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Superconducting vortex state in a mesoscopic disk containing a blind hole
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Within the phenomenological nonlinear Ginzburg-Landau theory, we studied the superconducting state of a
mesoscopic superconducting disk with a circular blind hole. The influence of the smoothness of the blind hole
edge, the thickness and size of the blind hole on the superconducting condensate and the vortex state is
examined. We found that the presence of the blind hole in the superconductor increases the superconducting/
normal transition field. For large radii of the blind hole the maximal number of vortices that can nucleate in the
sample increases with decreasing thickness of the blind hole. Vortices are preferentially captured in the blind
hole and for a sufficiently large radius of the blind hole, the multivortex structure becomes energetically
favorable. A gradual transition from a multivortex to a giant vortex state is observed.
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[. INTRODUCTION small thickness. Superconducting ring structures were also
studied by Baelus, Peeters, and Schweldevho found that
The properties of mesoscopic superconductors are verpe presence of the hole in the superconductor strongly in-
different compared to those of bulk superconductors as th#uences the superconducting state. By increasing the size of
vortex configurations and the critical parameters for mesosthe hole for the fixed radius of the disk, an enhanced stabi-
copic samples are strongly influenced by the size and topolfization of the superconducting state was found and more
ogy (boundary of the samples. Because of their simple ge-Vortices can enter the sample. Transitions to a multivortex
ometry, mesoscopic disks have been the most popular Stuﬂrate were found for sufficiently large d|sks._ Breaking the
objects during the last decade. Superconducting disks mad&cular symmetry through a non central location of the hole
of different materials were studied both experimentally and" the disk favored the multivortex state in the supercon-

: : ductor. However, a direct experimental observation of the
theoretically(see, for example, Refs. 1)-4As function of an vortex structure in such mesoscopic samples is still lacking.

applied external magnetic field, the disks showed various Many experiment&-17were performed recently in order

phasg transitions within th? supgrconducting state and de{b study the vortex state in superconductors using magne-
pending on t'he sample dimensions and_temperature, trEresistance measurements. By measuring the resistivity of
superconducting-to-normé&$/N) state transition could be of 6 o _fylly-superconducting state one can obtain informa-
first-or second-order. Geiret al. studied also the paramag- tion about thes/N transition boundary. With this technique it
netic Meissner effect in small superconductoesid the non- s possible to investigate the dependence of the critical pa-
quantized penetration of magnetic field in the vortex state ofgmeters on the sample geometry, but it does not provide
superconductors’ which lead tofractional and negative  clear information about the real vortex structure. To describe
vortices. Schweigert and Peetediscussed the phase transi- these experimental results one can linearize the GL equa-
tions between different superconducting states and betweeions, simplifying the problem considerably. Another method
the S/N state of mesoscopic disks by solving numerically theto investigate the superconducting state is through Hall
Ginzburg-LandayGL) equations. It was found that the type magnetometery>6-18 which gives indirect information on
of phase transition depends on the disk size, namely, both tht@e vortex structure deep inside the superconducting region.
radius and the thickness. Furthermore, an analytical approacrhe static and dynamic behavior of individual vortices can
was developed to predict the type of phase transitions and talso be directly observed using the Bitter decoration
find the system characteristics near the phase transition poirtechnique-®2° electron holographst scanning probé? and
In the continuation of their wofk!? (see also Ref. Jltran-  LorentZ3 microscopy. In the case of superconductors with
sitions between different vortex configurations were pre-holes it is impossible to visualize the vortices in the cavity
dicted (splitting of the giant vortex into a multivortex, and because of the absence of any magnetic contrast. This can be
vice versa. circumvented by putting a thin superconducting layer under
Recently, due to the importance of pinning phenomenathe sample(or equivalently by depositing a thin supercon-
the interest shifted to superconducting digkth a hole(an-  ducting film inside the holeand due to the so-called flux
tidot). Four decades ago, the limiting case—the thin-wirecompression metho®, multiquanta vortices are visualized.
loop—was studied by Little and Park&.The H-T phase In the present paper we investigate nucleation of super-
diagram showed an oscillatory behavior each time an addieonductivity in a superconducting disk containing a blind
tional flux quantum®,=hc/2e penetrated the sample. To hole in the center using the full nonlinear GL theory. The
describe the Little-Parks effect, Berger and Rubinstein present blind hole problem is a more general problem than
studied nonuniform mesoscopic superconducting loops usinthe perforated superconductor, which we studied
the nonlinear GL theory. They assumed that the inducegreviously** Recently authors of Ref. 24 studied supercon-
magnetic field can be neglected for samples with sufficienthducting samples with periodic arrays of blind holes. To show
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Il. THEORETICAL FORMALISM

In this work, we consider a superconducting disk with
radiusR, and thicknessl with a blind hole in the center with
radiusR; and thicknessl;, (see Fig. 1. The superconducting
sample is immersed in an insulating medigeng., vacuum
and exposed to a homogeneous perpendicular magnetic field

ﬁO:(O,O,HO). In our calculation the demagnetization effects
are taken into account and as an example we took the GL
parameter«=1.0, which is close to the experimental value
for Al, Nb, or Pb mesoscopic samples. First we derive the
GL equations for a thin sample with variable thickness
d(x,y). The total Gibbs free energy?fs

2

Gsy=G +f W2+ g (—ih%—z—eﬁ)\v
sH = nH a 2 am P

+ (- ﬁo>2}dv. @)

whereH is the local magnetic field an@, is the free en-
ergy of the magnetic-field-exposed superconductor in the
normal state. For thin disks we are allowed to assume that

FIG. 1. The configurations: a superconducting disk with radiusthe superconducting condensate is homogeneous along the

Ry and thicknessl with (a) a sharp edge qib) a smooth blind hole tzl;d'reCtloTeg\r}g (;:(ons)eéqu;nt_ll}/ v(\;e r.naytrt]ak(eallior thetyolume of
with radiusR, and thicknessl(x,y), which is placed in the center of € samp =dix,y)axdy. 10 derive the equations we

the disk. use the Euler equation:

o0 _0 0 9 0 @
the influence of the bottom superconducting layer on the A ﬁxﬁ(&\lf*) (?ya(&‘P*) '
critical field, Bezryadin, Ovchinnikov, and Pannetier studied ax ay

a thin superconducting film with a blind circular hole, using
the linearized GL equatiorf8.They found that the value of
the critical field is sensitive to the bottom layer thickness, bu
the number of vortices, which nucleate inside the hole, was 1 . 2e.\?
not influenced. Buzdin and Daumens considered similar [01‘1’+B‘1’|‘1’|2+ 4_(‘iﬁV ‘_A) ‘I’}d(xd/)
. . : m c

structures using the analogy with electrostatic problé&his.
our approach, the full nonlinear GL-theory is used and the i . = 2e- \-
dependence of various quantitiésee energy, order param- N In(_ AVY - ?A\P)Vd(x,y)
eter, and magnetizatipn the thickness of the blind hole is " 26
studied. This allows us to obtain the actual vortex structure ! ol ixo A | =
inside the blind hole, which will act as a pinning site when ¥ 4md(x,y)V<|ﬁV\If " c A\I’> =0 @
embedded in an infinite-extended superconducting film. We .
also consider the influence of the smoothness of the edges #fhich gives us the boundary — conditionf(-iAV
the blind hole on the superconducting state. In two limiting—2e/cA)W|,on4ar,=0 and the first GL equatiorisee also
cases(see Fig. X (i) d=d;, i.e., for the superconducting Ref. 29:
disk®® and (ii) d,=0, the case of ring¥, we recover our )
previous results. i(_ i - 2_%*\) v

This paper is organized as follows. The theoretical formu- 2m c

where() is the integrand appearing in E@.). After simple
{ransformations we obtain the expression

lation of the problem is presented in Sec. I, where we extend

our previous approach to systems with variable thickness. e 2 ﬁ(_ 2_e»> Vd(x,y)
The influence of the steepness of the edges of the blind hole o = BY[W[T+ 2m IV c AY dix,y) ’
on the vortex configuration and critical parameters is studied )
in Sec. lll. In Secs. IMsmall disk$ and V (larger disk$ we

investigate the dependence of the superconducting state evhered(x,y) is the coordinate-dependent thickness of our
the size of the disk and the blind hole, and on the thicknessample. The last term in E@4) describes the effect of the

of the blind hole. The nonsymmetrical case, when the blindsample thickness variation on the superconducting conden-
hole is moved from the center of the sample over a distanceate. In case of a sharp hole with radigsthe latter term

ais considered in Sec. VI. Thd-T phase diagram is given becomes a delta function, which results in a discontinuity of
in Sec. VIl and our results are summarized in Sec. VIIl.  the derivative of the order parametepatR;, while the order
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1.0 the vector_p_ULentiaI ich/2eé. k=N/¢ is the GL parameter,
and A=cym/mr/4eyy is the penetration depth. We scale the
0.8 superconducting current in units gf=cH./27¢ and the
magnetic _ field in He,=ch/2e&= K\2HC, where H,
= 0.6 =\—-4mal B is the critical field.
= The difference between the superconducting and the nor-
0.4 mal state Gibbs free energjEq. (1)] measured inF,
- =H§V/87-r units can be expressed through the integral
0.0 , , F:V‘lf [2(&—&)f—|\1’|4
0.0 05 1.0 15 2.0 v
plg Sadty)
FIG. 2. The function f(p)=[1-exp—p/7)]/[1+exH0.5R, +i(=iV =AW d(x y))/ }d(x,y)dxdy, (9)
-p)/ 5] describing the smoothness of the blind hole edge for differ- '
ent values of the parametey . where integration is performed over the sample volwhe

) . ) and,&o is the vector potential of the applied uniform mag-
parameter itself is continuous. Thus at the eggeR the  netic field. The dimensionless magnetization, which is a di-
radial component of the current densjtwill exhibit a jump,  rect measure of the expelled magnetic field from the sample,

but the total currenf:fd has to be continuous. is defined as
The second GL equation reads:

4o M :<H>—_HO’ (10)

ﬁx%x,&:?j, (5) 4ar

where (H) denotes the magnetic field averaged over the
sample.

. ek - -, 4e? - For nonzero temperaturg, the temperature dependence
i= R(‘I’ V¥ -wvy) - R|‘1’| A. (6)  of £ andHg, is given by

with the superconducting current density

The actual boundary condition corresponds to the preser-

vation of the total current in the perpendicular cross section 0.0
of the sample, which can be written as the condition of no 02
current leaking in the insulator mediai V-A)¥|,=0, where

the subscriptn denotes the component normal to the disk C 04
surface. The boundary condition for the vector potential has
to be taken far away from the disk, wheke equals the
applied field, i.e.,&zl&ozo.5|-|0p@ for p>R,. Here €, de- -0.8
notes the azimuthal direction, apdhe radial distance from
the disk center.

In this paper we consider thin superconducting samples
(d,d;<¢,)\) and in this case the GL equations may be aver-

F/F

-0.6

-1.0

~

aged over the thickness of the superconductor. Using dimen- mg
sionless variables and the Landau gaugeAdi0, we rewrite T3
the system of coupled nonlinear E@4) and(5) in the fol- I%
. 2
lowing form: s
1
vd X,
(=¥ - AW = W(L = [ W) +i(= ¥ - Ayw oY)
dx,y) 0
@) 00 05 10 15 20 25
, H/H,
K _ = Iy
- d(x,y) - (\I' V\If ‘I’V‘lf )- |\P| A, ®) FIG. 3. The ground state free ener@y and the corresponding

magnetization(b) as a function of the applied magnetic field for a
and we solve this system by following the numerical ap-disk (thin solid curve with radiusRy=2.0¢ and thicknessi=0.6&
proach of Schweigert and Peetérs. and for samples containing a blind hole with different steepness:

Here all distances are measured in units of the coherencg/¢=0.2 (dashed curve 0.1 (dash-dotted curye 0.05 (dotted
length £=#/y—2ma, the order parameter ifi,=v—a/B, and  curve), and 0.0(thick solid curvg.The GL parameter ig=1.0.
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&0) following the approach of Ref. 8 we solve the GL equations
&M= W (11D assuming®(p)=F(p)exgiL ¢), wherep and ¢ are cylindri-
v c0 cal coordinates, and consequently both the vector potential
and the superconducting current are directed akgpd- is
_ T the winding number and gives the vorticity of the system. As
HealT) = Heo(0)| 1 - Tal’ (12) we restricted ourselves to circular symmetric confi i
© y gurations,

] - ) the present states characterize only the giant vortex states. In
where T, is the critical temperature corresponding to thethis case, the number of variables in the GL equations are
transition to the normal state at zero magnetic field. Thi&educed, which impro\/es the accuracy and shortens the com-
scaling allows us to relate our numerical results to the exputational time.
perimental measurements performed at nonzero temperature. Figs. 3a) and 3b) show the ground state free energy and

magnetization for the above sample and for the case in the
lll. EFFECT OF THE STEEPNESS OF THE BLIND HOLE absence of a blind hole with disk thicknedis-a+b)=0.6¢.
EDGE ON THE VORTEX STATE In all cases, only a maximum of two vortices can nucleate in
. ) ) . ) the superconductor. The free energy of the Meissner state for

In this section we investigate the influence of.the sr.nooththe disk is lower than the energy of the other samples, which
ness of the blind hole edges on the vortex configurations by 5 consequence of the enhanced penetration of the magnetic
changing the smoothness and the slope of the edges of t)d into the superconductor when the blind hole is present
blind hole. In order to avoid Dirac-delta-functions in the dif- [see Fig. 4a)]. For the same reason, the thermodynamic tran-
ferential equatiori7), which appear in the case of a step-like sition field between the=0 andL=1 states is higher for the
change ind(x,y), we introduced a gradual thickness gisk This field is the smallest for thg/é=0.0 case, i.e., the
variation, modelled by the functiofi(p)=[1-exd~p/ 7)1/ case of a perfect blind holsteep edge The free energy of
[1+exgRi—p)/ 5], which is plotted in Fig. 2, forp/é  the L=1 andL=2 states is lower for smalley/¢, which
=0.05,0.1,0.2 in the case &=Ry,/2=1.C¢. In the limit » illustrates the compression of vortices into the center of the
— 0 the functionf(p) reduces to the Heaviside step function. sample[see Fig. 4b)]. For theL =2 state the value of the free
The thickness of our sample is defineddig)=a+b-f(p),  energy of the disk is lower than the energy of the sample
wherea=d; andb=d-d.. with #/£=0.1 and 0.2, which results in a higher

We consider a small superconducting sample wath superconducting/normdlS/N) transition field. This field is
=0.3%, b=0.3, R=¢ Ry=2.0¢, and »/¢=0.0, 0.05, 0.1, 0.2. H/H=2.11 for the disk andH/H,=2.04, 2.10, 2.20,
It was shown in Ref. 8 that for small radius disks the con-2.40 for the casesg/&£=0.2, 0.1, 0.05, and 0.0, respectively.
finement effects are dominant and this imposes a circular Following the pattern explained above, the magnetization
symmetry on the superconducting condensate. Thereforé;-M) of the disk in the Meissner state is larger than for the

‘ 0.0
1.05 Ha) L=0 4 ©
H/H_,=0.8 ol
1.00 F
- o 02f
< o5} 1E =
I 0ab
osof /. y
e 041
oesf o~ n%=0.05 |
L(b) L=1
135 H/H =11
%z R=2.05
121 d=0.6¢ T
- 4 }
z 1y R=1.0¢ =
T oab x=1.0 ]
¥\
10
Nsere
1.14 :(C) L=2
1121 HyH,=1.81
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FIG. 4. The magnetic fielgg)—(c), Cooper-pair densityd)<f) and current densityg)—(i) distributions as function of the radial distance
for the states with vorticity_=0, 1, and 2, aHy/H=0.8, 1.1, and 1.8, respectively, for a superconducting @iskd curve with radius
Ry=2.0¢ and thicknessl=0.6¢ and for samples with a blind hole with radiRs=1.0¢ and with different steepness characterized by the shape
parameteryp/ £=0.2 (dashed curve 0.1 (dash-dotted curyeand 0.05dotted curve
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samples with a blind hole, which is due to the larger flux
expulsion from the sample. Far>0 the relative position of
the different magnetization curves depends on the magnetic
field.

In what follows, we investigate the Cooper-pair density
|W]2, the local magnetic fieldd, and current density distri-
butions. Fig. 4 shows these quantities as a function of the
radial distancep for the states with.=0 (a,d,g, 1 (b,e,h
and 2(c,f,i) at Hy/H.=0.8, 1.1, and 1.8, respectively. At
these values of the applied magnetic field the given vorticity
corresponds to the ground state of the sample. The local L
magnetic field is scaled by the applied magnetic field and the R,=2.0¢
current density is expressed in units jgEcH./27¢. In the 2 d=0.5¢
Meissner statéFig. 4a)], the magnetic field distribution is I i g R0SE

F/F

k=1.0

the same for all samples, enhanced at the sample boundary g
(maximun) and the surrounding insulating medium. How- %
ever, the magnetic field in the center of the disk is slightly <
lower than for the samples with an incavation. This is due to =
the induced supercurrent, which compensates the effect of
the applied magnetic field on the superconductor. Therefore,
the Cooper-pair density in the center is higher for the disk
than for the other samples, while near the outer boundary 0.0 05 10 15 20 25
|W|? is higher for the sample withy/ £=0.2 [Fig. 4(d)]. All H/H
the current in the superconducting disk is directed in the
clockwise direction, with its maximum at the disk edge. FIG. 5. The ground state free energy and the corresponding
Therefore, the applied magnetic field is actually enhancedhagnetizatior(b) as a function of the applied magnetic field, for a
close to the disk boundary, which leads to a stronger deprestisk (curve 1) with radius Ry=2.0¢ and thicknessi=0.5¢, a disk
sion of the Cooper-pair density at the outer edges as conwith a blind hole in the center with radiu’=0.5 and thickness
pared to the central region of the sampieg. 4(d)]. Com-  di/§=0.3(curve 2, 0.15(curve 3, 0.05(curve 4, and 0.0(super-
paring the Meissner currents in the case of a “classical” diskonducting ring, curve 6 The inset in(a) is an enlargement of the
and the disks with incavations, very little can be seen, as thBigh magnetic field region where the=2 state is the ground state.
current shows almost the same qualitative and quantitative
behavior. L=2 state is analogous to the=1 state, but in this case the

For theL=1 state[Fig. 4(b)] the flux is compressed in the difference between the values of the current densities for the
center of the sample and the magnetic field even becomatifferent samples is more pronouncgeg. 4(i)].
larger than the applied field. In the central region the mag- With decreasing the geometrical parametgr namely
netic field is lower for the ones with a blind hole, while the making the edges of the blind hole steeper, the change of
field at the edge of the samples is the same in all cases. Thrirvature in the order parameter can be seen close to the
Cooper-pair density of this state is higher for the sample wittblind hole boundarysee Figs. @&)—4(f), for »/£=0.05. Due
n/ £=0.05 than for the other samplgsig. 4(e)]. In this case to the continuous functiorfi(p) describing the shape of the
the sign of the current in the central region of the superconsuperconducting disk in our analysis, both the order param-
ductor becomes positivghe current direction reversedue  eter and its derivative, with respect o are continuous.
to the presence of the vortex, but the current near the outédowever, in the case of a perfect blind hole, a jump in the
boundary remains negatii&ig. 4h)]. Close to the center derivative of the order parameter should be present at the
the magnetic field is compressed into the superconductagdge of the hole due to the preservation of the total current in
(paramagnetic effegt while near the outer boundary the every cross section of the digks will be shown in the fol-
magnetic field is expelled to the insulating meditamag- lowing sections of this article and the change of the curva-
netic effec]. The positive current near the center and theture of the order parameter in Figs(d#-4(f), for /&
negative current near the edges are stronger for the samp€).05 is therefore a logical consequence of the steeper blind
with »/£=0.05 than in the classical disk case. hole edges.

When the second vortex enters the supercondyétioy.
4(c)], the magnetic field in the samples with lowgis more IV SMALL SUPERCONDUCTING DISKS WITH A BLIND
enhancedi.e., as we approach the perfect blind hole gase HOLE
since the indentation in the center of the sample favors the
capture of vortices in the center of the disk. The Cooper-pair Using the theoretical approach of the previous section we
density of the disk is higher at the disk boundary than for theconsider small superconducting disks with a perfect blind
samples with geometrical parametghé=0.1 and 0.2there-  hole in the centefsee Fig. 18], i.e., for »/£=0 and inves-
fore, the free energy is lowgrbut in the central region of the tigate the effect of the thickness of the blind hole on the
disk the Cooper-pair density is lower than in the diskssuperconducting state. Figsiapand %b) show the ground
with an incavatior{Fig. 4(f)]. The current distribution for the state free energy and the magnetization of such a supercon-
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ducting disk with radiusy=2.0¢ and thicknessl=0.5¢ with 24 - - - -

a blind hole with radiusR =0.5¢ and thicknessd,/£=0.0, 2.2w
0.05, 0.15, 0.3, and 0.5. The inset shows the enlargement of 2.0 1
the free energy in the region where the2 state becomes 1.8} =2 ]
the ground state. The situation with=0.5¢ corresponds to I% 18] Re=20% 7]
the “classical” disk cageandd;=0.0¢ to the superconducting N -1
disk with a hole(superconducting ring* In all cases the T 4 R=0.5¢ ]
maximal possible vorticity in the sample equdls,.,=2. 12 o )
When we decrease the blind hole thickness the Meissner WOr T 1
state, i.e. theL=0 state becomes less stable and Ithe0 0.8f _e-mem77T =0
—L=1 state transition occurs at lower magnetic figldich 0.6 . . . .

is similar to the previous continuous edge case, where de- 0.0 0.1 02 03 04 0.5
creasingzn/ ¢ implies a decreasing effective thickness of the dsg

blind hole, see Fig.®)]. Also the ground state free energies
for theL=1 andL=2 states are lower for the samples with
small thickness of the blind hole. Notice that the1—2

FIG. 6. Phase diagram: the relation between the blind hole
thicknessd; and the magnetic fieltHy/Hg, at which ground state
transition occurs at higher fields with decreasih@see inset transition_s take place for a supercondu_cting _sample with _rd@dus
of Fig. 5a)], which is opposite to the=0— 1 transition and ~ ~2-% thicknessd=0.5;, «=1.0 and with blind hole radius
is also different in the case of the continuous edge. with -5
decreasing the thickness of the blind hole 8i&l state tran- ring with L=1 shows a paramagnetic response, i.8,<0.

sition shifts to higher magnetic fields. This fieldhgs/Hg
=2.11 for the diskH.3/H=2.35 for the ring andH3/H,
=2.15, 2.21, and 2.29 for a thickness of the blind had)l&
=0.3, 0.15, and 0.05, respectively.

The magnetization, M, [Fig. Xb)] of the L=0 state is

For the other samples this effect occurs only for the meta-
stable states withh.=1 andL=2.

Figure 6 summarizes these results into a phase diagram
which gives the relation between the blind hole thickngss
and the magnetic fieldH,/H., at which the ground state

higher for the disk than for the other samples, which showdransitions take place for a superconducting disk with radius
the enhanced expulsion of the field from the disk. HoweverRy,=2.0¢, thicknessd=0.5, «=1.0, and a blind hole with
for the L=1 state the magnetization of the disk is smaller,radiusR;=0.5¢. The dashed curve indicates the ground state

since the presence of the blind hole in the center favors th&ansition from theL =0 state to the.=1 state, the thin solid
appearance of vorticdsompression of the flux in the center curve theL=1 to theL=2 state transition, and the thicker
of the samplg With decreasing the blind hole thickness the solid curve gives th&/N transition. Notice that the Meissner
magnetization of this state increases. The ground state of thetate is stabilized as being the ground state with increasing
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FIG. 7. The magnetic fielt)—c), Cooper-pair densityd)—f), and current densit§g)—(i) distributions as a function of the radial distance
for the superconducting states with=0 (a,d,9, 1 (b,e,h, and 2(c,f,i) at Hy/H=0.75, 1.55, and 2.0, respectively, for the diskirve 1
with radiusRy=2.0¢ and thicknessl=0.5¢, with a blind hole in the center with radid&=0.5¢ and thicknessl;/ £=0.3(curve 2, 0.15(curve
3), 0.05(curve 4, and 0.0(superconducting ring, curve).5The insets show the magnetic field near the boundary of the blind hole.
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samples with the blind hole no peak at the inner hole bound-
ary is present, and the magnetic field is increased in the
center of the sample. Consequently, the probability of finding
superconducting electrons inside the disk is smaller than if
the blind hole is present. With decreasing thickness of the
blind hole the value of the magnetic field in the center be-
comes higher and the Cooper-pair density increases near the
boundariegFig. 7(e)]. The magnetic field distribution at the
outer boundary of the sample is similar for all samples. The
Cooper-pair density increases abruptly when the thickness of
the blind hole is small, showing the enhanced compression
of the magnetic flux in the blind hole.

The magnetic field distribution and the Cooper-pair den-
sity for the L=2 state is analogous to the field distribution
and|W¥|? for the L=1 state[Figs. 1c) and 7f)].

One of the most interesting features is the jump in the
derivative of the order parameter over the radial distance at
the blind hole edge. Due to the condition of the continuity of
the order parameter and the shape of the thickness of our

e sample, which is actually a step function, the jumpih/ dp
00 05 10 15 20 25 30 35 is a consequence of the last term in Ef).
Hy/H,, The qualitative behavior of the current densityigs.
7(g)—7(i)] corresponds to the one of Fig. 4. The current den-
sity of the L=0 state is almost the same for all samples,
regardless of the thickness of the blind hole. As the current
has only aj, component there is no jump in the current
density at the edge of the blind hole, but the total current has
a jump. For theL=1 andL=2 states the current near the
thickness of the blind hole, which is opposite to the1l blind hole boundary is positive and near the outer boundary
—.L=2, and theS/N state transition field, which moves to IS Negative, and the amplitudes increase with decreasing
smaller fields with increasing. thickness of the bottom of the blind hole.

Figure 7 shows similar results as Fig. 4, but now for a It was shown in Ref. 14 that with increasing inner radius
smaller radius blind hole, i.eR=0.5 instead ofR =1.0¢ of the superco_ndgcting ring tH&YN traq;ition field shift; to
and where we study the dependence on the thickness of igher magnetic fields gnd more transitions between different
steplike(i.e., 7=0) blind hole. For theL=0 state the mag- Vortex states are possible. In Figgaand &b) the ground
netic field distribution for the disk and for the samples with aState free energy and the corresponding magnetization of a
blind hole is almost the same at the outer edges and outsidd!Perconducting disk with a larger blind hdlg=1.0¢) is
of the sample Fig. @). The local magnetic field is lower Shown while keeping the other parameters the same as be-
than the external magnetic field inside the sample and it infore. In this case the maximal number of vortices for the
creases at the outer edge of the sample, where the field liné@mple with a blind hole of thicknests=0.3¢ is Lyax=2. For
are compressed. Due to the weak penetration of the magneticthinner blind hole, more vortices can enter the sample be-
field inside the superconductor the Cooper-pair density i§ore destroying the superconducting state. The maximal
lower at the outer edges of the samp|Esgy. 7(d)]. As one  humber of vortices for the ring isya=4. By decreasing the
can see in the inset gFig. 7(a)] the magnetic field in the
center of the samples with a blind hole is higher than in the 4
disk case and therefore the highest value of the Cooper-pair
density is found in the case of a “classical” disk. With de-
creasing thickness of the blind hole this value decreases and
approaches the value of the density of the ring. For the
sample with a hole, a different behavior is observed and the .
magnetic field increases in the center since the screening -
currents expel part of the applied magnetic field toward the
inside of the hole as well as toward the outside of the disk. 1

The magnetic field distribution is considerably changed : . . =0
when the first vortex enters the sampkeg. 7(b)]. In this 0.0 0.1 0.2 0.3 0.4 0.5
case, because of the demagnetization effect, in the ring case d/g
there is a sharp peak in the magnetic field at the inner bound-
ary and the magnetic field near the center of the sample is FIG. 9. The same as Fig. 6, but now for larger radius of the
higher than the external magnetic field. However, for theblind hole,R=1.0¢.

R
AN
2

T

BODNS

e

FIG. 8. The ground state free energg®) and corresponding
magnetizationb) as a function of the applied magnetic field of a
superconducting disk with the same parameters as in Rigurves
1-5), except for the radius of the blind hoRe=1.0£. Open circles
indicate transitions between different vortex states.

R,=2.0¢

Normal state d=0.5¢
R=1.05 ]
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0.0 (a) 5
. 8
02} [4=01] 75 6
o 04 R,=4.0¢

w 04r

- g‘fz'li FIG. 10. The free energy as a
06[ =10 function of the applied magnetic
o8l field of the superconducting disk

’ with radius Ry=4.0¢, thicknessd

=0 e 17 s 1920 =0.1£ (a) with a blind hole in the

: : e center with radiusR=2.0¢ and

thicknessd;=0.0%¢ (b), 0.0X% (c),

and 0 (superconducting ring(d),
respectively. The multivortex
states are plotted by dotted curves
and the transitions from the multi-
vortex state to the giant vortex
state are indicated by open circles.

FIF,

1.0 1 17 18 19 20 + 1 T e 17 18 19 20
H/H,

=0, . R T ‘
0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 2.0
HU/HC2 HO/HCZ

thickness of the blind hole, th®/N transition field shifts to  disk containing a blind hole with radiu’ =2.0¢ and thick-
higher fields. This field i$y/H.,=2.11 in the disk case and nessd;=0.1£, 0.0%, 0.01£, and O (superconducting ring
Ho/H»=2.38, 2.92, 3.21 for the thickness of the blind hole respectively, as a function of the applied magnetic field. The
di/ &= 0.3, 0.15, 0.05, respectively. TI®N transition field insets show an enlargement of the free energy close to the
for the ring equalsHy/H=3.58. The transitions between S/N boundary. The multivortex states are plotted by dotted
differentL states occur at lower fields for the small thicknesscurves and the transitions from the multivortex state to the
of the blind hole, and the free energy becomes lower, apgiant vortex state are indicated by open circles. In order to
proaching the free energy of the superconducting ring. define whether the state is a multivortex state or a giant vor-
The phase diagram in Fig. 9 shows the magnetic fieldex state, we used the criterion of Ref. 29, which states that if
Ho/Hc,, at which ground state transitions take place, as @ahe maximum between two minima in the Cooper-pair den-
function ofd; for larger value of théz;. The thick solid curve sity is lower than 0.5% of the maximum Cooper-pair density
gives theS/N transition, which exhibits some oscillatory-like in the sample, the state is assigned to be a giant vortex state.
behavior. Notice that th&/N transition moves to higher field In all samples vortex states up to=11 can nucleatésee
with decreasing the blind hole thickness and in that caselso Fig. 1}. In the case of the uniform disk multivortex
more vortices can be trapped. Also that the phase diagram sates can nucleate for vorticity=2, 3, 4, 5, and 6, and with
very different from theRr;=0.5¢ case(Fig. 6) because now all increasing external field, these multivortex states transit to a
ground state transition fields increase withexcept for the giant vortex state for fixed. When we include a blind hole
S/N transition field. into the disk[Fig. 1Qb)] the free energy of all states be-
comes lower and th&/N state transition occurs at higher

V. LARGER DISKS WITH A BLIND HOLE: MULTIVORTEX 20 ' ' ___Normalstate |
STATES o
R - B
Until now, we restricted ourselves to small superconduct- 15 %
ing samples, where the confinement effects are dominant and I‘g 6
only giant vortex states are stable. For larger superconduct- E° 1.0F 3 2 4
ing disks it is energetically more favorable for the giant vor- 3
tex to split into separated vortices for certain magnetic .- 2
fields? 1]
To investigate such multivortex states we generalize the /’T
approach of Ref. 9 to superconducting disks with a blind 00 0 o0r 004 o006 008 o010
hole in the center. No special symmetry is imposed on the d/g

superconducting condensat&x, y), which is allowed to be

Of arbi_trary shape. AS an example we take a superconducting FIG. 11. Phase diagram: the ground state transition FigltH .,
disk with k=1.0, radiusR,=4.0 ¢, thicknessd=0.1¢, and for  as a function of the blind hole thicknesis for a superconducting
different values of the radiug; and thicknessl; of the blind  sample with radiusR,=4.0¢, thicknessd=0.1£, k=1.0, and with
hole. Figures 1@)—-1Qd) show the free energy for such a blind hole radiusR;=2.0¢.
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-MMH_, (10

FIG. 12. The same as Fig. 10,
but now for the magnetization.
The vertical lines indicate the
ground state transitions.

4

-M/H02(10)
AONIAICANWANOIN®D DN L0 2NWHROOOD N ®
T . D : ; T

magnetic field. This field idH.3/H=1.91 for the disk and is calculated using Eq(10) after averaging the field only
Hes/H»=1.92 for the disk with the blind hole of thickness over the superconductor, namely excluding the hole in the
d;=0.0%. In this case less states are able to nucleate into auperconducting ring case. In these figures the vertical lines
multivortex state, nameliy=2, 3, and 4. Moreover, the mag- indicate the ground state transitiofsee Fig. 10 In the case
netic field region, over which we found the multivortices, is of the superconducting dislFig. 12a)] the maxima in the
also decreased. When we decrease the thickness of the blinthgnetization curve decrease with increasing vortitity
hole [Fig. 1Qc)] the vortex states become more stable andsince most of the applied flux is expelled from the supercon-
the ground state transitions occur at lower fields for lowerductor in the Meissner state. For the given value of the GL
vorticity. Notice that now thé.=1 state remains stable even parameter the states with=1, 4, 5, 6, 7, and 8 show partly
for negative applied fields. Th&/N transition field now is  paramagnetic respongee., -M <0). Notice that the inser-
Hes/Heo=1.95. In this case all states are giant vortex statesion of a blind hole enhances such a paramagnetic response
By further decreasing the blind hole thickness the free enfFigs. 12b) and 12c)] for the smallL-states. The largest
ergy approaches the energy of the superconductinglfitg  amplitude of the magnetization is found for the1 state.
10(d)]. The S/N transition field of the ring is the highest one When we decrease the thickness of the blind hidtey.
and equals 1.98,, which can also be seen from the phase12(c)] (i) the maximum in the magnetization shifts to higher
diagram in Fig. 11. The phase diagram shows that for th&orticity, (ii) less states show paramagnetic response, and
states with lower vorticitfL < 4) the ground state transition (jii) the magnetization approaches the one of the supercon-
fields are higher for thicker blind holes, i.e., larggrwhile  ducting ring casgFig. 12d)], which is maximal for the.
for states with larger vorticityL >4) the ground state tran- =4 state. The magnetization of the superconducting ring,
sition fields increase with decreasidg From Figs. 6, 9, and when the field is averaged over the whég area, i.e., in-
11 it is obvious that, regardless on the size of the disk and theluding the hole(Fig. 13 shows qualitatively similar fea-
blind hole, the thinner blind hole favors penetration of thetures as the magnetization of the superconducting disk; but in
first vortex in the sampldower applied field necessarydue  this case the value of the magnetization is larger, the para-
to enhanced compression of the field in the blind hole. How-magnetic response is larger, and the magnetization value at
ever, the behavior of the critical field for penetration of thethe thermodynamic transition fields increases wlithup to
following vortices is determined by a competition betweenL=3.
the pinning effects of the blind hole and repulsion between Figures 14a) and 14b) show the magnetic-field range
the vortices in the sample. In the case of a larger hole showAH=H penetration Hexpuision OVEr which the vortex state with
in Fig. 11, the pinning effects dominate till the fifth vortex vorticity L is stable and the magnetic-field rangel, over
penetrates the blind hole, reinforcing the repulsion betweemhich the given vortex state is the ground state. For the disk
vortices. ForL >4 vorticity, it is more energetically favor- case, the results are given by full circle®lid line), for the
able that the vortices sit further from each other, when thalisk with the blind hole with thicknesd;=0.05 by open
confinement effects of the blind hole are weallargerd,), circles (dashed ling d;=0.01¢ by full squares(dash-dotted
resulting in a decrease of the threshold applied flux as funcline) and for the superconducting ring by open squades-
tion of the thickness of the blind hole. ted ling. Notice that in each case the Meissner state, i.e., the
Figures 12a)-12d) show the magnetization for the super- L=0 state, has the largest stability region. For the homoge-
conducting samples of Figs. )-10d). The magnetization neous diskAH exhibits a local maximum at.=4. The
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FIG. 13. The magnetization of the superconducting ring with
outer radiusRy=4.0¢, thicknessd=0.1£, «=1.0, and inner radius
R =2.0¢, when the magnetic field is averaged over an area of radius

Ro-

Meissner state becomes less stable when the blind hole is
present. The transition to the=1 state occurs at lower mag-
netic field, indicating that the presence of the blind hole sig-
nificantly facilitates the penetration of the first vortex in the
sample. The lowest stability region of the=0 state is found

for the superconducting ring. With decreasing the thickness
of the blind hole the stability region of the vortex states with

L <7 increases, but foc >7 the stability regiomMHy is al-
most independent af;, which is a consequence of the fact
that for largelL-values superconductivity is destroyed in the

PHYSICAL REVIEW B 70, 024508(2004)
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FIG. 14. (a) The magnetic-field rang&Hg over which the vor-

FIG. 15. Contour plot of the phase of the order parameter for the
superconducting disk with radiu,=4.0¢, thicknessd=0.1¢ and
«=1.0 for the vortex states with=2 (a) and(b), 3 (c) and(d), 4 (e)
and (f), 5 (g), and 6(h) at Hy/H.,=0.36 and 0.55, 0.5 and 0.77,
0.64 and 0.87, 0.77, 0.92, respectively. Phases near zero are given
by white regions, phases neatr Dy dark gray regions.

center of the disk and consequently it does not matter
whether or not a blind hole is present in that region of the
disk. A similar tendency is observed for the ground state
magnetic field rangéHg(L) [Fig. 14b)] with the exception
that for L>7 AHy(L) decreases slightly with decreasidg
A similar tendency is seen fakHg but to a smaller extent.

As we have shown before, many of the important features
connected with the pinning of vortices by holes in the super-
conductors can be reproduced if thin blind holes are used
instead. However, in the case of the superconducting rings,
the flux is compressed in the hole and this quasigiant vortex
can be recognized only by the phase of the order parameter
in the superconductor around the hole. The advantage of
blind holes lies in the fact that the real vortex structure inside
the pinning center can be visualized. In what follows, we
investigate the influence of the thickness of the blind hole on
the vortex configurations. As was shown in Ref. 29, in su-
perconducting disks transitions from the multivortex state to
the giant vortex state can occur. In our disk sanjpke Fig.
10(a)] such transitions appear for the states With2, 3, 4, 5,

tex state with vorticityl is stable andb) the magnetic-field range and 6. The number of multivortex states decreases with de-
AH, over which the given vortex state is the ground state, as funcereasing blind hole thickness. Figures@&15h) show the
tion of the vorticity L. The sample parameters are the same as irphase of the order parameter of the disk for the states with

Fig. 10.

L=2-6. Phases near zero are given by white regions and
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FIG. 16. Contour plot of the phase of the order parameter for a
superconducting disk with radiuRy=4.0¢, thicknessd=0.1¢, « 0 @

=1.0 for blind holes with radiug&;=2.0¢ and thicknessl;=0.05¢ o
- _ . : FIG. 17. The free energya) and the magnetizatiofh) as a
(@,d,9, di=0.0L (beh anda=0.0¢ (c,ii) for the states withk. ¢ i "o he applied magnetic field of a disk with radiRg

=2(abo, 3(de, and 4(g,h,), at Ho/H;=0.22, 0.41, and 0.6, =4.0¢ and thicknessd=0.1¢£ for a blind hole in the center with

respectively. Phases near zero are given by white regions, phas%?diusRi:O.Sg and thicknessh=0.01z. The GL parametex=1.0.
near 2r by dark gray regions.

The inset shows the free energy for higher vorticity and vertical
phases near2 by dark gray regions. For the=2 state, in  gray lines indicate ground state transitions. The multivortex states
lower magnetic fields two individual vortices are separatecire plotted by dotted curves and the transitions from the multivortex
from each othefFig. 15a)] and at the fieldHy/H,=0.55 state to the giant vortex state are indicated by open circles.
they join into one giant vorteiFig. 15b)]. The multivortex
to the giant vortex state transition for the-3 state occurs at In the above samples, the radius of the blind higlés
Ho/H=0.77[Fig. 15d)]. The L=4 state shows the “tradi- large enough and all vortices are individually located inside
tional” multivortex structurg[Fig. 15€)] where all vortices the blind hole forming the multivortex state, giant vortex
sit at the corners of the polygon. The multivortex to giantstate, or combination of them. Next we consider a supercon-
vortex transition occurs afly/H,=0.87[Fig. 15f)]. Analo-  ducting disk with a small radius blind hole in the center.
gously, in small magnetic fields the states witk5 andL  Figures 17a) and 17b) show the free energy and magneti-
=6 show ring vortex structurgigs. 1%g) and 1§h)], which  zation of the superconducting disk with radii®=4.0¢,
are recently of large scientific intergsiee Refs. 30 and 31 thicknessd,=0.1¢ and containing a blind hole with radius
but with increasing the applied magnetic field vortices mover,=0.5¢ and thicknessd;=0.01£. The inset shows the en-
to the center and form one giant vortex. The states with evetargement of the free energy for the states with higher vor-
higher vorticity are giant vortex states. ticity and vertical gray lines in the magnetizatifsee Fig.
The arrangements of vortices in samples containing a7(b)] indicate the ground state transitions. The multivortex
blind hole in the center is shown in Fig. 16 by the phase ofstates are plotted by dotted curves and the transitions from
the order parameter for the states with lower vortidity  the multivortex state to the giant vortex state are indicated by
=<4). When the blind hole with thicknes$=0.05 and ra-  open circles. In this case vortex states up tol1 can nucle-
dius R;=2.0¢ is present in the superconducting disk with  ate with aS/N state transition fieltH,/Hg,=1.91. The states
=0.1¢ andRy=4.0¢, the two vortices are closer to each otherwith vorticity L=3-7 aremultivortex states. Th& =1 state
[Fig. 16@)] than in the disk case. With decreasing the thick-is stable over a larger magnetic-field range than the other
ness of the blind hole these two vortices come closer to eacstates.
other [Fig. 16b)] and form a giant vortex with vorticity Figures 18a)-18h) show the phase of the order param-
=2. Obviously, when the blind hole is present in the samplester of the sample for the states with-3-7 at the diferent
vortices are pinned by the hole, and therefore located closeralues of the applied magnetic field. For the2 state vor-
to the center for all vortex states as compared to the disk cadies are close to each other and located in the blind hole, as
(Fig. 15. With decreasing the thickness of the hole the vor-in the case of samples with larger blind holes. But for the
tices are compressed more to the central region of thé=3 state one vortex is inside the blind hole and the other
sample. In the case of the superconducting ring it is notare outside of ifFig. 1§a)]. By further increasing the field
possible to see the vortex structyieigs. 16c), 16f), and  the vortices move to the centffig. 18b)]. For theL=4, 5,
16(1)]. 6 states one vortex is in the hole and others make a triangu-
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VI. NONCENTRAL LOCATION OF THE BLIND HOLE

Until now we considered only cylindrically symmetric su-
perconductors. In the next step we investigate the nonsym-
metric case, i.e., when the blind hole is shifted from the
center of the sample over a distargmeAs an example we
take a superconducting disk with radiRg=4.0¢, thickness
d=0.1¢ with a blind hole with radiudk;=1.0¢ and thickness
d;=0.01¢ moved over a distanca=2.0¢ in the -y-direction.
Figures 19c) and 19d) show the free energy and magneti-
zation of this sample. To compare with the symmetrical case,
we also plotted the free energy and magnetization for the
superconductor with a blind hole in the cenf&igs. 19a)
and 19b)]. In the latter casé. =11 vortices can be captured
into the superconductor while it transits to the normal state at
Ho/H»=1.91. The breaking of the symmetry changes the
superconducting state considerably. In this case the maximal
number of vortices in the samplelis=15 and the stability of
the states with lower vorticity are decreased. The ground
state free energy of the nonsymmetric sample is lower for the
states withL>3, which leads to a higher critical field
He/H,=2.47. It is noticeable that transitions between vor-
tex states aftet =10 occur without a jump in the magneti-
zation.

FIG. 18. The phase of the order parameter for the superconduct- Figures 20a)—2Qh) show the distribution of vortices in

ing disk with radiusRy=4.0¢, thicknessd=0.1¢, k=1.0 for a blind
hole in the center with radiuR;=0.5¢ and thicknessl,=0.01¢ for
the vortex states with=3 (a) and(b), 4 (c), 5(d), 6 (e) and(f), and

the samples by the phase of the order parameter and Cooper-
pair density. For the symmetric system, i&=0, we found
only giant vortex states. Figures (&) and 2@b) show the

7 (g) and(h) atHy/H»,=0.57, 0.65, 0.80, 1.0, 0.94, and 1.1, respec-Cooper-pair de_nsity and the phase of the order parameter for
tively. Phases near zero are given by white regions, phases near Zhe L=2 state in that sample. By breaking the circular sym-

by dark gray regions.

lar, square and “pentagonal” lattice around the hdlgs.

metry of the system, multivortex states are stabilized. Fig-
ures 2Qc)-20g) show the Cooper-pair density of such mul-
tivortex states. The vortex nucleated at the blind hole is for

18(c)-18e)]. At small fields the state witlb=7 makes a
“shell” structuré®3! with one vortex in the centefFig.
18(f)]. By increasing the magnetic field these vortices move So far, our calculations have been done for fixed tempera-

toward the hole and form a giant vortex.
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L=5 a giant vortex with vorticity Jsee, e.g., Fig. 20)].
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ture T. Now we will include temperature in our numerical
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FIG. 19. The free energy and
magnetization as a function of the
applied magnetic field of the su-
perconducting disk with radius
Ry=4.0¢, thicknessd=0.1£ with a
blind hole with radiusR =1.0¢,
and thicknessl;=0.01£, when the
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blind hole is in the centefa) and
(b) and moved over a distance
=2.0¢ in the -y direction (c) and
(d). The multivortex states are
plotted by dashed curves and the
transition from the multivortex
state to the giant vortex state is in-
dicated by open circle itc). Open
squares show th&/N transition
fields.
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FIG. 20. Contour plot of the Cooper-pair density and phase of 0.00+ -0
the order parametdib) and (h) for the superconducting disk with 0.'94 0."5)5 o_'ge o,'97 o_'gs o,'gg 1.00
radius Ry=4.0¢, thicknessd=0.1¢ with a blind hole with radius T/T(0)
R =1.0¢ and thicknessl;=0.01¢, when the blind hole is in the cen-
ter (a) and(b) and moved over a distanee=2.0¢ in they direction FIG. 21. TheH-T phase diagram and the stability area for the
(c)—(h), corresponding to the vortex states witk2 (a) and(c), 3  states with vorticity up td=5 for (a) the disk,(b) the disk with
(d), 4 (e), 5(f), and 6(g) at Hy/H,=0.55 and 0.65, 0.82, 1.0, and blind hole, andc) the superconducting ring. The radius of the disk
1.12, respectively. is Ry=12.%(0), the thickness of the distt=0.8%(0), the radius of

. the blind hole R=6.25(0), the thickness of the blind hole,
calculations through the temperature dependence of the cay gg(0). and the GL parametet equals 1.167£(0)=120 nm).

herence !engtf[see Eqs(lZ_L) anq 12)]. Thereforg, E.i” di_s- Thick solid curves indicate the superconducting/normal transitions.
tances will be expressed in units 6f0), magnetic field in

H(0), and temperature in units of the zero-magnetic-field 0 ) ) ) )
critical temperaturel ;. We consider two samples, namely ture by ~1.5%. Therefore, mt_roductlon of the blind hole in
the superconducting disk with radi®=1.5 um and thick- the superconducting sample is a powerful tool for enhance-
nessd=100 nm. with and without a blind hole with radius Ment of the critical parameters. The critical parameters of the
R=0.75um ana thickness; =10 nm. We choose the coher- sample with a blind hole are close to the parameters of the
ence length£0)=120 nm and the penetration depifo) ~ SUPerconducting ring.

=140 nm, which are typical experimental values for low-

temperature mesoscopic superconductors. VIIl. CONCLUSIONS
TheH-T phase diagram is shown in Figs.(at-21(c) for
the disk(a), the disk with a blind holé&b), and for the super- We studied the nucleation of superconductivity in super-

conducting ring(c) for the states with vorticity up tb=5.In  conducting disks with a blind hole in the center of the
the presence of the blind holes vortices enter the sample aample. The influence of the sample shape on the supercon-
higher temperatures and these states have a larger stabildycting state was thoroughly investigated. We found that the
region compared to the case of the digkcept for the increase of the steepness of the edges of the blind-hole-like
Meissner state where the opposite tendency is notiddte  cavity in the superconductor leads to a shift of 8I&\ tran-

S/N transition field at fixed temperature and the critical tem-sition field to higher magnetic fields, but the maximal num-
perature at the given field is higher for the sample with theber of vortices remains the same. The Cooper-pair density,
blind hole. For values of the parameters used here, the critinagnetic field and current density distributions show that the
cal field is increased more than 20% and the critical temperaflux trapped in the superconductor is compressed more into
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the center of the sample, when the thickness of the sampllie range of the magnetic field at which multivortex states
changes more steeply. are present is also decreased for fixed\ thinner blind hole

We also investigated superconducting disks with a perfedeads to more stable vortex states and ground state transitions
blind hole in the center in the case of relatively small diskshetween different vortex states occur at lower fields. The
(R=2.0¢). When the radius of the blind hole is much smaller states with higher vorticity illustrate stronger flux expulsion
than the radius of the disk, the maximal number of allowedn samples with a blind hole as compared to the pure disk
vortices is the same for all considered samples, regardless ghse. For a small radius of the blind hole a limited number of
the thickness of the blind hole. On the other hand, the deygrtices are situated in the hole and other vortices are located
crease of the blind-hole thickness leads to high tran- i, the superconducting region forming a “shell” vortex struc-

sition fields, and the free energy of the sample with blindy,re | this case, the shell “magic numbers” can effectively
hole approaches the energy of the superconducting ring. Tr@e controlled by the ratio bet

S - ween the size of the disk and its
local magneUc-ﬁe]d 'd|str.|but|on shows that for the=1 blind hole. We also considered the nonsymmetric case when
state, the magnetic field in the center of the sample for th

superconducting ring is lower than at the blind hole edge?he blind hole is moved over some distance from the center

For the sample with the blind hole the magnetic field iSof the sample. In this case the maximal number of vortices in
maximal in the center, showing one of the significant differ-the sample is increased, the stability of these states is de-

ences between the hole and a blind hole as pinning center‘ére_l"f‘ﬁe(il_’| _a$d rrr:ultlvzr_tex stateslar:e Ia(\j/ofrablti. f th
For the larger radii of the blind hole the maximal number of . K N d th pd.aie .'ﬁgrag‘lq. gahculaeh or he c?]se ot (Ia
vortices in the sample increases with decreasing the thiclf's and the disk with a blind hole shows that the critica

ness of the blind hole and approaches to the number of vo ield at a given temperature and the critical temperature at
tices in the case of he superconducting ring. fixed field are higher for samples with a blind hole, and their

In order to investigate the vortex configurations inside theV_alues approach the phase boundary of the superconducting

blind hole (as opposed to the hole as a pinning centere

considered superconducting samples with larger sizes. For

the value pf the GL parameter=1.0 the states with. <6 _ ACKNOWLEDGMENTS
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