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Vortex structure of thin mesoscopic disks in the presence of an inhomogeneous magnetic field
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The vortex states in a thin mesoscopic disk are investigated within the phenomenological Ginzburg-Landau
theory in the presence of different “model” magnetic-field profiles with zero average field, which may result
from a ferromagnetic disk or circulating currents in a loop near the superconductor. We calculated the depen-
dences of both the ground and metastable states on the magnitude and shape of the magnetic-field profile for
different values of the order-parameter angular moment, i.e., the vorticity. The regions of existence of the
multivortex state and the giant-vortex state are found. We analyzed the phase transitions between these states
and studied the contribution from ring-shaped vortices. An additional transition between different multivortex
configurations and the ground state is found. Furthermore, we found a vortex state consisting of a central giant
vortex surrounded by a collection of antivortices which are located in a ring around this giant vortex. The limit
to a disk with an infinite radius, i.e., a film, will also be discussed. We also extended our results to “real”
magnetic-field profiles and to the case in which an external homogeneous magnetic field is present.
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[. INTRODUCTION single magnetic dot on top of the superconductor and study
the behavior of our sample in such a nonuniform magnetic
Recent progress in microfabrication and measuremerfield of the dot, which enhances the possibility of obtaining
techniques makes it possible to study the properties of smallarious combinations of superconducting states. To better
superconducting structures, so-called mesoscopic samplasyderstand the problem we start from a simple theoretical
with sizes comparable to the penetration depttand the  model for the inhomogeneous magnetic-field profile that, we
coherence lengtlf. Mesoscopic disks have been one of thebelieve, captures all aspects of the physics involved. Models
most popular and exciting study objelcts’ in this respect. used before vary from a representation of the magnetic dot
The behavior of such mesoscopic samples in an externdly a perfect dipol¥ to a magnetic-field profile calculated
magnetic field is strongly influenced by the boundary condi-numerically for an infinitely thin magnetic disk.To obtain a
tions, sample size, and geometry and may lead to varioulsetter insight we start first with a simple steplike field model
superconducting states and phase transitions between therand subsequently investigate the more complicated real
Motivated by recent experiment$®we study the prop- magnetic-field profiles, which we obtained numerically.
erties of a superconducting disk in the presence of a steplike Theoretical studies have predicted that in mesoscopic
external magnetic field. The steplike field profile is a modeldisks surrounded by an insulating media, three kinds of su-
magnetic-field profile for a ferromagnetic dot or current loopperconducting states can exist—giant-vortex sfateircular
placed on top of the superconductor. These profiles have theymmetric state with a fixed value of angular momentum
important property that the average magnetic field is zeromultivortex state(a collection of single vortices which can
We investigate the influence of step height, step profile, antbe obtained as a linear combination of giant vortices with
the ratio between step width and radius of the disk on thelifferent angular momenta and ring-shaped vortex
superconducting phase diagram. state§?! with larger energy than giant-vortex and multivor-
Previous investigations of structures with magnetic dotdex states. The ring-shaped two-dimensional vortex states
were limited to experiments with superconducting films de-have a cylindrically symmetric magnetic-field profile and
posited on regular arrays of magnetic ddts®and theoreti- they are different from the ring vortices which are, e.g.,
cal studies of single magnetic dots embedded in a thin supefeund in three-dimensional superfluid liquid helium. In the
conducting film!"'8 The common problem was that, for present paper we observe giant vortex states and first-order
magnetic dots, the strong field present inside the ferromagnétansitions between theft® and for sufficiently large disks,
suppresses the superconducting order parameter, and in sutlultivortex structures, which are the analog of the Abrikosov
situations it is appropriate to adopt a boundary condition irflux-line lattice in a bulk superconductor. The latter results
which the order parameter itself vanishes. This seems taot only from a mixture of giant-vortex states but also from
spoil the effect that leads to surface superconductivity, and igiant-ring vortex combinations as well. The latter one may
is not at first obvious why magnetic dots should support theeven lead to an off-center location of a single vortex or mul-
relatively large supercurrents associated with multiple vortitivortices. Moreover, with changing strength of the field
ces. Although enhancement of superconducting order is prehere is a transition between giant-giant and giant-ring mul-
served in the vicinity of the dot due to the fringing field of tivortex states. Increasing the step height of the magnetic-
the dot itself'® a possible oxide layer between the magneticfield profile we found reentrant behavior, i.e., a transition
dot and the superconductor may restore the boundary condirom the giant-vortex to the multivortex state and back to the
tion to that of a superconductor/insulator interface and make@iant-vortex state before superconductivity is destroyag
this effect more distinctive. In the present paper we put dound that for sufficiently large magnetic disks vortex/
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antivortex structures can be formddiant-multiantivortex

statg. In order to investigate these different vortex structures

we use the method proposed by Schweigettal.” and
Palaciog® with its semianalytical extensions of Ref. 20 to H
determine the stability of the different multivortex configu-
rations. In particular, the analysis of Ref. 20 showed that in a
superconducting disk the ring-shaped vortices are unstable il
the presence of a homogeneous magnetic field. %

Our analysis is within the framework of the phenomeno- or v
logical Ginzburg-LandayGL) theory. Although this theory
has a firm mathematical derivation only in a narrow range of
magnetic field close to the superconducting-normal state -H
boundary, it has been found that it gives also very good
results deep inside the superconducting phase diafjfam.

The paper is organized as follows. In Sec. Il we present
our theoretical model. In Sec. Il we discuss the giant-vortex
states and study the influence of a step magnetic-field profile, FIG. 1. The magnetic-field profile of the magnetic disolid
with zero average, which is centered at the disk or has a ringurve and the corresponding model step profilashed curve
symmetry, on the superconducting state. These step profiles
are limiting cases of the actual experimentally realizable prowhere the density of the superconducting currei given
files. The stability of multivortex states and transitions be-p
tween them are investigated in Sec. IV. The interest in this
study is shown through differert;,-R phase diagrams in - eh - 4e? -

Sec. V, whereH;, is the magnitude of the magnetic-field J:ﬁ(q’ Vv —-wvw )—%|qf| A. ©)
profile andR represents the radiusf the superconducting

disk, magnetic dot, current loop, etcln Sec. VI we present Here r=(p,z) is the three-dimensional position in space.
the results of our approach applied to a superconducting disRue to the circular symmetry of the disk we use cylindrical
in the presence of an experimentally realizable real magneticoordinatesp is the radial distance from the disk centeris
dot and current loop field profile. Section VIl is an extensionthe azimuthal angle, and thzeaxis is taken perpendicular to
of previous sections where the influence of an additional hothe disk plane, where the disk lies between—d/2 andz
mogeneous background magnetic field is investigated. Oud/2.

conclusions are given in Sec. VIII. Equations(1)—(3) have to be supplemented by boundary

conditions(BC) for ¥(r) andA(r):

real profile
— — - step-like profile

2 2 2
Hout=HinR1 /(Rz -R1 )

in

out

plg

Il. THEORETICAL MODEL

. . . . . . 2e.
We consider a mesoscopic superconducting disk with ra- —iaV——A|¥|,=0, (4)
dius R and thicknessl surrounded by vacuum. The external c

magnetic fieldH=(0,0H) is directed normal to the disk where the subscrimt denotes the component normal to the
plane. In this paper we investigate two different magneticgisk surface. The boundary conditions for the vector poten-
field profiles:(1) steplike magnetic field in the center of the tial have to be taken far away from the disk where the mag-

disk, and(2) a ring steplike magnetic-field profile with inner netic field becomes equal to the external field
radius of the ring,Ry. The magnetic-field strengths of the

profile (Fig. 1) are chosen such that the total magnetic flux ,&|Hw:o_ (5)
equals zero. These models should correspond to the magnetic R
field of a perpendicular magnetized magnetic dot placed ifJsing dimensionless variables and the London gaugeAdiv
the center of the disk on top of the superconductor, and the=0 we can rewrite the system of equatiqi$—(3) and BC
magnetic field due to a current loop placed on the supercon4) in the following form:

ductor, respectively. We assume that the superconductor will

not alter the magnetic state of the ferromagnetic disk. We (—iV—=A)2y=— | y|?, (6)
have to solve the system of two coupled nonlinear GL equa-

tions, which determine the distribution of both the supercon- . . -
ducting order parametet’(r), and the magnetic fielflor KV A:z(‘ﬁ V=gV ) —[y°A, )
vector potential&(F)] inside and outside the superconductor
il B Y - o — 2
2m< 1hv CA) V=—a¥-pYvl, (D Here all distances are measured in units of the coherence
length é&=#/+2m|«|, the order parameter il = ||/,
VXX A= 4_7T.~ @) the vector potential in units of#/2eé, k=N\/¢ is the GL
b parameter, and =c+\m//4eV is the London penetration
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depth. We measure the magnetic field kh,=c#h/2e&? 19 of L 2 )
=k\2H,, where H,=\47a?/B is the thermodynamical —;%P%ﬂL (;—A) f=f(1-19), (12
critical field.

The free energy of the superconducting state, measured #nd for the vector potential
Fo= H§V/87-r units, is determined by the expression

L
= (;—A) f20(p/R) 6(2|z|/d),

2
o 2 1o #A
pp dp  97°

2 - .
Feo| [ V-1ulEs Hpit+ -9y Ao

(13
+ K 2TR(D) = HAT? ] 9 where the functiod(x)=1 (x<1), 0 (x>1), andRandd
«Lh(r)=HoJ’] © are the dimensionless disk radius and thickness, respectively.

. L The brackety - - -) refer to averaging over the disk thick-
with the local magnetic field ness. L) veraging ov ! !
h(r)=VXA(r). IIl. GIANT-VORTEX STATES

We restrict ourselves to sufficiently thin disks such tdat The giant-vortex state has cylindrical symmetry and con-

< . i i i i i . >
<¢&,\. In this case, to a first approximation, the magnetlcSequently the order parameter can be written yig)

field due to the circulating superconducting currents may bé

neglected and the total magnetic field equals the external onczaf(p)equL¢)' The stable states are obtained in the follow-

- ST o _  Ing way. From thdinearizedGL equation we find (p) up to
Ho. Within this approximation we have to solve only the first 5 myjiiplying constant. This function is then inserted into the

GL equation(6) with A=A, whereﬁ_0=ﬁx§0. One should  free-energy expressiof®), which after minimization deter-
notice that in this approach, for different cases, we changenines(i) the constant irf(p) and(ii) the energy value cor-

only the vector potential profild,. For our step profile responding to the stable state. It can be shown that, for the
case of giant-vortex states, the present approach and that of
0, O<=p<Ry Ref. 6, which was based on a solution of the nonlinear GL
H. Ry<p=<R, equation, resylt in the same functiorig(H;,,) dependence.
Ho(p) = " (10) The linearized GL equation fdi(p) takes the form
—Hout, Risp=R; ,
0. Re=p<R o, £ 22, 2L
Lf=0, L p app&p-i- p Al —1. (19

the vector potential is given by
The superconducting state starts to develop when the mini-

( 0, O=p=<Ry mal eigenvalue of the operatorbecomes negative. For the
Hi, R§ zero angular momentum state, the normal state transforms to
—( — —) Rysps=sR; the superconducting one with decreasing magnetic field be-
Aolp)= ? P , low the nucleation fieldH,,.. For nonzero angular momen-
Hin > > Hou R1 R <p<R tum, the superconducting state appears when we cross either
Z(Rl_Rd 2 |PT 7 o IspsR2 the lowerH,,, or the uppeH,,, critical magnetic field,
which depends on the disk radius. The eigenvalues and
\ 0. R2$psF\E,ll) eigenfunctions of thé operator are found from
where H;, describes the positive step arhdjout=Hin(R§ Lfn’L(p)ZAn’Lfn’L(p), (15
—R3j)/(R5—R3) determines the value of the negative step o _
(see Figs. 1 and 20 and the Appendix wheref| ,(p) satlsf|e3p(&f/ap)|p:O=O at the disk center.

The indexn=1,2, . .. enumerates the different states for the
. : o sameL value.

ing the OEdET parameter as a series over Cosiés) In general, the eigenfunctions of E@.5) can be obtained
=3 _ot(p)cosknz/d) and using the same B@®) at the analytically in the case of our step magnetic-field profile. We
disk sides ¢==*d/2) and using the first GL equatiofi), present the complete calculation in the Appendix for both
one can verify that the uniform part of the order parameterconsidered cases. Alternatively, we solve EfH) numeri-
i.e., the k=0 term, gives the main contribution for cally through the finite difference technique. We put the or-
(wéld)?>1. Therefore, we may assume that the order pader parameter on a space grid and find numerically the eigen-
rameter is uniform along the direction of the disk and av- functions and eigenvalues of the operator using the
erage the first GL equation over the disk thickness. After thisousholder technique.

averaging and for a fixed value of the angular momentum, it We start our analysis with the magnetic-field profile
leads to:p(ﬁ):f(p)eprLgo), and the problem foff(p) is  shown in Fig. 1. First, we consider a magnetic dot on top of
reduced to a one dimensional problem, as in Ref. 6: the center of the disk, i.e., witR;=0 andR,=R=6.0¢ and

First, we determine the dependence QIJ(F). Represent-
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FIG. 2. The magnetic-field dependence of the lowest eigenvalues of the linearized first GL equation for different angular mantenta
for (8 Ry/é=1.5,(b) R;/£=3.0, and(c) R,/£=4.5. The corresponding curves for the first radial excited statenizel,, are presented
in (d)—(f). The top axis gives the flux through the positive magnetic-field region in units of the flux quantum.

study the influence oR;, i.e., the width of the positive field states have lower energy even with increasing strength of the
region, on the superconducting state. magnetic-field profile. E.g., foR,/£=1.5 this occurs when
The magnetic-field dependence Affor different angular | >4=L* and forR,/£=3.0 whenL>5=L*. Notice that
momental is shown in Figs. @—g for the lowest radial the slope ofA for theL>L* curves is substantially smaller
state, i.e.n=0, and in Figs. @) for the first radial state, than for theL<L* curves in the high-field region. Notice
i.e.,n=1 for three different values d®,. The top axis shows |5q that then=1 states have a highet value than then

the flux corresponding to the positive magnetic-field region_ g states and their energy is also larger than those of the
¢in=HinmR37, which in dimensionless units becomes antivortex states for the same vorticity.

¢in/ $o= (Hin/2Hc2) (Ry/€)?, wherego=ch/2e is the quan- In Figs. 3a—9 the radial dependence of the supercon-
tum of flux. All numerical calculations were done for a disk ducting density |2 is shown forlL|<3 atH,,=0.78., for

: _ : : G : : : in . [
thicknessd/ é= 0.1, which is within the thin disk approxima- the corresponding profiles of Fig. 2. Notice that, with in-

tion. The negative. values(dashed curves in Fig.)Zorre- : . .
AR . . creasingR;, the Cooper-pair density near the edge of the
spond to antivortices in conventional superconductors. The

thin horizontal line gives the\=0 level. From Fig. 2 one sample become_s_mo_re nonhomogeneous._|th¢0 states
notices that with increasing, (1) the eigenvalued of the ~ Nave a vortexsitting in the center of the disk, ijép=0)
states with the samé become more negative2) the =Q, whlch becomes Igrger with increasifig. F_or the S|tu-.
magnetic-field range over which solutions of Et) can be  ation of Fig. 3c) there is a narrow, very negative magnetic-
found decrease<d) the number of possible solutions de- field region of Ho/Hc,=0.9643 in the region 4:5p/¢
creases, antf) the A (H;,) dependences become more para-<6.0, which leads to a considerable suppression of the
bolic. The latter can be explained by the fact that increasing-0oper-pair density. For example, the=0 vortex state, i.e.,
R, corresponds to a more homogeneous magnetic-field prdhe Meissner state, has a strongly reduced Cooper-pair den-
file inside the disk, i.e., we reach the case considered in Refsity for p/é>1. For the excited staten(L)=(1,0) (dashed
6 and 20. curves in Fig. 3the order parameter vanishes inside the disk
For smallR; the curvesL andL+1 anticross for suffi- and a ring-shaped node in the wave functiis formed?%*
ciently largeL values and consequently the low vorticity which leads to a ringlike vortex.
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12 . . . 'I (@) R,=1.5¢ 'I : : — (b) R=3.0¢] : : —| (c) R,=4.5¢

Iy 2

plE piE piE

FIG. 3. The Cooper-pair density for the giant-vortex states with angular monhental,2 (solid curve$, the antivortex statek
=—1,—2 (dotted curvel and the ring vortex state=1, L=0 (dashed curveat the magnetic fieldH;,=0.73H, for (a) R;/£=1.5,(b)
R,/£=3.0, and(c) R,/é=4.5.

The eigenvalues\ determine the free energy of the  Fig. 4(d), which shows the ground-state vortex configura-
giant-vortex state. For the giant-vortex state we considetions. Notice that the flux in the positive magnetic-field re-
only states which lie below thE=0 level. In this approxi- gion has to increase for more than one flux quant#ém
mation the order parameter is before the vorticity of the superconducting state can increase
for one unit. A similar phenomena was observed earlier for
mesoscopic disks and rings in a homogeneous magnetic
field.?? Notice also that for highet values quantization is
slowly restored, and ¢ decreases with enlargirigy, i.e. the
radius of the positive field region.

1/2

| fa(p)expiLe), (16)

- _( Bn,
W(p)= —Am

and the minimal energy value is

B2 Following our assumption that the field inside the super-
F= —AZLL, (170  conductor equals the external one, we obtain the expression
AnL for the superconducting current density:
where
. An,LBn,L L 2
2md (R Int==p " ;—Ao foL(p), (18
n,

4 27d (R 5
AnL=—y | PAdpTai(p), Bar=—y—| pdp iy (p). _ _
0 0 whereA,, | is determined by Eq15), andA, represents the

The dependence of the free energy on the magnetic-fielveCtor potential of the applied field. The magnetic field due
: D {jo the supercurrents, neglected in our first-order approxima-

strength of the inner core of the magnetic-field profite, , tion. is calculated from

is shown in Figs. ta—9 for the angular momentf|<11 ’

for different values ofR;. The free energy is expressed in 1

units of Fq=H2V/8x. The highest value of vorticity in this VX He=—j. (19)

disk isL=13[see Figs. @—9]. From a comparison of the K

magnetic-field dependence &f(H;,) for R;/§=1.5[Fig.  Since the supercurrent has only an azimuthal component,

4(a)] with that forR;/§=4.5[Fig. 4(c)] we clearly observe anq s situated only in the superconductor plane ptitem-

the Fed“C“O” .Of superqondgctlylty anql the reduction of theponent ofH. can be neglected. Consequently, we obtain
maximal possible vorticity with increasirg,. The envelope

of the lowest parts of the curves in Fig. 4 represents the field 1
dependence of the ground-state energy. Notice that the in- Hedp)=— —Zf i.(p)dp, (20)
crease of the width of the positive magnetic-field region K

leads to an increase of the energy of the ground state. With,y the magnetization of the superconductor is then defined
increasing applied field, the—L +1 vortex transitions take 54 the magnetic field expelled from the superconductor.
place at the field where the corresponding curves cfioss

example, the 6-1 transition occurs a;,=0.8705, for Hiotai— Ho d (R

R,/£€=1.5). The crossing points are shifted towards lower M= f —g, dV= Zfo Hsd(p)pdp, (22)
field values when increasing,. The L—L+1 transitions

are of first order and lead to jumps in the magnetization ofwhereH, denotes the applied magnetic field ahi$ the disk
the sample. Notice that the positive flux captured in the suthickness.

perconducting disk for different states is not quantized. The corresponding/ (H;,) curves are given as insets in
This is made very clear in the;,— R, diagram presented in Figs. 4a—9. The phase transition from the superconducting
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—— giant-vortex states with even vorticity
- Qignt-vortex states with odd vorticity R,=R=6.0¢
---------- antivortex states

FIF,

FIG. 4. The free energy of the giant-vortex
states with different angular momenta as a
function of the applied magnetic-field in the posi-
tive region for (a) R;/¢é=1.5, (b) R;/£=3.0,
and (c) R;/é€=4.5. Only the states witHL|
<10 are shown. The insets depict the magnetic
field dependence of the disk magnetization for
the ground giant-vortex state for different values
of the R, /£ parameter(d) gives the positive flux
captured in the superconducting disk for the dif-
ferentL ground states as a function Bf /&.

Ao=1.88¢,

FIF,

to the normal state is of second ordedl curvesF(H;,) the normal state goes through a set of consecutive first-order
reach the==0 line with zero derivativgé The curved-(H;,) transitions between thie andL + 1 giant vortices, which is

in Fig. 4 which are situated above the ground-state energfinished by a second-order transition to the normal state.
correspond to metastable giant-vortex states. With increasing Our next step was to fix the magnetic-field profilse
applied field the transition from the Meissner stdte=0) to  took Ry/¢=0.0, R, /(=4.5, R,/£=6.0) and enlarge the

12}

1.0

0.8

0.6

Ipl”

0.4

0.2

0.0

p/E p/E

FIG. 5. The Cooper-pair density for the giant-vortex states with angular morhen€a1,2 (solid curve$, the antivortex statek =
—1,—2 (dotted curvesand the ring-shaped vortex state=1, L=0 (dashed curveat the magnetic fieldH;,=0.73H, for (a) R/¢=9.0
and(b) R/¢=12.0.
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08 T T T T T T T T T T T 1.4

0.7F" (b) (n,L)=(1,0) 112

Sl S N [ W XN /2 g [ R=10.0 {10

---R=10.5¢
——R=11.0¢

0.5

FIG. 6. The Cooper-pair density fdp) the
Meissner state (=0) and (b) the ring-shaped

0.4

B2 0.3 vortex staten=1, L=0 at the magnetic field
0.2 H;,=0.78, for different sizes of the supercon-
01 ducting disk.
0.0
0 1 2 3 4 5 6 0 2 4 6 8 10
Y3 /g

disk radiusR. In Figs. a,b the radial dependence of the H;, for different sizes of the superconducting disk are shown
superconducting density|? is shown for|L|<3 at Hj, in Figs. 7a—d. Notice that there are large differences in
=0.7%., and for a superconducting disk of radit¥¢  comparison with the previous cases. We still have the
=9.0 and 12.0, respectively. One can see that, everfor —L+1 transitions, which are of first order and which lead
=0, superconductivity in the center of the disk is destroyedio jumps in the magnetization of the sampéee Figs. Ga—
which is opposite to the homogeneous magnetic-field case)]. With increase of the applied field the transition from the
where |¥|? is maximal atp=0.° The shape of tha. =0 Meissner statel(=0) to the vortex state goes through con-
curve changes drastically and this occurs already for smaBecutive first-order transitions and is finished by a first-order
enlargement of the disk. This transition is shown in Fi@6 transitionback to the =0 state sometimes with an inter-
By increasingR/¢ from 6.1 to 6.5 the Cooper-pair density in mediateL=1 state. ForR/¢=9.0 we have 6-1—2—3
the center of the superconducting disk decreases from 0.73 te1—0 transitions, forR/{§=12.0 we have 6-1—2—1
0.03. Furthermore, in Fig. () we see also qualitative —0 , and forR/£=18.0 only 0—1—0. Moreover, for a
changes in the Cooper-pair density of the excited statsufficiently large disksee Fig. 7d), which corresponds prac-
(n,L)=(1,0) (dashed curve Now the order parameter van- tically to the R/£é—cc situation] we have no first-order tran-
ishes twice inside the disk and a double ringlike vortex issitions but only the Meissner state as the ground state. The
formed. This transition is shown in Fig(® with increasing reason is that foR/é— < the nonzero magnetic-field region
disk size fromR/£=10.0 to 11.0. is limited (relatively) to a small area and we can always
The dependences of the free energy on the magnetic fieldefine a circle with radiug sufficiently large where the su-

0.0 0.2 0.4 06 0.8 00 02 04 06 08 10 12 14
T T T T T T

FIF,

FIG. 7. The free energy of the giant-vortex
states with different angular momenta as a
function of the applied magnetic field foia)
s e R S RI£E=9.0, (b) RI¢E=12.0, (c) R/¢€=18.0, and
02f o ” j (d) RIE=20.0, withR,/¢é=4.5 andR,/£=6.0.
Dashed curves represent the energy of the anti-
vortex states.

0.4 s

FIF,

0.0 05 10 15 0 1 2 3 s 5
H /H H /H

in " ‘c2 in " c2
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sis, we considered different field profiles and disk geometries
to investigate the properties of this transition. For smaller
disks, the confinement effect dominates and we found that
only the giant-vortex states are stable, and possible multivor-
tex states, if they exist, have always larger energies. In order
to investigate such structures in our case we use the method
proposed by Schweigeet al.” and Palacids® and extend it

to determine the stability of the different multivortex con-
figurations as proposed in Ref. 20. Following Refs. 7, 8, and
23 the order parameter of the multivortex state is written as a
linear combination of eigenfunctions of the linearized GL
equation(14),

- L o0
(c) - .
00 02 04 06 08 1'00‘0 05 10 15 20 w(P):LZO = Cn,Ljfn,Lj(P)eXFij‘P)a (22
=

H./H, H /H ) —

FIG. 8. The magnetic-field dependence of the disk magnetizagyyhere L is, in the homogeneous magnetic-field case, the
tion for the ground giant-vortex state corresponding to the states ijajue of the effective total angular momentum, which is
Fig. 7, for (8) R/£=9.0, (b) R/¢=12.0, and(c) R/¢=18.0. equal to the number of vortices in the disk, anenumerates
the different radial states for the sarbg. Later on, we will
sétee that for our inhomogeneous magnetic-field case the as-
signment of the total vorticity can be tricky.

Substituting Eq(22) in the free-energy expressidf) we
tain F as a function of the complex parametéGnYLj}.

perconducting current is zero and, consequently one mu
haveL =0. But, this Meissner state is qualitatively different
from the “usual” one. The radial distribution of the Cooper-
pair density is extremely inhomogeneous and supercondu%-b
tivity is strongly suppressed in the interior of the digee o .
Figs. 5b) and 6a)]. Notice that this kind ofeentrantbehav- M|n_|m|zat|on of_F_ vv_|th respect to the_zse parameters allows us
ior differs from those previously found in rings with large to find the equilibrium vortex configurations, and to deter-

radius in a homogeneous magnetic fidliultivortex(L) mine their stability. We use the procedure described in Refs.
— giant(L) — multivortex(L+ 1)— - - -) (Ref. 22 or in disks 20 and 23 with full consideration of combinations of vortex

configurations with different radial states.

We begin our analysis with states built up by only two
components in Eq(22). This brings quantitative bounds to
our calculation but, nevertheless, facilitates the physical in-
sight into the problem and will give the correct qualitative
behavior of the system under consideration. As we will see
later, the accounting of more components in E2p) brings

It is well known that for sufficiently large disks the giant- only minor quantitative corrections to the results of the two-
vortex state can break up into multivortice$.In our analy-  component analysis.

with  enhanced surface superconductivitygiant(L)
—multivortex(L) —giant(L)].?° In our case, we have a re-
entrance of theotal vorticity and it happens due to the spa-
tial inhomogeneity of the magnetic field.

IV. MULTIVORTEX STATES

4,10, /%

—— giant vortex states

= = —antivortex states

~me giant-multiantivortex states
------ giant-ring multivortex states

v 0.30
7 // T
S /—/ T
By 0.35
A / .‘, e e
08 \7 : —— giant-vortex states ;‘/ / _‘f/—/"’/—‘ 1040 T
0 ————— antivortex states ) g’; - : g Jl:jg’;‘ff“* JT
qok"Y e giant-giant multivortex states - i o (0:9)
L 1 1 1 1 L I ! L L ! L L (b|) %‘%‘r’;"(‘a‘;) (08) 1-0.45
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14 /-'*'(‘('0 1 (')))
0.50

H/H H/H,

in" e2

08 10 12 14
H /H

in " c2

FIG. 9. The free energy of the giant-vortex states with different angular morheamsaa function of the external magnetic field fay
R, /é=5.25R,/é=R/£=6.0, and(b) R;/£=4.5,R,/£=6.0, R/£=9.0. The inset shows an enlargement of a part of this figure. Dashed
curves illustrate the energy of the antivortex stategajmlotted curves represent the giant-giant multivortex states while) idotted curves
depict the free energy of the giant-ring multivortex states, and the short dotted curves correspond to the gi@itgianultiantivortex
states. Thick solid curve illustrates the energy of the ring vortex state,n.&.) €(1,0).
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The free energy of a two-component state built out of 2md (R ) )
states 1;,L;) and (,,L,) is An iy Ly L= TJO pdp f L (p)EL, L (p),
F=Cr A, . +C} | A, | +4C2 | C2 | An n Lo 2md (R

np,Lying by B g L N L, np.Ly =g, Lpm gy, ls Bni’Li:_V Opdpfﬁi"-i(p)'

+2A,  C2 | By . +2A, (.C3 | Bn L., (23
R L M2r-2 "Nz k2 "2 "2 One should notice that we leave the possibility of combina-

tion of states with different radial states, ire. andn,. Al-

though, in generaK:ni L is a complex number, for our two-

component stat€, | is a real number. Minimization of Eq.

where

27d (R

23) with respect toC andC ives for the multi-
Ao 1= | pdpfh | (p), @3 P ny by ANACo, 1, g
PtV Jo i vortex states
|
~An LA B L 2A0 LA Bn,., |
cO  _ Np.Ly7ing.Lo=ng Ly Np.Lo"N1.Np.La Lo =05 Ly (24)
n,,L,~ — 2 '
e Anl,LlAnz,L2_4Anl,n2,L1,L2
~An L An LB LA 2A, LA By . |
© _ . Np.Lp Ny, Ly PNy L, Np.Langng.ly. =0 Ly
n2,L2_ - y

_ 2
AnlyLlAnzxLz 4An1,n2,L1,L2

and inserting these expressions into E2p) leads tothe energy of the multivortex state

2 2 2 2
- - +
Anl,LlAnz,Lanl,L:L Anz,LzAnl,Lanz,L2 4Anl,LlAn2,LzAnl,n2,L1,LZBn1,Lan2,L2

Fn Nyl Lo 2 (25)
tree Anl,LlAnz,L2_4An1,n2,Ll,L2
The corresponding conditions for the stability of the vortex state are
9%F 8An1,L1(_Anl,LlAnz,Lanl,L1+ZAnz,LZAnl,nz,Ll,Lanz,Lz)
o= 5 >0, (26)
aCnl,L1 Anl,LlAnz,L2_4'An1,n2,L1,L2

9%F _ 8An2,L2( - AnZ,LZAnl,Lanz,L2+ 2An1,LlAnl,n2,Ll,Lanl,Ll)
iCh L, An, L,An, L, 4A;

NNy, Lkqyly,

>0,

P°F 9°F ( J°F )2 64(_Anl,LlAnz,Lanl,Ll+ZAn2|L2Anl,n2,L1,Lanz,Lz)

2 2 2
9Ch, L, 9Ch L, \9Cn L, 9Cn, 0, Any L An, L= 4A0 oL L,

x( _Anz,LzAnl,Lanz,L2+ 2Anl,LlAnl,nz,Ll,LZBnl,Ll)>0-

In our analysis we investigated the influence of the width(L,:L>), i.e., the angular momentum values they are com-
of the positive field region and radius of the disk on theposed of. As expected, when enlarging the disk, multivortex
phase diagram, and especially on the stability of the multiStates become more stable and, moreover, in Fig), Sve
vortex states. For small values &;/¢ these multivortex —Observe the existence of multivortices as a combination of a
states are always metastable. However, with enlarginkg giant vortex and a ringlike vortex. These states have surpris-

these states can obtain lower energy. The energies of tHad!y oW energy and become the ground state for a specific
N - range of magnetic field. Furthermore, when increasing the
equilibrium vortex states are plotted in Fig@® for Ry /&

o field, we observe a phase transition between this giant-ring
=5.25 andR,/{=R/£=6.0 and in Fig. ) for R1/§=4.5  5nq giant-giant multivortex states, when another type of mul-
andR,/£=6.0 with a larger disk radiuB/£=9.0. The giant-  tjyortices becomes the ground state. The giant-ring multi-
vortex states are given by solid curves, antivortex states byortex states with lowest energy are given in Fith)®y the
dashed, and the multivortex statdslotted curves by  quantum number§n;,L;):(n,,L5)). It should be noted that
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6 g (a) ((0,1):(1,0)) state (b) ((0,2):(1,0)) state () ((0,3):(1,0)) state
Hglg=0:50 H, /H_,=0.85 | H/H,=045 L H,/H,=0.65
4 1 “‘v‘“ 8 - S
2 :
e
= 0 w 2
2 > i
4 4
-6
-6 8
6 H,/H_=1.00 B
e &
4 1 P 4
2 / up 2
RY) =0
< 0 -2
> -4
-2 6
4 -8
864202468 8642024618 864202468
6 /€ X/€ X/

6 4 2 0 2 4 6 6 4 20 2 4 6
X/ X/g FIG. 11. Contour plots of the superconducting density for the
ground state and the corresponding phase contour [dets Fig.

FIG. 10. Transition between two giant-vortex states showng()] for different values of the magnetic field in the positive re-
through the contour plots of the superconducting wave-functiongign.

density for the(0:4) giant-giant multivortex state for different val-
ues of the magnetic field in the positive field regi@orresponding

o two other cases, more vortices are present which are located
to the magnetization of the dot

on a ring centered around the center of the superconducting
gisk. The giant-ring multivortex state can be seen as a tran-
sition between (1,0) and (0,5) statesee Fig. %)]. As a
function of the magnetic field we start from a ring vortex, for
é—hn /H.,=0.03, this state splits into a giant-ring vortex state,
gnd finally, for H;,/H:.,=0.98 we obtain a giant-vortex

there are many other metastable combinations possibl
which are not shown in the figures.

As shown in Fig. 9, with increasinB, /¢ and the size of
the superconducting disk, the multivortices become mor

stable and they can even become the minimum of th . o S
F(C, ..C,. ) function. We focus our attention on Fig, State. This rem_arkab_le phenomenon is |IIu_strated in Fig. 12.
11 N2k ) However, giant-giant vortex combinations show com-
9(a). The solid and dashed curves represent the g|ant-vorteﬁ§|ete|y different behavior. As shown in Fig(l9 with in-
and antivortex states, respectively. The dotted curves are ”E?easing magnetic fieltH;,, combinations(0:7), (0:8),
energies of the multivortices. For example, let us follow the(o:g)’ etc. become the ground state. In the contour plot of
L=0 curve which splits into th¢0:4) multivortex state at  ihe | 4|2 distribution we observe single vortices which are
Hin/Hc;=0.28 and with further increase of the field be- 5ranged on a ring with a low-density area situated in the
comes another giant-vortex state, but now with-4, at  center of the dis{see Figs. 1&—0]. This central area is

Hin/Hc2=1.0. The concomitant change of the Cooper-pairasgociated with a giant vortex, and encircling it leads to a
density is illustrated in Fig. 10. Vortices enter the disk from
] HH 002 |

the boundary and move to the middle with increasing field,
and join into a giant vortex again.

For a fixed magnetic-field profile and with increasing size
of the superconducting disk, we obtain a variety of different
superconducting states. Let us discuss the giant-ring configu's.
rations first. We observe transitions between the giant-vortex
and multivortex states with theamevorticity. The contour
plots of the||? distribution for different multivortex states T T T
as ground statgq(0,1):(1,0), ((0,2):(1,0), ((0,3):(1,0)] X/E
are shown in Figs. ¥a—9 for a magnetic-field profile with
R, /£=4.5R,/£=6.0, andR/£=9.0, for different values of
H,, (dark regions correspond to high density and white re-
gions to low density The most interesting result we obtain
is for the ((0,1):(1,0) combination. This configuration be-
comes the ground-state configuration fdr,/H.,=0.75.
Surprisingly, the contour plot of thgy|? distribution is not :
circular symmetric—there is one vortex positioned off- R S '
center. In the lower part of the same figures we give the
corresponding contour plots of the phase of the supercon- FIG. 12. Contour plot of the superconducting density for the
ducting wave functions. The contour plot of the phase alsd(0,5):(1,0) giant-ring multivortex stat¢see Fig. @)] for differ-
nicely illustrates the off-center location of the vortex. For theent values of the applied magnetic field.

O HHENON SO ®

ye
OHBNON SO ®
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(©) H/H=1.2 0,/0,
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s{}‘ 3 00 —::::5_=_=_=:::: AT e
> 2 < ) @:17) (218)
4 )
-6 -0.2 =
-8 < RN L
8
: @%é N@g o ’
w s W
= ﬁ 5 T o6 |
g AN Y
-6
8 (d) (f) 4 4
864202468 864202468 8-642002468 0.8 jg'r:xo‘g)‘(e:t:::;es R,
X/E:' X/é X/{:‘ -------- giant-giant multivortex states Rz' Rd=6-0§
_1 0 — = giant - multiantivortex states R=9.0§ n
FIG. 13. (a)—(c) Contour plots of the superconducting density S e e
for the (0:7), (0:8),and, (0:9) giant-multiantivortex states, re- 0.0 05 1.0 15 20
spectively, for different values of the magnetic fietg, ; (d)—(f) ’ ' H /H ' )
in " c2

the corresponding contour plots of the phase of the superconducting
wave-function density. Notice that the phase near the boundary is
near O or 2r but due to the finite numerical accuracy it oscillates
between Zr—¢ and 27+ ¢, wheree ~ 10 °.

FIG. 14. The free energy of the giant-vortex states with different
angular momentéa as a function of the external magnetic field for
Ry=2.1¢, R1=6.6¢, R,=8.1¢, R/¢=9.0. Dashed curves depict the
phase change showing the vorticity 7. Figurgdi3shows a_ntivor?ex states and dotted curves represent the free ene_rgy_of the
the contour plot of the corresponding phase with seaetit glan_t-g!ant_ mult_lvorte)f states. A bird’s view of the magnetic-field
vorticesarranged in a circle around the giant vortex and theP™file is given in the inset.
total vorticity is L=0. Figures 18) and 13f) correspond,
respectively, to the giant-vortex states with vorticity 8 and 9sufficiently large radius. In Sec. Ill, where we investigated
where, respectively, 8 and 9 antivortices are located betweethe influence oR;/¢ (with R, /¢=R/¢=6.0) we only found
the giant vortex and the boundary. Notice that the Cooperk —L + 1 transitions.
pair density for theL=0 state for this disk geometry In order to show the complexity of the system under
(R1/é=4.5,R,/1£=6.0,R/£=9.0) shows a similar behavior study, we investigated one more field profile, the one shifted
with a low-density area in the center of the didee Fig. from the center of the disk, i.e., a ring magnetic field. We
5(b)]. It is obvious that enlarging the superconducting diskkeep all parameters from the previous case, and shift the field
enhances the influence of the negative part of the steplikby Ry=2.0¢ (R;—Ry=4.5, R,—Ry=6.0¢, R/£=9.0) to-
magnetic field. wards the disk edgé top view of this profile is given sche-
One could notice that a similar arrangement of the vorti-matically in the inset of Fig. 14 As shown in Fig. 14, with
ces was found in ring structures in the presence of a homdRy#0 the multivortices become more stable and for
geneous magnetic field, where the giant vortex Withl is  H;,/H:,>0.31 they are the ground state. The solid curves
surrounded by single vorticé8However, in our system with represent the giant-vortex states, dashed curves denote the
an inhomogeneous magnetic field, antivortices surround thenergy of the antivortex states, while the dotted curves cor-
central giant vortex. Furthermore, in our case, when multi+espond to the energy of the multivortices. Since giant-vortex
antivortices are involved, the total vorticity of the giant-giant states show similar, reentrant behavior as forRhe 0 case,
multivortex state is equal to the lowest vorticity of the giant- the multivortex configurations behave analogously. Giant-
vortex states that compose the multivortex, contrary to thgjiant multivortex states dominate the free-energy diagram,
situation encountered in Ref. 22. while the giant-ring combinations are present only as meta-
One more result should be noted. Following the groundstable states and are not shown in Fig. 14. However, one
state free-energy diagraffig. 9b)] we notice that the total should notice the presence of giant-multiantivortex states,
vorticity does not change uniformly (81—2—3—1 again strongly correlated with reentrant behavior. The com-
—0) and that the jumps in vorticityAL| are not always plete equilibrium phase diagram f&,<[0.3,3] is given in
equal to 1. This differs from Ref. 24 where it was claimedthe following section.
that the lowest barriers are those betweenlthend L =1 We checked that for the disk parameters which we used,
states. We found that the—L + 1 transitions take place in an increase of the number of components in &2 does
disks for a small maximum value of vorticity or at magnetic not lead to different vortex configurations in the ground state.
fields close to the superconducting-normal state transitiohn order to investigate the region of stability of multivortex
point. Between these two limiting regimés—L =N transi-  states in the above analysis, we took the order parameter as a
tions are possible withAL|=N>1. Our results are also in linear combination of three components in B2 and
agreement with Ref. 25 where it was found numerically thatminimized the free energy with respect to the three varia-
several vortices can entéor exit) at once for disks with tional parametersCLi. The giant-vortex and multivortex
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FIG. 16. TheH;,-R phase diagram for the ground state of a thin

superconducting disk witRy/£=0.0, R, /(=4.5, andR,/£=6.0.
FIG. 15. TheHj;-R, equilibrium vortex phase diagram for a solid curves indicate transitions between different vortex states in-

thin superconducting disk witlRy/£=0.0, R,/§=6.0 , andR/§  cluding multivortex(giant-multiantivortex and giant-ringregions.

=6.0. Dashed curves indicate transitions between different giantpashed curves denote the transitions between different metastable
vortex states and the thick shaded area denotes the multivortex rgiant-vortex states.

gion. The normal/superconducting state transition is given by the

thin solid curve. gion. Also notice that we do not have any negativéanti-

_ _vortex state as a ground state, not even when the negative
states considered before correspond to the extremum poinfigld area is much larger than the positive one.

of the F(C,,C,,,C.,) function. This analysis has shown  As shown in the preceding section, an increasBof¢ is

that accounting of the third component in Eg2) gives all ~ able to bring the energy of the multivortex states below those
states obtained in the two-component consideration. Addiof the giant-vortex states and they can become the ground
tionally, it results in(1) possible reducing of the region of State[see Fig. €a)]. In our phase diagram, the area bounded
existence of metastable multivortex states at the lowPy the thick curves denotes the region of existence of the
magnetic-field limit,(2) appearance of additional unstable 9iant-giant multivortex states as ground state. One can see
states corresponding to the saddle points of thésr;::é err:rL]JI'[?\?(L?triggsme:pt)p(gatrhefollo?oslglvedf Zezldi;ﬁg'an* /?_{O””d'
F(CL%’CLZ’CLev) function, and(3.) no new vortex f:omf|gura-. =0.91. Further increase @®;/¢ broadens thisnultivortex
tions in the'ground state. We did a s'lmllar mvestlgatlon'usmgareato almost the whole superconducting region. These mul-
the numerical approach of Schweigert and P?éﬁeﬂéh's tivortex states consist of vortices in a ring structure, and the
was done for five-component vortex configurations and thgota| vorticity equals the highest vorticity of the giant-vortex
same results were obtained. Using two different approachestates involvedat least in the case where there are no anti-
for three and five components, no new ground-state configusortices present

rations are found. Moreover, energies of the same states In order to show that the stabilization of the multivortex
found in both analyses for different number of componentsstates due to an inhomogeneous magnetic field is not peculiar
differ by less than 0.2%. Because all multivortex configura-to the R=6.0¢ disks, we repeated the previous calculations
tions considered in this paper are in the ground state, or nedor a larger superconducting disk. Furthermore, we investi-
it, we conclude that the two components in E§2) are gated in detail the phenomena shown in the preceding sec-

enough to describe the vortex structure in our system. tion (Figs. 11-13.
The effect of the size of the superconducting disk on the
V. H;,—R PHASE DIAGRAMS phase diagram is illustrated in Fig. 16. The parameters con-

) ) . ) ) _sidered ardRy/£=0.0,R;/é=4.5, andR,/£=6.0. The solid
First, we investigate the influence of the width of the posi-lines indicate where the ground state of the free energy

tive magnetic-field region on the different vortex configura-changes from one state to anotheither giant-vortex or
tions. Having the free energies of the different giant-vortexmultivortex stat¢ and dashed lines correspond to transitions
configurations for several values &; /&, we construct an between different giant-vortex states as metastable states.
equilibrium vortex phase diagram. Figure 15 shows thisOne can clearly see the reentrant behavior. For example, for
phase diagram for a superconducting disk with raditus R/£§=9.0 we observe the change of the total vorticitylas
=6.0¢ and thicknessl=0.1¢, where we tookR,=R. The =0—-1-2—-3—-1—0. The L=0 and L=1 states as
dashed curves indicate where the ground state of the freground state cover the largest part of the phase diagram.
energy changes from orle state to another and the solid With increasing disk size, all other giant-vortex states are
curve gives the normal/superconducting transition. Noticestrongly suppressed in favor of the various multivortex
that the superconducting/normal transition moves towardstates. Different giant-vortex states are present as the ground
lower fields with increasing radius of the positive field re- state for small disk sizes but with increase of disk size, is-
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FIG. 17. TheHj,-Ry phase diagram for the ground state of a  giG. 18. The configuration: a superconducting disk with radius

f[hin supercqnducting disk WitRl—Rd_:é_l.Sg af‘d Rz__Rd:G-Ofn R and thicknessd with a ferromagnetic dot with radiuR; and
i.e., a ring inhomogeneous magnetic-field distribution. The SaM@nicknessd,, which is placed on top of it.

curve convention is used as in Fig. 16.

The giant-giant multivortex states in this case appear both as
lands with different multivortex configuration®@iant-ring  states with no anti-vortices present, and as giant-
and giant-giant multivortex statedominate the ground-state multiantivortex states. Following the transition lines, a cor-
diagram. Precisely, forR=6.38, giant-ring multivortex respondence between different giant-multiantivortex states
states appear as the ground state, an®&kfe6.77¢ we obtain  (L;:L,) can be seenL, remains the same, whilg; in-
the giant-giant multivortex states as the ground state. In thereases from 0 to 2. As one can see, the latter is strongly
previous diagram in Fig. 15 we have shown the existence oforrelated with reentrant behavior. In the rest of the diagram,
the giant-giant multivortex states as the ground stateRfor the multivortex states with the “classical” geomettipoth
=6.0¢. With a slight increase of the disk size, these stategjiant-giant and giant-ringdominate. However, a difference
become metastable, and with further enlargement of the sbetween those two states exists. As shown in Fig. 12, in the
perconducting disk, they become the ground state agairtase of a giant-ring state, vortices are preferentially distrib-
However, these states are different from the previous onested within a ring-shaped lower-density area. Further, con-
and in the contour plots of the Cooper-pair density of theseidering the high-density areas at the disk periphery, a shift
giant-giant multivortex statelsee Fig. 13we found a giant- in phase ofA §==/L is observed, in comparison with the
vortex state in the middle of the superconducting disk surcorresponding giant-giant statsee, for example, Fig. 10
rounded by antivortices, and where the total vorticity is nowwherelL is the total vorticity. Although these states have a
equal to the lowest vorticity of the giant-vortex states that thedifferent origin, sometimes they can exhibit a similar distri-
multivortex consists of. ForR>12.3%, the multivortex bution of vortices, but the phase is always able to distinguish
states become metastable again and ltke0 and L=1 between them.
states become the only ground states. Moreover, Ror
>19.34 we have the Meissner state for all values of the  vI. COMPARISON WITH REAL MAGNETIC-FIELD
applied magnetic field. PROFILE

To present the complexity and excitement in this study, , . i
we give one more diagram. As shown before, moving the AS eémphasized before, our steplike field model can be
steplike field profile along the radius of the superconductingonsidered as a simplification of the magnetic-field profile of
disk, i.e., a ring magnetic-field profile as in the case of a@ ferromagnetic dotsee solid curve in Fig.)l as shown
current loop, stabilizes the giant-giant multivortex states aschematically in Fig. 18. In this case, the radius of the dot
the ground state. In Fig. 17, we present the phase diagram §81responds &, andR, is always equal tR The mag-
a function ofRy. The parameters of the magnetic-field pro- netic f|_eld _and vector potential were calculated through the
file are R, —Ry=4.5¢, R,—Ry=6.0¢, andR/£=9.0. Thick ~numerical integration of
solid curves indicate the transitions between different vorte (p.2)
states and dashed lines denote the transitions between metat "’

stable giant-vortex states. The reentrant behavior, as in pre- R, 4r'(2' —2)

vious case, is clearly visible. The most important result is =m,| dr’ = 5 - 5 5 - 5
that the multivortex states dominate this diagram. Moreover, 0 V(' =p)?+(z' = 2)°[(r" +p)?>+(2' —2)*]
we have both types of multivortices, i.e., giant-giant and S

giant-ring, as stable and ground state, and with shifting the ar'p '

field profile towards the disk periphery, giant-giant multivor- = (r'+p)2+(z' —2)2 (27)
tex configurations cover most of the superconducting region. z
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q)in/q)o ¢|n/¢0
0 20 40 60 80 100 120 1400 20 40 60 80 100 120 140
0.0 L o e _____ ' FIG. 19. The free energy of different vortex
O gt ses i states as a function of the magnetic moment of
02 S 7 ganting mtvortx sates | the ferromagnetic dot with(a) R;/é=4.5,
, ryryn j R,/é=R/£=6.0 and(b) R, /é=4.5, R,/ =R/
Lo 04 (3 Rt =9.0. In(a), dotted curves depict the free energy
T g6 ' - : of the giant-giant multivortex states, while {h)
E—— Ce o RL9.0; dotted curves denote giant-ring states. The bold
T AN S vortox sitos £ o onim " il curve gives the energy of the ring vortex state,
""""" grmv%'ggi statos i.e.,, (n,L)=(1,0). The energy of the antivortex
1.0 . . —1 @) . . (b states is given by the dashed curves.
0.0 05 1.0 1.5 0.0 05 1.0 1.5 2.0
m/m, m/m,
and is clear from Fig. 1) that there is no reentrant behavior,

and, second, no giant-giant multivortex configurations are

p ground state. But, this was expected since in our model field

Aylp,2)= ;fo rH(r,z)dr, profile the whole magnetic flux is trapped in the center of the

disk, with total flux equal to zero. For the real profile, the

where m, denotes the magnetic moment of a dot directedotal flux V\_/ould be zero if our disk is infinitely extended,

along thez axis, R, is the radius of the dotz} gives the and, more importantly, the flux is now.spread over the_ wh_ole
disk area. Naturally, smaller magnetic dots in combination
with large superconductors would make the correspondence
better, since most of the flux would be captured inside the

distance from the plane of interest, add=z;—z] is the
thickness of the dotE(x) is the complete elliptic integral of
the second kind. The calculations were donezfer0, which

) .disk.
?ilg?dwed us to neglect the radial component of the magneug A similar discussion holds for the results for the real

In order to examine the quality of our previous model Wemagnetic-field profi[e qf a current I_oop placgd on top of a
. . . . superconductor. This field profilesolid curve is compared
repeated the analysis from previous sections. First, we en-

largeRy, i.e., the radius of the magnetic dot, investigating theWlth our model in Fig. 20thick dashed curje The magnetic

influence of the magnetic field on the vortex structure anJield and vector potential were calculated numerically from

especially on the stability of the multivortex states, and sec-

ond, we studied the vortex configurations resulting from an H,(p,2)

increase of the superconducting disk size. =

For small values oRR;/¢ the multivortex states are al-

ways metastable. However, by enlarging this parameter theg#d

states lower in energy. The energies of the equilibrium vortex 2

states, as a function of the magnetic moment of the dot mea- | \/FTI

sured in units ofng=H,, are plotted in Fig. 1@) for radius Alp.2)= k ?[(1_ E) K(k?)~ E(kz)}’ (29

of the dotR;/¢é=4.0 andR/¢=6.0 and in Fig. 1€b) for

R, /£=4.0 with a larger disk radiuB/£=9.0. Dashed curves — curront loop magnetic field profile

correspond to antivortex states and dotted curves represel — — -model profile

the energy of the multivortex states. The giant-giant multi-

vortex states are given by (:L,), i.e., the angular momen-

tum values they are composed of, and the giant-ring multi- H,

vortex states with lowest energy are given in Fig(khSy

((n1,L4):(ny,L5)). It should be noted that there are many

other metastable combinations possible, which are not showg 0

in the figures. Notice from Fig. 18) that the results are

gualitatively similar to the results obtained with our step

magnetic-field mode(see Fig. 9. The difference is caused

by the fact that part of the negative magnetic flux does not

penetrate the superconducting disk. Because the positivi "Hou B

field region in the center dictates the behavior of the phase ' PR —
. . 0 R R, R, R

diagram even when the total flux is zgeee, for example, d 2

Fig. 9@], we obtain very similar results with the real

magnetic-field profile, but with an increased number of pos- FIG. 20. The magnetic-field profile as produced by a current

sible superconducting states. However, increasing the size @fop (solid curvé and its corresponding model profil@ashed

the superconductor brings some qualitative changes. First, durve.

_Ik

 4\Ryp

R%—pz—z2
(Ri—p)?+z

5 E(k®)+K(k?) | (298

252 252
‘ Hout:Hin(R1 -Rd )/(Rz -R1 )

i
plE
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0,/0, in total vorticity and the existence of the giant-giant multi-
0 5 10 15 20 25 30 35 vortex configurations over a large region of the phase dia-
gram.
0.0
VIl. SUPERCONDUCTING DISK WITH A MAGNETIC
-0.2 DOT OR CURRENT LOOP ON TOP OF IT IN THE
PRESENCE OF A BACKGROUND HOMOGENEOUS
0.4 EXTERNAL MAGNETIC FIELD
Ty 77 (0: In addition, we investigated the vortex structure of a su-
- .06 47(0:4) R,=7.5¢ perconducting disk in the presence of an inhomogeneous
R =9.0¢ ] magnetic-field profile resulting from a ferromagnetic dot and
08 . i a homogeneous external background magnetic field. In Figs.
glant-vortex states 22(a—0 we present the free energy as function of the exter-
————— antivortex states 1 . . . .
PPN A - giant-giant multivortex states | J nal homogeneous field, for dlffergnt magnetic dot thick-
L e— nesses. The parameters were r_adlus of th¢R1d§:4.0,
0.0 0.5 1.0 15 radius of the superconducting dis¥ ¢é=6.0 with thickness
I/1 d=0.1¢, and the fixed magnetic-field profile of the ferro-

° magnet, which is shown as an inset in Figs(a22). As

FIG. 21. The free energy of different vortex states as a functiorexpected, when a negative external field overwhelms the av-
of the current in a loop with(@ R;/é=7.5, R,/é=R/£=9.0. erage of the positive magnetic field of the dot in the disk
Dashed curves depict the free energy of the antivortex states argknter, the antivortex states become energetically more fa-

dotted curves denote the giant-giant multivortex states. vorable, and, conversely, when the positive external field be-
comes larger than the average negative value of the ferro-
with magnetic dot field, we see that the ground state goes through

successive giant-vortex states towards the normal state. For
example, for a thickness of the magnetic digt=0.1¢ we
Rip obtain an almost symmetrical figure with respectHg,;
k=2 ﬁ (30 =—0.14H.,. However, with increasing magnetic dot thick-
(Rytp)°+z ness, the magnetic field of the ferromagnetic[dpten as an
inset in Figs. 22a—g| becomes more pronounced and we
whereK(x) is the complete elliptic integral of the first kind obtain two sets of curves corresponding to the vortex and
andR; denotes the radius of the loop with currént antivortex states, each of which has a minimum. These local
The free energy is shown in Fig. 21 for a loop with radiusminima occur at external field values which are approxi-
R;=7.5¢, with a superconductor disk siZ€=9.0¢, as a mately equal to the average field of the positive and negative
function of currentl measured in units ofg=m&H o/ wo. region of the magnetic dot profile, respectively. The region
Typical values ofl; are 3.29 mA for aluminum, to 0.823 A between these two minima is characterized by a strong inter-
for high-temperature superconductors. One should compangay of states.
these results with those presented in Hig-Ry phase dia- For a current loop on top of the superconducting disk in a
gram (Fig. 17 and find that our previous model contains homogeneous external field we obtained qualitatively similar
most of the essential physics of the system. The free-energesults. Also two sets of curves with two local minima are
diagrams of both Figs. 14 and 21 show the reentrant behaviasisible in the free energy for sufficiently large currents in the

R,=4.0¢
d=1.0¢
R=6.0¢

et

FIF,
FIF,
FIF,

46 40 06 00 05 10 15 20
H,/H.

FIG. 22. The free energy of giant-vortex states as a function of the external magnetic field in a superconducting disk with a magnetic dot
on top of it with parameterR; /¢=4.0, R/¢=6.0 and(a) d4=0.1£, (b) d4=0.5¢, and(c) dy4=1.0¢. Dashed curves depict the free energy
of the antivortex states. Insets show the magnetic-field profile inside the superconducting disk created by the magnetic dot.
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)
".'l’ oasf|® . ] FIG. 23. The free energy of
{ / -0.30 || RLo.0¢ 4 ] giant-vortex states as a function of
035 L =10% N 1 the external magnetic field in a su-
040l ] 2ot ] perconducting disk with a current
TR o5 " loop on top of it with parameters
H. /M., R,/£=7.5,RI£=9.0 and(a) I/,
o/ =5.0, (b) 1/1,5=10.0, (c) I/,
et o =15.0, and (d) [/1,=20.0.
-100 80 60 -40 20 0 20

. — e ; Dashed curves depict the free en-

' 1 ergy of the antivortex states. In-
sets show the magnetic-field pro-
file inside the superconducting
] disk created by the current loop.

FIF,

FIF,

-15 -10 -05 00 05 1.0 15 20 -25 -2.0 -15 -1.0 -05 00 0.5
H /M, H,./H,

loop [see Figs. 2®,0]. We show numerical results for a The superconducting disk is assumed sufficiently thin that
system consisting of a superconducting disk Wkl€=9.0  the magnetic field produced by the superconducting currents
and thicknessl=0.1¢, and a current loop with radiuR;  can be neglected. The effects of the width of the positive
=7.5¢ (see Fig. 20 Just like in the previous case, minima in field region, the position of the field, and the size of the
the free energy are related to average fields in the positiveuperconducting disk on the vortex configuration were inves-
and negative region of the current loop magnetic-field protigated. Numerous phase transitions were found, between
file. HOWeVer, several differences exist. FirSt, with increas%tates W|th different angu'ar momentum number and between
of the thickness of the magnetic dot in the previous situationgjant and multivortex states, plus transitions of the ground
the magnetic-field profile becomes more similar to our stepgiate between different multivortex configuratidg&@nt-ring

like field model. For the current loop case this is not so, and, 4 giant-giant multivortex statesthe model steplike mag-
with increasing current in the loop the magnetic field be'_netic field (total flux through the system equals zetie

gior:iTt]ei)fSttrr\angg m,zgr;]%%igzoﬂz’nrcaepiﬂggi%ri;ausg?nl?h??rggound to stabilize the multivortex states both as the ground
Y P- A quence | ; state(i.e., with minimal energy and as metastable states.
energy for a negative external field is lower in energy, and

moreover, the other minimum slowly diminishes with further 1Ecre?s§|.?f trf]?hWId.th ?f Fhet poslltt.lve tﬁeld re%'.?n er;hances
increase of the current in the loop. In this case even foF € stability of the giant-giant multivortices, whiie enfarging

negative applied external field, the positive peak in the magt_he superconductlng disk c!ecreases the,e”ergy of the. glant-
netic field profile of the current loop is responsible for theiNg Multivortex state. In this case, the giant-giant multivor-
stabilization of the positivé states, up to largkl,<0 [see X Statés can also be the ground state but it represents a
Fig. 23d)]. It is obvious that the interplay between the ex- moo_llfled conflguratlon—a_g_lant vortex surrounded b_y_ anti-
ternal and the current loop magnetic field exhibits more in-vortices, and the total vorticity equals the lowest vorticity of

teresting physics due to the strong field inhomogeneity. the giant-vortex states which are involved. We found that
with an increase of the disk size, reentrant behavior of the

total vorticity is possible. This behavior can also be seen by
shifting the field profile towards the disk boundary, i.e., for
We studied the superconducting state of a thin supercorthe current loop magnetic field, when giant-giant multivortex
ducting disk in the presence of an inhomogeneous magnetimonfigurations cover most of the superconducting phase dia-
field. A “model” steplike magnetic-field profile was consid- gram region. Comparison with results obtained for a real
ered, which is an approximation for the magnetic-field pro-magnetic-field profile shows very good correspondence with
file resulting from a magnetic disk or from a current loop. our steplike models for the cases when most of the magnetic-

VIIl. CONCLUSION
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flux_ is captu.red inside the sgperconducti.n.g disk. Forla mag- f11(P)=(HinP2/2)|LV2€XF(— Hinp?14)M (— voa(A), L]
netic dot with a larger radius, the positive magnetic-field
region of the inhomogeneous magnetic-field profile domi- +1Hinp?12),
nates and with increasing magnetic dot radius, the total flux
in the superconductor also increases, which is different fr°mf21(p)=(Houtp2/2)‘L§"2exp(—Houtp2/4)M(— vno A),|L3]
our model where the total flux always equals zero. Thus, the
positive part of the magnetic field profile determines mainly +1Houp?/2),
the superconducting states, which leads to slightly different
physics—no reentrant behavior is present, more different su+ _ 2/ [LX 112 _ 2 . *
perconducting states are possible, but without the giant-gian{ZZ(p)_(HOUtp 12)!22exp( — Houip?/4)U (= v o(A) L3 |
multivortex states with antivortices, since they are strongly +1Houp?l2),
correlated with a reentrance of the total vorticity.

Adding a homogeneous background magnetic field, be-
sides the inhomogeneous field resulting from the magnetic
dot, brings a qualitative difference in the free-energy dia-

fa1(p) =y (V1+Ap),

gram. When the external magnetic field is between the aver- fs2lp) =YL (N1+Ap),
age field of the dot in the positive and the negative regionwith L% =L—HouR5/2, vpa(A)=—(1+]|L|—L)/2
we observe a strong interplay of the different superconduct (1+ A)/2H,,, and v, 2(A):’_(1+||_ﬂ2< |+L%)2+(1

ing giant states. Moreover, with the increase of the thickness. A)/2H o Hered(x) andY,(x) are the Bessel functions
of the dot, we obtain two strong minima in the free energy,qf the first and second kind/ (a,c,y) andU(a,c,y) are the
when the total field is a_pproximately equal to zero in the  kummer functions. To find the unknown constartg ),
<R, and thep>R, region, respectively, wherg, is the dy(2) and the eigenvalua we have to join the different parts
radius of the dot. of f_,(p) and their first derivatives &, andR, as well as

ngg, we must gmphasize that our results are only valid iQ e the boundary ConditiOW(/&p)|p:R=0. After a straight-
the limit of very thin disks. It allowed us to separate the twoynward calculation we obtained

GL equations and thus we neglected the magnetic field cre-
ated by the superconducting currents.

_ flllf éZl_ f221f ],_ll _ f211f :,Lll_ flllféll
1_—1 2_—1
fo14f 991 T224f 5 fo14f 51— To24f 5
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APPENDIX: EIGENFUNCTIONS OF THE LINEARIZED $12522 1322312
FIRST GL EQUATION IN THE PRESENCE OF AN and the nonlinear equation fax,

INHOMOGENEOUS MAGNETIC FIELD
f 114 50n— Fonqf 1 FL(R)(foqof b= Fanof 5io) + Fail R
1. Disk magnetic-field profile (faag 221 T2zl 111)[ anl NS 822 1322 212) 32( )

The vector potential distribution is determined by the X (Fa12f 210~ Faraf 310 ]+ (Fouaf 111~ Faaaf 21 ) [Fu(R)
plecewise functiorisee Eq(L1) with Ry=0] X(Fa2af o0 Fa2af b2 + Fo R) (Fa1of b ool 512)]

Hinp/2, 0=p=<R, =0, (Ad)
Ag(p)=3 —Houpl2+ Houthlzpv Ri=<p=<R, (A1) vv’here we introduced the follpwing notationf;, = f;;(Ry),
0, R,<p<R. fij = (af;; /(9p)|p:Rk. To obtain the correctA values we

have to exclude from the spectrum of solutions of &),

The eigenfunctions of Eq(15) are expressed in the follow- those which result in zeros off 51:f yp1— 22151, and
ing way: fa15f 500 Fa2of 310
In the large radius limitR—oo, the result in the third
region of the piecewise function can be replaced by asymp-

f11(p), O<p=<R, totics of the Bessel functions. Substituting them in E&g)
fLn(p)=1 bifaip) +haofoalp), Ri<p<R, (A2) We obtain
difsi(p) +dafsp), Rosps<R, 1l E
A=—-1+—|—(3+2|L|)—arctany~| . A5
where R? 4( LD d, (A5)
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The value off ,(p) near the sample edge is equal to

f119fhoq— Fogf forqfiiq— Fruafs
Ner by 11 fzd 22d }m, b, 21d }m 11d ?m,
f210f 20— F22uf 219 f210f 200 Fo2af 214
2. Ring magnetic-field profile (A7)
The vector potential distribution is given by Ed.1) and, D1(Faraf boie Fantf b1+ Do Fapef b Fapaf o)
therefore, the eigenfunctions of E@.5) can be expressed as d,= 1(T211f 321~ Ta21f210) +Da(T2217 31~ Faaaf 20 '
follows: fa11f501— Faoaf 311
f11(p), O<p=Ry
b1(fa11fo11— Forafaiy) + Do(Fa11f oo Fonif 4
f ( )_ b1f21(p)+b2f22(p), Rd$p$R1 (AG) d2: l( 3117 211 211 3::.1) 2( ?:11 221 221 311) ,
Lt difsi(p) +dofadp), RispsR, faufaor— fazifan

erfs(p)+exfalp), Rysps=R,

d l( f 312f 4,122_ f422f élz) + d2( f322f 45,22_ f422f é22)
where

e]_: ; . ,
fa10f 400~ Fazaf aro
f11(p) =fa1(p) = I (N1+ Ap),
- d1(fa15f 10— Faof 410) + Ao Faraf 300— Faoof 410)
f21(p) = (Hinp?/2)'"2exp( — Hinp?/4)M (= vy A A), [ L3 | 2 fa10f 400~ fa2of 412 '

2
+1Hinp"2), and the spectrum of values is determined by the nonlinear

. equation
foo( p) = (Hinp?/2) /"2 2exp( — Hipp2/4) U (— v, o A) | L3 |

+1H;,p%/2), [(f120f 220— F220f 110) (F211f 321~ Fa21f 210 + (F21af 119
— f110% 210) (F221f 501~ F320f 220 1L F42(R) (F312f 200

Farlp)= (Houp™12) "3 %expl — Houp MM (= 1 o A 1L Fanaf 319+ Fiol R (Fagsf o a1 1 [ (FragFag

+1H,,p%/2), , , , ' ,
ou™12) —fo2af110) (F311f 211 F211F 310) + (F200F 129 F110f 200)
faa(p) = (Houp/2)/"3 2exp — Houip24) U (— vy 5(A), LY X (f311f 501~ F 221 310) 1T Faa(R) (Fa2of 420~ Fazof 30)
+1Houp?/2), + 14 R (Fa15f 325 T2 419 1= 0 (A8)
like in the previous case, we have to exclude from the so-
fad ) =Y (VIF Ap), | p

lutions of Eg.(A8), those which result in zeros d64f o4

with Ly =L+H;nR32, Ly=L—HouR52, vpo(A)=—(1  —foxfing, farafsor— Faorf a1y and fapof fop— fanof 1.

+|L3|—=L3)/2+(1+A)/2H;,, and w,3(A)=—(1+|L}| In the large radius limiR—, thef_,(p) value near the
L3)/2+(1+A)/2H,. The constantd,,y, dy), and sample edge is approximately equal ¢e21+e22, and A is
e1(2) are given by the following expressions: given by Eq.(A5) with dy(,) replaced bye; ).
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