzburg-Landau parameier \/¢ for a

two holes the first vortex enters from the upper right cornetthin film made of Pb. The increase of the Ginzburg-Landau
of the superconductor. Notice that the place in the supercorparameter leads to changes in the free energy and the mag-
ductor where the first vortex enters is very different in thenetization. The transition field between different vortex states
two- and four-antidot samples. But we should stress that foghifts to lower fields with increasing. The difference is
the sample with two antidots such vortex entry through themore pronounced in the magnetization where we notice that

corners of the sample is only found for states with vorticity jts value is more than ten times smaller in the casel.0 as
not larger than 2.

The transition between the=4 and theL=6 states for
the square with two holes is also of interest. Figure 19 shows
the evolution of the free energy during this transition at -oz2f
Ho/H,=1.25. The contour plots of the Cooper-pair density
corresponding to the black squares in the free-energy CUI’VlLu\': 04r
are shown in the insetdark gray regions correspond to o6l
higher|]?). Initially there are two vortices in each antidot.
Notice that vortices enter through the upper left and right -08f
bottom edgegsee inset 2 of Fig. )%t the same time and do
not move towards the antidots. They become localized inside
the superconductor. o

An example of vortex expulsion is shown in Fig. 20 for -~
the transition from thd.=2 state to the.=0 state in the 2
case of a superconductor containing two antidots. The inset.
show the spatial distribution of the superconducting electron f
density in the superconductddark regions correspond to =
higher density at Hy/H:,=0.05. To transit fromL=2 to
L=0, the vortices in each of the antidots move at the same

time in a symmetric way towards the corners of the super- 00 05 10 15 20 00 05 1.0 15 20 25 30 35
conductor, where they leave the sample. H/H,, H/H,,
V|. DEPENDENCE ON SAMPLE PARAMETERS FIG. 21. The free energy and the magnetization for the reference

) _ sample(a,b and for the four-antidot sample,d) as a function of
Next, we investigate how our results depend on thehe magnetic field for the cases=1.0 (solid curve and k=0.28
Ginzburg-Landau parameter and the sample thickness  (dashed curves
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FIG. 23. TheH-T phase diagram and the stability area for dif-
ferent vortex states for the superconducting sample with four holes
when&(0)=92 nm. The parameters of the superconductor(see

00 05 10 15 2000 05 10 15 20 25 80 35 Fig. ) W=22.17%(0), W;=5.0¢(0), W,=5.0¢£(0), d=0.26£(0),
H/H,, H/H, k=1.52.

FIG. 22. The free energy and magnetization for the referencgample with increased thickneds=0.5¢. Also in this case

sample(a,b and for the four-antidot sample,d) as a function of  the magnetization of the states with= 10 is larger than for
the magnetic field for the thicknesk=0.5 ¢ (solid curve$ andd the other states.
=0.1 ¢ (dashed curveq k=0.28).

VII. SUPERCONDUCTING /NORMAL PHASE DIAGRAM

compared to th&=0.28 case, which indicates a smaller ex- AND COMPARISON WITH EXPERIMENT

pulsion of the magnetic field from the superconductor. A
similar behavior is seen for the geometry with four holes. In this chapter, we investigate the influence of tempera-
The effect of the thickness of the superconductor on theure on the superconducting state in the square sample with
vortex state is investigated in Fig. 22, where the free energjour antidots. The temperature dependence of the coherence
and the magnetization for the reference santgle) and for  length ¢ and the magnetic fielth, [see Eqs(6)—(8)] will
the four-antidot sampléc,d) are shown as a function of the be included in our calculation. Therefore, the distances are
applied magnetic field. The solid curves correspond to th@ow expressed in units ¢f(0), magnetic field inH.,(0),
sample thicknesd= 0.5¢ and the dashed curves to the thick- and temperature will be rescaled by the critical temperature
nessd=0.1¢. The results for the magnetization obtained for T, at zero magnetic field.
the thicknessl=0.1¢ are multiplied by 5. In the case of the In order to compare our results with the experimental
reference sample the state with=0 is more stable than the ones, we used the parameters from the paper of Bruyndoncx
other vortex states and we can find even the Meissner stat al,'® where they studied the nucleation of superconductiv-
with L=0 with energies equal to the normal-state energyity in a unform perpendicular magnetic field in aluminum
The states with positive free energy are found also for statesicrosquares containing a fetwo and fouy submicron
with L=1, 2, 3, 4, and 5. The magnetizationr M/H.,) is  holes (antidot3. They used the coherence leng#{0)
almost five times larger for the sample with the larger thick-=92 nm, and the penetration depit{0)=140 nm which
nessd=0.5¢. | the case of the four-antidot sample increasingwas found for a full square superconductor as well as for the
the thickness frond=0.1¢ to d=0.5¢ leads to remarkable microsquares with antidots. The parameters of our samples
changes in the free energy. As we mentioned above, for thare as follows(see Fig. 1 W/£(0)=22.17, W, /£(0)=5.0,
d=0.1¢ case we see all=n—L=n+1 transitions. But for W,/£(0)=5.0, d/§(0)=0.26, andk=1.52. The calculated
the thicknessl= 0.5¢ there are direct transitions between the H-T phase boundary, using these values, is presented in Fig.
L=2—L=4,L=6—L=8, andL=10—L=12 states. For 23, which shows clear oscillations in the superconducting/
larger value of the sample thickness ground-state transitionsormal-state boundary. Moreover, the period of the oscilla-
between different vortex states occur at larger values of thdon and the peak amplitude for the state with vorticity
magnetic field. Increasind stabilizes the different states =4 is larger than for the other states, which is due to a
up to larger magnetic fields. This is due to the increasedommensurability effect when the number of vortices is a
expulsion of the applied field from the superconductor. Onmultiple of the number of holes. Comparing our results with
the other hand, in both cases the superconductor transits &xperimenisee Ref. 18 we notice a clear qualitative agree-
the normal state at the same value of the applied magnetiment. But the theoretical predict&IN transition at a fixed.
field (Hy/H¢>,=3.32). Such kinds of differences can also beoccurs at higher temperatures than observed experimentally.
seen from the magnetization curves. The value of the magAlso the transitions between the successivsates appear at
netization —-M/H.,) is almost five times larger for the slightly larger fields in our calculations. This quantitative dis-
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FIG. 24. TheH-T phase diagram for the superconducting FIG. 25. Low-field part(single periodl of the experimentally

sample with four holes fog(0)=120 nm (dashed curveand for obtainedT.(H) phase boundarysolid curve, Ref. 1Bof the four-
£(0)=140 nm (dotted curv@ The parameters of the supercon- hole samplegwhere a para_bollc background has been subtracted
ductor are (see Fig. 1 W=17.06(0), W,=3.83(0), W, compared with the theoretically calculated ones&(®)=120 nm
=3.83%(0), d=0.2£(0), x=1.17 for =120 nm, and W (dotted curve _and for §(0)=_l40 nm (dash-dotted curye The
=14.5%(0), W,=3.2%(0), W,=3.2%(0), d=0.1%(0), « dashed curve is the phase diagram calculated using the dGA model
for a 2x2 cell network made of one-dimensional strips &{0)
=120 nm, and the dotted curve illustrates the results of the GL
simulation.

agreement between our theory and the experiment can be due

to (i) the uncertainties in the dimensions of the sampleobtained in our calculations f@(0)=120 nm(dotted curve
(holeg, (ii) the criteria used for determining whether the and for £(0)=140 nm (dash-dotted curye where a para-
sample is in the superconductingorma) state or not, bolic background

and/or(iii) the assumed value of the coherence length at zero

=1.0 for £&=140 nm. The solid curve is the experimentally ob-
tained result.

temperature. To explore the latter possibility, we repeated the Te(H) 7 [ wE(0) uoH | 2
calculation and varied(0) keeping all other parameters B T.(0) T3 ) ©
fixed.

The H-T phase diagram for the four-antidot supercon-was subtracted. This formula was obtained in Ref. 13 for a
ductor is shown in Fig. 24 for the states with vorticity up to 2X 2-cell network consisting of one dimensional strips with
L=6. The solid curve was obtained experimentally in Ref.finite width w.

13 and the dashed curve is the theoretically calculated We also give thel(H) phase boundary calculated from
phase diagram fo£(0)=120 nm. For this value of the co- the dGA model for a X2 cell network made of one-
herence length the correspondence is obviously much bettglimensional stripgsee Ref. 12for £(0)=120 nm(dashed
since the transition temperatures in our theoretical curveurve). Although the dGA model gives a rather good quali-
closely follow those from the experimental results. Still, atative agreement of the observed transition fields, our theo-
small difference in the transition fields exists. In our model,retical results lead to a better overall quantitative agreement.
the transitions occur at slightly higher temperatures. This caRualitatively, the only difference is that in our calculations
be explained by the different criteria for the determination ofthe transition fields between the different vortex states occur
the S/N transition: namely, in the experiment, one assumesit slightly higher fields.

that superconductivity is destroyed when the region between The vortex states with=1 andL =3 are not clearly seen
the contacts becomes normal. In our model, for the sam&rm the experimentaH-T diagram (only weak shoulders
magnetic field, superconducting regions would still beare seej) while they are more pronounced theoretically. To
present in the corners of the sample. Our transition fields arexplain this we plotted in Fig. 26 the free energy of the
related to the destruction of superconductivity in the wholesample afl/T,=0.976, where the insets show the phase of
sample, and, therefore, they are higher than the experimenttile order parameter and the magnetic-field distribution for
ones. In Ref. 13 the authors mentioned also another value falifferent L states. As seen from the free-energy curve, the
the coherence lengtf(0)= 140 nm, which was deduced for states withL=2 andL =4 have a large ground state region,
the 2x2 antidot system on the basis of de Gennes-while for the states witth =1 andL =3 this region is small.
Alexander(dGA) model The dotted curve in Fig. 24 shows This can be explained from the contour plot of the phase of
the result of our calculations for such a value&d). Our  the order parametefsee insets of Fig. 26 which shows
previous analysis still holds but now the theoretical transitionwhere the vortices are located. Notice that at this temperature
temperatures are lower than the experimental ones and ttibe size of our sample is comparableétoFor theL =1 state
transition fields are also lower. the vortex is located in the center of the sampleset (a)]

In Fig. 25 we compare the low-magnetic-field part of theand therefore the Cooper-pair density is lower in the super-
experimentally obtained;(H) (solid curve with the T,(H)  conducting region. For the=2 state, vortices form a giant
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00 T sample decreases the free energy for a fixeahd ground-
state transitions between different vortex states occur at
- lower magnetic fields. We also found that the stability of
each individual superconducting state is very sensitive to the
B topology of the sample. For superconductors with two diag-
onal and four antidots, the states with even vorticity are more

7 stable than these with odd vorticity, while this is less pro-
nounced in the case of the two top antidot sample. For all the
] considered structures the vortex states show enhanced stabil-
ity for commensurate vorticity, i.e., when the number of vor-

-0.2

04/

FIF,

06|

-0.8

-1.0 ; . . . . . ] tices is a multiple of the number of holes. However, due to
0:001 :0:02 004 0.06 008 010 0J2 044 0:16 the finite size of the samples this effect is less pronounced at
H/H,,(0) high magnetic field. For the reference sample as well as for

the four-antidot sample we found only transitions between
FIG. 26. The free anergy of the four-antidot sample as a f”nc'successivd-; states, i.e.AL=1 in increasing field, where all
tion of the applied magnetic field a(T.,=0.976. The insets show {4nsitions correspond to a jump in the free-energy curve.
the phase of the order paramefarc.e.j and magnetic-field distri- - g, ¢ o the one-, two-, and three antidot samples transitions
tL)u_tlzrzf()b ,_cg)hfrothe Stf""tels V‘.’”ZL.: L (ak’]b)’ L=2 (C.'d)f.’ lezs (&), and dindetween vortex states with high vorticity occur continuously.
L pen circles Indicate the magnetic field correspondingz - ;¢ two-diagonal-antidot sample continuous transitions
to the insets. - . . N
with AL=2 are also possible. For decreasing magnetic field
i ) .. we foundAL =2 transitions for the other structures. TN
vortex in the centefinset (c)], but, as the sample size is yansitions exhibit a clear hysteretic behavior for the field
c_omparable t&, due to the |_nteract|on of.the vortices more sweep up and down. As one of the possible tools to investi-
field goes through the holdset (d)], while for theL=1 " ga1e experimentally the vortex state of submicron supercon-
state the magnetic field is maximum in the center of theyycting samples, we calculated the magnetization of our
sample[mset(p)]. Moreover, by increasing the temperature samples as a function of the applied magnetic field. We
these two vortices move to the holes. For the3 state two  foyng that the magnetization is strongly influenced by the
vortices are in the holes and one is located in the c¢imiset  resence of the antidots. For the reference sample the maxi-
(€)], which makes again the Cooper-pair density lower. Foymm of the magnetization correspond to the Meissner state,
thel =4 state, due to the repulsion between vortices, they dpe_ theL =0 state, while this state becomes less stable for
through the holeginset (f)]. Therefore, the states with  the samples with antidots. For the one-antidot sample the
=2 andL=4 are more stable than the other two states angyrgest flux expulsion is reached for=1 and this is realized
they are more pronounced in the experimer88N phase i, the case of the twotthreej antidot sample foL. =2(3),
boundary. i.e., it equals the number of antidots. The sample with four
antidots behaves very different and maximum magnetization
VIIl. CONCLUSIONS is r_eached fO|L_=8. For the sample with antidots paramag-
netic responséi.e., —M<0) was found for the sates with
We investigated theoretically the influences of the topol-vorticity less than or equal to the number of antidots, while
ogy of mesoscopic superconducting samples on the vortefor the reference sample this effect occurs for the1,4,5
configuration and the critical parameters. Therefore, we constates.
sidered superconducting square samples containing one to For the samples with antidots we also calculated the mag-
four submicron antidots. We calculated the free energy of alhetization, averaging the magnetic field over the avéa
samples as a function of the applied magnetic field, whichx W, which is the usual case in an experimental measure-
shows the considerable influence of antidots to the number ahent of magnetization. More vortex states exhibit paramag-
possible vortex states, their stability, and transitions betweenetic response and ground-state transitions to states with
them. For the reference sample vortex states uptd1can —M<O0 are also possible.
nucleate, while for the one-antidot sample this numbdr is More attention was given to the spatial distribution of the
=19. The maximal number of vortices does not stronglyvortices in the superconductors, which can be interesting for
depend on the number of antidots and equalg,—=19 for  practical applications. The presence of one antidot in the
all samples, except for the two-antidot sample where botlsuperconductor leads to a modification of the vortex distri-
antidots are located along the diagonal. In this chgg,  bution. Vortices are mainly located in the superconducting
=18. The insertion of one hole in the sample increases theegion, forming either a multivortex or a giant vortex or a
S/N transition field fromH.3/H.,=2.01 toH.3/H.,=3.21  combination of both vortex configurations. Superconductiv-
and the value of theés/N critical field increases by 3.4% ity is weaker in this region than in the corner of the super-
when we go from the one- to the four-antidot sample, whichconductor near the hole. This explains the continuous transi-
indicates that the size of the narrowest superconducting areéisns at high fields. The interesting case is the
mainly determines th&/N transition field. The free energy superconductor with two antidots located along the diagonal.
of the one-antidot sample is lower than that of the referencén this case, after the=5 state, vortices are mainly located
sample for a fixed.. Increasing the number of holes in the along the diagonal, where there is no antidot. At high fields
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two vortices enter the superconductor from both sides of thetates with energies equal to the normal-state energy. The
diagonal, which correspond to a continuous transitions withmagnetization increases with increasing thickness of the
AL=2. The samples with two antidots on the upper half ofsample.
the sample and three antidots behave like the one-antidot In the last part of the paper we studi8tN phase bound-
sample. The most interesting case is the superconductor witliries for the four-antidot sample and compared the results
four antidots, which has been considered to be perspectiweith experiment. The calculated-T phase diagram shows
for flux quantum logic applications. In this case each secondlear oscillations in thés/N boundary. Contrary to the full
vortex is located in the opposite hole, where the first vortexsquare superconductor, in the four-antidot sample the period
was located. Notice that for all samples the maximum numeof the oscillations and the peak amplitude are not the same
ber of vortices that can be captured in the hole is four. Weor all vortex states, which was explained by the stability of
also showed the nonuniform distribution of the magneticthe different vortex states. We also studied the influence of
field inside the holes and outside the samples, and the curretiie value of£(0) on the S/N boundary. The theoretically
distribution in the superconductors. calculatedH-T diagram shows good agreement with the ex-
We also investigated our samples for different values operimental results.
the Ginzburg-Landau parameter and for different thick-
nesses. By increasingthe transitions between different vor-
tex states shifts to lower fields. The influencexofs more
pronounced in the magnetization. The magnetization de- This work was supported by the Flemish Science Foun-
creases considerably by increasing which indicates dation (FWO-VI), the Belgian Inter-University Attraction
smaller expulsion of the magnetic field from the superconPoles (IUAP), the “Onderzoeksraad van de Universiteit
ductor. For larger vales of the sample thickness the free erAntwerpen” (GOA), and the ESF program on “Vortex mat-
ergy of the vortex states are higher and transitions occur der.” We acknowledge fruitful discussions with Professor V.
higher fields. For the reference sample we found some vorteldoshchalkov.
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