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Influence of surface defects on vortex penetration and expulsion in mesoscopic superconductors
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Solving the nonlinear Ginzburg-Landau equations self-consistently we investigated the influence of surface
defects on the vortex penetration and expulsion in thin mesoscopic superconducting samples. The effect of the
number, size, and position of surface defects on the vortex entry and exit fields and on the entrance and exit
positions of the vortex are studied for very thin circular, square, and rectangular samples. For specific vortex
configurations we found that due to the interplay between the vortex-vortex repulsion and the vortex-defect
interaction, the vortex does not enter or leave the sample through the surface defect.
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[. INTRODUCTION defect on the vortex expulsion and penetration. The path of
In the last decade, the study of vortex matter in finitethe entering(oir exitirjg) vortex with respect to the position of
mesoscopic superconductors has attracted a lot of attentiofl® defect will be investigated for different shapes of the
both theoretically and experimentallyee, e.g., Refs. 13at  superconducting sample.
became generally known that metastable vortex states can We consider thin superconductors immersed in an insulat-
nucleate, which show up as an hysteresis effect at the traf?g medium in the presence of a perpendicular uniform mag-
sitions between different vortex states, i.e., during the pennetic fieldH,. To solve this problem we follow the numerical
etration and expulsion of vortices. This hysteresis effect i@pproach of Schweigert and Peetefss for thin disks(d
due to the presence of a surface bafti€heoretically, one <¢,\) averaging the GL equations over the disk thickness is
often considered perfect smooth samples, i.e., with no su@llowed. Using dimensionless variables and the London
face defects, which leads to a maximum surface barrier angauge divh=0 for the vector potentia[l:, we write the system
maximum hysteresis effe8tOn the other hand, it is very of GL equations in the following form:
difficult to experimentally create a superconductor with a . .
perfectly smooth boundary and one should deal theoretically (=iVp - AW =W (1-|¥]? (1
with defects at the surface. These surface defects can act as
nucleation centers for vortex entry and exit, which decrease - d .
the surface barrier. Therefore, we expect that the presence of = AzpA=—3(2)]2p, (2
surface defects leads to higher expulsion fields and lower K
penetration fields, and thus to a reduction of the hysteresiwhere
effect and a reduction of the magnetic field region over 1
Whlgh the metastable states are stable. For this reason, a the- jop= = (V'V,pW¥ = WV,p0") - [W]?A (3)
oretical study of the effect of surface defects on vortex pen- 2i
etration anq expulsion is very important for a comparison 0fig 4he density of superconducting current. The superconduct-
the theoretical and experimental results. . . L e 2
During the last few years several theoretical studies werd'd Wave function satisfies the boundary conditidrgV,p
performed where the influence of surface defects on the vor=A)¥|,=0 normal to the sample surface and
tex entry in bulk superconductors was investigateé In = 1/2H0pé¢, far away from the superconductor. Here the dis-
bulk superconductors it is indeed found that the presence dfnce is measured in units of the coherence lergtthe
a surface defect leads to lower penetration fields and that theector potential inc#/2e¢, and the magnetic field i,
stability region of the metastable states decreases. =ch/2e£?=k\2H.. The superconductor is placed in they)
Surface defects will play an even more pronounced role irplane, the external magnetic field is directed alongzthgis,
mesoscopic superconductors, due to the small size of theéind the indices 2D, 3D refer to two- and three-dimensional
boundary. In the present paper, we will investigate the effecbperators, respectively.
of surface defects in mesoscopic superconductors. We will For a more detailed discussion of the self-consistent solu-
determine the effect of the number of surface defects, théon of Egs. (1) and (2), we refer to Refs. 4 and 14. The
position of the surface defect, and the size of the surfaceimensionless Gibbs free energi@seasured in units of
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TrooTorrrrrm T number and positions of the surface defé¢ste Fig. 1a)]. In
a “perfect disk,” two vortices enter when the Meissner state
becomes unstable with increasing field. This can be seen
from the thick curve in Fig. ), which shows that the vortex
state changes from the Meissner state with vorticiy0 to a
vortex state with vorticityL=2 at Hy/H=0.307 with in-
creasing field. The two vortices will just enter opposite to
each other, because then the distance between the two vorti-
ces is maximum, and, thus, the repulsion is minimum. When
we add a surface defe¢sample(ii)], the surface barrier
decreases at the defect position, which leads to an earlier
penetration of one vortex and a decrease of the penetration
field to Hy/H.,=0.227[see the thin solid curve in Fig(d)].
Adding a second defed¢samplesf(iii) and (iv)] reduces the
penetration field toHy/H.,=0.278 for sample(iii) and
Ho/H>=0.280 for sampldiv). However, depending on the
position of the second defect, the number of vortices pen-
etrating the sample at the first transition can vary. When the
two defects are opposite from each otheample(iii )], two
vortices enter at the first penetration figlsee the dashed
T curve in Fig. 1a)], while for sample(iv) only one vortex
015 0.20 enters. Notice that the penetration field is practically the
H/H, same for sample§i)—(iv), even for sampléiii) where two
vortices enter at once. With decreasing field the vortices
leave the sample one by ofisee Fig. 1b)] for all sample
configurations. Notice that the presence of one or more sur-
face defects enhances the expulsion field, i.e., decreases the
hysteresis effect, with decreasing field. For example,Lthe
=1—0 transition occurs aH,/H.,=0.029 for the perfect
5 ) i ] o sample(i), atHy/H=0.057 for sampléii) with one surface
=HV/8m) of the different vortex configurations is given by yefect and aHo/He=0.039 andHy/He,=0.057 for samples
Lo (iii) and(iv). Notice that for the ideal sample and for sample
F :\Flf [2(A=Ay) - jop - [W[*4dr, (4) (i) no two vortices are expelled at the same time.

v Next, we will focus on the position where the vortices
enter or leave the sample during the transitions. When no
surface defects are present, there is no favorite position for
the vortex to enter or leave the supercondudsme, e.g.,
Ref. 15. In the case of increasing field the two vortices enter
Il. RESULTS opposite from each other during the first transitidr=0

First we will concentrate on extremely thin superconduct-— 2)- How is the penetration/expulsion position influenced

ors, such that only the first GL equatifBg. (1)] has to be bY the presence of one or more defects? , _
solved and the magnetic field can be assumed to be homo- Figures 2a)-2(d) show the free energy evolution during
geneous and equal to the external figlg Later, we will the L=0—1, theL=1—-2, theL=1—0, and theL=2—1
consider superconductors with finite thickness and investilransition, respectively, for sampl(@) of Fig. 1, i.e., a disk
gate the influence of such nonzero thickness on the vorte@ith radius R=6.0¢ with one surface defect with radius

penetration and expulsion in the presence of a surface defeBerect=0.5. The insets show the Cooper-pair density of the
including effects due t # Hy. vortex state. Insd{i) is the metastable vortex state just before

the transition, insetiv) the metastable vortex state just after
the transition. Inset§i) and(iii) are the vortex states during
the transition at the iteration steps indicated by the symbols
in the main figure. These insets indicate where the vortex
Figures 1a) and 1b) show the free energy as a function enters or leaves the sample. Notice that the surface defect is
of increasing and decreasing applied magnetic field for ajiven by the black half dot in the figures.
superconducting disk with no surface defdatample(i)] by With increasing field, the first vortex enters through the
thick solid curves and the same disk with different configu-defect[see Fig. 2a)]. Just before the transition, the Cooper-
rations of surface defecfsamples(ii)—(iv)] by thin curves. pair density has clearly the lowest value around the defect
The disk has radiuR=6.0¢, the circular surface defects have [inset (i)]. Inset (ii) shows the penetration of the vortex
radiusRyerec=0.5¢ and are centered at the surface boundarythrough the defect. After the penetration this vortex moves
The samples are shown in the insets. With increasing fieldowards the center of the digknset iii)]. Due to the pres-
the change in vorticity at the first transition depends on theence of the defect, the stability position of the vortex is not

-1.0 L=|O

0.00 0.05 0.10

FIG. 1. The free energy as a function @) increasing andb)
decreasing applied magnetic field for a disk with radRrs6.0¢
with (i) no surface defectsiii) one surface defect with radius
Ryefec= 0.5¢, and(iii ), (iv) two surface defects. The insets show the
samples in more detail.

where integration is performed over the sample voluhe
and A is the vector potential of the uniform magnetic field.

A. The effect of the number of surface defects and their
relative position for a superconducting disk
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exactly at the center but a little bit shifted in the direction figures, we will restrict our discussion to the contour plots,
opposite to the defect, as can be seen from ifiset The  which clearly show where the vortices enter or leave the
second vortex also enters through the defeee Fig. 2b)]. sample during the iteration process. Figurés)-33(c) show
Due to the repulsion with the penetrating vortex, the vortexthose contour plots of the Cooper-pair density for the0
in the center of the disk moves first a little bit towards the— 2, theL=2—1, and theL=1— 0 transition in a supercon-
disk boundary in the opposite direction of the penetratingducting disk with radiusR=6.0¢ with two surface defects
vortex[insets(ii), (iii)]. Finally, the state stabilizes when the with radiusRyesc=0.5¢, which are located opposite to each
two vortices are rotated over/2, such that they are along other[sample(iii) of Fig. 1]. With increasing field two vor-
the diameter perpendicular to the def@iciset (iv)]. Notice  tices enter at the first transition fie{dee also Fig. )L Figure
that theL=2 state is a multivortex state at magnetic fields,3(a) shows that the penetration of the two vortices occurs
just above the expulsion field. As for the case of a disk withsimultaneously through both defects. After the penetration
no surface defect, the two vortices will move towards thethe two-vortex molecule rotates ovef 2 as was observed in
center with increasing field and finally they combine into aFig. 2(b). On the other hand, the expulsion of the vortices is
giant vortex!® The main difference due to the defect is that one by one, but the vortices do not always leave the sample
the degeneracy decreases. In the case of a perfect disk, ttieough one of the defects. The=2— 1 transition is very
multivortex state withL=2 is infinitely degeneratedi.e.,  similar to the one for the one defect situation, which explains
with respect to the rotation of the multivorjexvhile for the  why their expulsion fields are the same. The vortices do not
disk with one surface defect the vortex configuration isrotate first so that the expulsion is not through a defsee
locked by the defect and the degeneracy is lifted. Fig. 3(b)]. The last vortex leaves the sample through one of
With decreasing field, the last vortex leaves the sample ahe defects with decreasing fieldee Fig. &)]. Figures
Ho/H>=0.057 through the defect as shown in Fi¢c)2Just  3(d)-3(g) show the contour plots of the Cooper-pair density
before the transition the vortex is almost at the disk centefor the L=0—1, theL=1—2, theL=2—1, and theL=1
[inset(i)], then it moves towards the defdatset(ii)] before  — 0 transition in sampléiv) of Fig. 1. At the first transition,
it leaves the sample through this defgictset (iii )]. Finally,  the first vortex enters the disk through one of the defects with
the state stabilizes again and the Meissner state is fiond increasing fieldsee Fig. 8d)]. Also the second vortex enters
set(iv)]. TheL=2—1 transition is more interestirigee Fig. the disk through one of the defecfbig. 3(e)]. After the
2(d)]. Just before the transitions, the two vortices are veryortex entry, the two vortices rotate ovetr4 and the two-
close to the disk boundafynset(i)]. Instead of rotating over vortex state stabilizes. With decreasing field, the vortex mol-
/2, such that one vortex can leave through the defect, thecule rotates over/4 during theL=2— 1 transition and the
vortex molecule stays along the same direction and the volast but one vortex leaves the sample through one of the
tex leaves the sample not through the defewet(ii)]. This  defects[Fig. 3(f)]. Also the last vortex leaves the supercon-
explains why thed.=2— 1 expulsion field is the same as for ductor through one of the two defedtsee Fig. &)].
the sample without defects. After the expulsion, the remain- So far, we have studied the influence of one or more de-
ing vortex moves towards the cenfénset (iii)] and finally  fects on the transition fields and the position of the vortex
the stable_=1 state is foundinset(iv)]. entry and exit in a superconducting disk with radiBs
Next, we study the vortex penetration and expulsion wher=6.0¢ with defects with radiudRyerec=0.5¢. We found that
two surface defects are present. To reduce the amount die hysteresis effect decreases, i.e., the penetration field de-
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FIG. 4. The free energy as a function of increasing magnetic
field for a disk with radiusR=3.0¢ with (i) no surface defectgii)
one surface defect with radilyerec=0.5, and (iii), (iv) two sur-
face defects.

different from the larger sample case. Now, only one vortex
enters during the first transitioisee the dashed curverhe
reason is probably that the repulsion between the two vorti-
ces is too strong to penetrate together, because they are too
close to each other. For sample) we find a similar behav-

ior as for larger samples. Only one vortex enters during the
first transition(see the dashed-dotted curve in Fig. Motice
further that the free energy decreases when the number of
defects increases, which is due to the decrease in the effec-
tive superconducting area.

So far, we have investigated the penetration and expulsion
of vortices at low fields, when only a few vortices are present
in the disk. Next, we will study the effect of a surface defect
(9) on the vortex penetration and expulsion at higher fields and

vorticities. Figure 5 shows the free energy as a function of
FIG. 3. The Cooper-pair density of the vortex configuration dur-the magnetic field for a disk with radiug=6.0¢ with no

ing (& theL=0—2, (b) theL=2—1, and(c) theL=1—0 transi-  surface defectédashed curvésand one surface defect with
tion in sample(iii) of Fig. 1, and(d) the L=0—1, (e) theL=1

—2,(f) theL=2—1, and(g) theL=1—0 transition in sampléiv) 00F — T — T T T Ty T 1
of Fig. 1. High (low) Cooper-pair density is given by dafiwhite) | R=6.0¢
regions. 02k Ryetect = 0-58

creases and expulsion field increases, when surface defects -0.4
are introduced. The number of vortices entering during the o
same transition can be influenced by the presence of surfacetk -g.6
defects. Also, the entry or exit positions of the vortices de-

pend on the presence of surface defects. However, all these g8
conclusions partially depend on the size of the sample and

the size of the defect. To illustrate this, we calculated in Fig. A0 no surface defect -
4 the free energy with increasing field for the same sample L —— one surface defect |
configurations as above, but now we took the disk ra@us qebdo,
=3.0¢, while we kept the defect radius the same, i.e., 00 02 04 06 08 10 12 14
Ryetec= 0.5¢. In a perfect sample with no surface defesse HO/H02

the thick solid curvg the vortex state changes at the first

transition from the Meissner state to the two-vortex state, FIG. 5. The free energy as a function of the magnetic field for a
just as in the case of the larger sample. For one surfac@isk with radiusR=6.0¢ with no surface defectédashed curves
defect, the state transits again from the Meissner state to thed one surface defect with radiBgesec=0.5¢ (solid curvé when
L=1 state(see the thin solid curyeWhen we add a second increasing(upper curves and decreasinglower curves, shifted
defect opposite to the first oleample(iii )], the situation is  over —0.F) the magnetic field.
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2(c) and Zd)]. At higher fields, we find that the vortex exit
never happens through the defect. The reason is that in the
initial state the vortices are locked by the defect in such a
way that the defect is always exactly situated in between two
vortices due to the repulsion with the external magnetic field.
With decreasing field, the vortex lattice does not ro{die-
cause it is fixed by the defecand one vortex just moves in
radial direction towards the sample boundary where it leaves
the sample. This can be seen from Fig&)66(I) where the
exit positions are shown for the— L -1 transitions withL
=3,4,5,6,7,and 18.

B. Surface defects in superconducting thin squares and
rectangles

Next, we consider square superconductors and we inves-
tigate the effect of the surface defect position with respect to
the corners. Figures(& and 7b) show the free energy as a
function of increasing and decreasing magnetic field for a
square superconductor with sides equale 6¢ without a
defect(solid curves, with a surface defect in the middle of
one of the sidegdashed-dotted curvesind with a surface
defect in a corner of the square samfdashed curvesAll

FIG. 6. The Cooper-pair density of the vortex configuration in athe defects are circular and have a radius equaR Qe
disk with radius R=6.0¢ with one surface defect with radius =0.5. For the case without surface defects the vorticity in
Ryefec=0.5¢ during theL —L+1 transition for(a) L=2, (b) L=3,  such a square with sid&/=6¢ changes by one at the first
(c) L=4, (d) L=5, (e) L=6, and(f) L=12, and during thé. —L transition fieldHy,/H,,=0.612, i.e., the state transits fram
-1 transition for(g) L=3, (h) L=4, (i) L=5, (j) L=6, (k) L=7,and =0 toL=1 [see the solid curve in Fig(&]. By introducing
(I) L=18. High (low) Cooper-pair density is given by daftwhite)  a defect in the middle of one of the sides the first penetration
regions. field, where one vortex enters, decreasesigoH.,=0.588.

A defect on the corner haalmos) no effect on the penetra-
radius Ryerece=0.5¢ (solid curve. By introducing a surface tion field. The vortex enters through the middle of a disiee
defect, the penetration fields decrease and the vorticitalso below and this is too far away from the corner to feel
changes always by 1 at the transitions. When decreasing thibe effect of a defect there. The expulsion of the vortices
magnetic field, the expulsion fields increase due to the sumccurs one by ongsee Fig. T)]. A defect in one of the
face defect and the vortices leave the sample one by oneorners increases slightly the expulsion field, while a surface
Notice that in the perfect disk two vortices may enter ordefect in the middle of a side increases the expulsion field
leave simultaneously. more significantly. Figures(€) and 7d) show the same as

Next we investigate the vortex entry and exit positions atFigs. 4a) and 1b), but now for a square with sides equal to
higher fields. Do the vortices penetrate or exit the sampl&V=12¢. In such larger squares several vortices can penetrate
through the defect? Figure 6 shows the vortex entry and exgimultaneously{see Fig. 7c)]. For the square without sur-
positions in the disk with a circular defect of Fig. 5. Figuresface defects, two vortices enter at the first transition field,
6(a)—6(f) show the entry positions for the—L+1 transi- like in the circular disk case. Here, of course, a defect in the
tions withL=2, 3, 4, 5, 6, and 12. Fdr=2, 3, 4 the vortices corner does again not influence the transition, because it is
enter through the defect, just as we found in Figs) 2nd  even further away from the penetration position of the vorti-
2(b) for the L=0—1 and theL=1—2 transition. On the ces as it was for smaller squares. On the other hand, a defect
other hand, the vortex does not enter through the defect dum the middle of one of the sides decreases the first penetra-
ing theL —L+1 transition wherL=5. TheL=5—6 transi- tion field substantially and also changes the number of vor-
tion is shown in Fig. ). The vortex does not enter through tices entering the superconductor. The vortices enter one by
the defect, but also not at the position opposite to the defectne, i.e., the simultaneous penetration of more vortices is no
For L=6 the vortex always enters the disk at the positionlonger found, because the defect introduces a preferential
opposite to the defect, regardless of the fact of whether thaucleation site for vortex entry. With decreasing field, the
initial state is a multivortex or a giant vortex state. Figurevortices leave one by one in all cadésg. 7(d)].

6(e) shows theL=6— 7 transition where the initial state isa  Next we focus on the position of the vortex entry and exit
multivortex state and Fig. (6 the L=12— 13 transition in the systems of Figs.(@ and 7d), i.e., a superconducting
where theL =12 state is a giant vortex state. square with sides equal ¥=12¢ with no defect, a circular

With decreasing field, the vortex leaves the sampledefect with radiusRye.=0.5¢ in one of the corners, and
through the defect during the=1—0 transition and not such a defect in the middle of one of the sides. Figure 8 gives
through the defect during the=2— 1 transition[see Figs. the contour plots of the Cooper-pair density for the vortex
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FIG. 8. Contour plots of the Cooper-pair density of the vortex
state during the vortex penetration or expulsion in a square with
width W=12¢ and for defects with radiuRyerec=0.5¢. (a) The L
=0—2 transition in a perfect square sample), the L=0— 1, and
(c) theL=1—2 transition in a square with a defect in the middle of
one of the sides(d), (e) the L=0— 2 transition in a square with a
defect in one of the corneréf) the L=2—1 and(g) theL=1—0

FIF,

08%= 050 058 030 transition in a perfect squarégh) the L=2—1 and (i) the L=1
) — — T - — 0 transition in a square with a defect in the middle of one of the
(d)  —nodefect sides, (j) the L=2—1, and(k) the L=1—0 transition in a square

o8l = = -defect in comer

—-—- defect in middle of one side with a defect in one of the corners. Higlow) Cooper-pair density

is given by dark(white) regions.

two vortices are situated along one of the two diagonals. So,
] after the penetration of the second vortex, the vortex mol-
ecule will rotate until the state stabilizes with two vortices
along one of the two diagonals. The two possible states with
w=12¢ . .
Ry = 0.5 [ vortices along the diagonals have exactly the same free en-
ergy, because the distances from the vortices to the defect are
the same in both cases. For a defect in the corner, two vor-
<2 tices enter at the same penetration field, Hg/H=0.223
through the middle of two opposite sidesee Figs. &) and
S8(e)]. Notice that the two figurefsee Figs. &) and 8e)]

a square with siz&V=12¢ with no surface defectsolid curvg, a ~ M&Y suggest that the two vortice_s d_o not penetrate simulta-
surface defect in the corner of the squédashed curve and one in neously, i.e., _at the same magnetic field. This is not th_e cqse.
the middle of one side of the squafdashed-dotted curyeThe ~ Th€ two vortices do penetrate at the same magnetic field
surface defect has raditRyereci= 0.5 Ho/H=0.223 as is clear from Fig.(@), but not at the same
iteration step in our numerical process.
states during the vortex penetration or expulsion in such a Figures &) and 8g) give the expulsion of the vortices
squares. In a perfect square two vortices enter opposite foom the perfect square. The last but one vortex leaves
each other during the first transitigaee Fig. 8)]. When a  through the center of one of the sidé€sg. 8f)]. In the stable
surface defect is introduced in the middle of one of the sideswo-vortex state, the two vortices are situated along the di-
only one vortex enters at the first penetration fidde Fig. agonal. During the transition, the two vortices first rotate
7(c)]. From Fig. &b) it is clear that this vortex enters through over 7r/4 and then one of the vortices leaves through the
the defect. Also the second vortex enters through the defechiddle of one of the sides. Also, during the=1— 0 transi-
at the next penetration fie[dFig. 8(c)]. Notice that the stable tion the vortex leaves the superconductor through the center
vortex configuration foL. =2 is a multivortex state where the of one of the sidefFig. 8g)]. When a defect is introduced in

0.00 0.05 0.10 0.15
H/H

FIG. 7. The free energy as a function of increasing and decrea
ing magnetic field for(a),(b) a square with siz&v/=6£ and(c), (d)
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FIG. 9. a-Hg-phase diagram for a square withi=6¢, wherea ducf[ing rectangle with sides equal_to&lﬁnd 24 with no defect
is the displacement of the defect from the center of the side-gnd (SOlid curve, with a defect at the middle of the short sitteashed
the applied magnetic field. The thick curves are the ground stat§Urve and one in the middie of the long sideotted curve:
transitions. The thinner curve on the righft) side from this curve . . . o
is the penetratioriexpulsion field. The L—L+1 transitions are Sidered a defect with raditRyerec=0.2%, while in Fig. 9b)
given by solid curvegdashed curvéswhenL is odd (even. The  the defect radius equakerec—1.05. From Fig. 9a) we can
radius of the circular defect iRyeree=0.25% in (@) and Ry ~ CONClUde that the position of a small defect along the surface
=1.0¢in (b). has only a small effect on the ground state transition fields.

The effect on the expulsion field and the penetration field is
the middle of one of the sides the last but one vortex leavea little bit larger but also not very striking. Also the

through the center of a sidé&ig. 8h)], and the last vortex superconducting/normal transition seems to(élenos) in-
leaves through the defefdFig. 8(i)]. For a defect in the cor- sensitive to the position of the defect. For larger defeste
ner, the two vortices leave through the center of a fikigs.  Fig. 9b)], the influence of the defect position on the transi-
8(j) and 8k)] and not through the defect. tion fields is more pronounced. A clear increase of the size of
Now, we will examine in more detail the effect of the the hysteresis is found with increasiagand this increase is
surface defect position for a square superconductor witlargest fora=¢.
sides equal toN=6¢. In Fig. 9 phase diagrams are given  Notice that the difference between the thermodynamic
wherea is the distance between the middle of the side andransition field and the field for vortex penetration, i.e.,
the center of the defect.is varied froma=0, i.e., the middle  Hpenetratior Hihermodynamic IS sSmaller than the similar one for
of the side, toa=3¢, i.e., the corner of the square. The thick vortex expulsion, i.€ Hinermodynamic Hexpuision indicating that
curves in the figures indicate the ground state transitions. Thine barrier for vortex entry is smaller than the barrier for
thinner curve on its left side indicate the expulsion field, thevortex expulsion. This is the case both Ry...=0.25 [Fig.
one on its right side is the penetration field. The very thick9(a)] and for Ryetec=1.0¢ [Fig. Ab)].
solid curve at the right side of the figure is the Next, we will investigate the vortex penetration and ex-
superconducting/normal transition field. In an effort to makepulsion in rectangular samples. Is the vortex entry and exit
the figure more clear we used solid curveslfer L+1 tran-  the same for a surface defect in the middle of the long or the
sitions wherL is odd and dashed curves whieis even. We  short side? Figures 18 and 1@b) show the free energy for
also add arrows that indicate which penetration and expulincreasing and decreasing magnetic field for a superconduct-
sion field belongs to which transition. In Fig(éd we con- ing rectangle with no surface defedisolid curve, with a
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FIG. 11. Contour plots of the Cooper-pair density of the vortex state during the vortex penetration or expulsion in the rectangular samples
of Fig. 10. (a),(b) the L=0—2 and theL=2—4 transition in a perfect rectanglé;), (d) the L=0—2 and theL=2— 3 transition in a
rectangle with a defect in the short side), (f) theL=0— 1 and theL=1— 2 transition in a rectangle with a defect in the long sidg, (h)
theL=2—1 and theL=1—0 transition in a perfect rectanglg), (j) theL=2—1 and theL=1— 0 transition in a rectangle with a defect
in the short side, anck), (I) theL=2—1 and theL=1— 0 transition in a rectangle with a defect in the long side. Higiw) Cooper-pair
density is given by darkwhite) regions.

defect in the middle of the long siddotted curvesand with  are present near the center of the sqlisee Fig. 14d)]. The
one in the middle of the short sid@lashed curves The  repulsion between the vortices makes that the penetration is a
rectangle consists of long sides equal t@ 24d short sides little bit more difficult from the middle of the long side.
equal to 1Z. The circular surface defect has radiBgwet  NOw, the surface defect acts as an easier place for penetra-
=0.5¢ In Figs. 11a)-11(f) contour plots of the Cooper-pair tion and the third vortex enters through the middle of the
density are given for the vortex states during the first twoshort side where the defect is locafege Fig. 14d)].
transitions with increasing field for the three sample configu- A defect in the middle of the long side of the rectangle
rations and in Figs. 1ty)—11() the ones during the last two leads to a reduction of the first penetration fi¢kde Fig.
transitions with decreasing field. 10(a)]. Moreover, only one vortex enters when the Meissner
In a perfect rectangle, i.e., one without surface defects, thetate becomes unstable. The surface defect is introduced at
vortices enter at the middle of the long sides two by two. Thethe entering position of the vortices. Therefore, just one vor-
reason is that the Cooper-pair density along the surface i®x enters during the first penetration. This is also shown in
lowest at this position which makes it the most favorableFig. 11(e). Also during the second penetration, only one vor-
position for vortices to entéf Therefore, for the case of a tex enters and the vorticity changes framm 1 to L=2 [see
rectangle without surface defects, the vorticity changes byig. 10@)]. Remarkably, the second vortex does not enter
two, i.e.,L=0—2—4 [see the solid curve in Fig. 1&]. through the defect. Due to the presence of the first vortex in
From Figs. 11a) and 11b) it is clear that the first two vor- the center of the rectangle, four new preferable entry posi-
tices enter from the middle of the long side at the first tran-tions for vortices are created along the two long sides as can
sition field, and the next two vortices do the same at thébe seen from Fig. 11). The second vortex enters through
second transition field. one of these preferable positions instead of through the de-
A defect in the middle of the short side does not influencefect which is quite close to the vortex and the entering vortex
the first transition. The penetration field is the same as thé therefore repelled by this vortex.
one for the “perfect” rectangle and also the change in vortic- With decreasing field the vortices leave the sample one by
ity is the samdsee Fig. 1()]. The defect is too far away one for the three considered samples as can be seen from Fig.
from the most favorable entry positions of the vortices, i.e.,10(b). The exit positions of the vortices are clear from Figs.
the middle of the long sides. Figure (£l shows the Cooper- 11(g)-11(1). In a perfect rectangle, the last but one vortex
pair density during the first penetration. It is clear that theleaves the sample through the center of the short side and the
first two vortices enter from the middle of the side. Thelast vortex through the middle of the long sifleee Figs.
second penetration field decreases by adding a surface defeldt(g) and 11h)]. Introducing a small defect in the middle of
in the middle of the short side and the vorticity changes nowthe short side does not influence the exit positions of the
from L=2 to L=3 [see Fig. 1(8)]. The difference with the vortices[see Figs. 1) and 11j)]. However, since the defect
first transition(from L=0 to L=2) is that now two vortices is introduced at the preferable exit position of the last but one
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FIG. 12. Ryetecr Ho-phase diagram for a square with'=6¢, w02 I d/& = 0.005 ]
whereRyerecilS the size of the surface defect in the center of the side ’
andHg the applied magnetic field. The thick curves are the ground- -0.4 .
state transitions. The thinner curve on the rigbft) side from this defect
curve is the penetratiofexpulsion field. TheL«—L+1 transitions -0.6 o rF;o ef% o5¢ T
are given by solid curve&ashed curvgswhenlL is odd (ever). I defect — ]
-0.8 [ ———— Rdefsct=0'5§ -
vortex in a perfect rectangle, i.e., the middle of the short A0, e T
side, theL=2— 1 expulsion moves to higher fields as can be 0.0 0.5 1.0 1.5 2.0
seen from Fig. 1(®). The L=1—0 expulsion field is not Ho/ch

influenced since the defect is too far away from the prefer-

able exit position in the middle of the long side. On the other FIG. 13. The free energy for a superconducting disk with no
hand, introducing a small defect in the middle of the longsurface defect$solid curve$ and with one surface defect with ra-
side does influence the exit positions of the vortifese dius 0.2% (dashed curvgsand 0. (dashed-dotted curvesis a
Figs. 11k) and 111)]. Now, the last but one vortex leaves the function of (a) the increasing anth) the decreasing magnetic field
sample not through the middle of the short side, but preferfor three values of the sample thickness, i#0.00% (lower

to leave it through the long side. The last vortex leaves thé&urves, d=0.1£ (middle curves, displaced over &g, and d
sample through the defect which is located at the preferablg0-2% (upper curves, displaced over B.

exit position of the last vortex in a perfect triangle. The in-

fluence of adding the defect at this position is thatltreel ~ can not neglect the second Ginzburg-Landau equa®n

— 0 expulsion field moves to higher fiel@lsee Fig. 1(b)]. that describes the bending of the magnetic field lines around
_ the superconductor. This means that we have to solve the
C. The effect of the defect size complete set of nonlinear Ginzburg-Landau equations as de-

We also investigated the influence of the size of the surscribed above.
face defect on the transition fields. Figure 12 shows a phase As an example, we consider superconducting disks with
diagram whereRyesect iS the radius of the circular surface radiusR=3.0¢ for Ginzburg-Landau parameter=0.28. Fig-
defect in the middle of one of the sides of the square withures 13a) and 13b) show the free energy for such a disk
sides equal to & We used the same conventions as in Figswith increasing and decreasing field, respectively, for three
9(a) and 9b). The influence of the defect size is much morevalues of the thickness, i.ed=0.00% (lower curve$, d
pronounced than the one of the defect position and the effect0.1¢ (middle curves, displaced over G, and d=0.2¢
is larger for largeL states. All the ground-state transition (upper curves, displaced over Bg. The free energy for the
fields and the superconducting/normal transition field in-disk without surface defects is given by solid curves, the one
crease with increasing defect size. In general, the expulsiofor the disk with one circular surface with raditgsect
field increases much more than the penetration field with0.25% and 0. is given by dashed and dashed-dotted
increasing defect size, such that the hysteresis effect deurves. With increasing thickness, the hysteresis effect and,
creases. The increase of tBeN field is a consequence of the hence, the stability region of the metastable states increases
smaller overall size of the superconductor. It is well knownin all cases. The penetration field increases significantly,
that the superconducting state is stabilized near edges andwhile the change in expulsion field is much smaller. Previ-
small superconductors. ously, we found similar behavior in the case of superconduct-

o ) ing rings*® The expulsion of the magnetic field is much more

D. The effect of the finite thickness of the superconductor  efficient in thicker superconductors due to the larger screen-

We investigate the effect of the nonzero sample thicknesig currents. From Fig. 1B) it is clear that the effect of a
on the penetration and expulsion of vortices. In this case wesurface defect on the vortex expulsion does not significantly
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changes with a change in the thickness of the sample. Thihe preferable entry or exit positions for the vortices. The
change in the penetration field is much more pronouncegenetration and exit positions for vortices are not influenced
when the thickness of the sample increases and even mdy a defect in the corner, while they are effected by a defect
lead to a delay of the vortex penetration when a defect isn the middle of a side. It is also found that in the latter case
presen{see Fig. 189)]. Both the expulsion and the penetra- the vortices enter and exit one by one. We constructed phase
tion field may move to higher fields due to the presence of aliagrams which showed the influence of the position of the
defect, but the total hysteresis effect decreases in general dsarface defect in a square sample. For small defects the ef-
to the defect. Taking into account a finite sample thicknessect is very weak, while the position of a larger defect plays
does not significantly change the effect of the defect on th@ more important role. We also studied rectangular samples
transition fields. Therefore, we expect that the trends showwhere we compared the effect of a defect in the middle of the
in our previous results fod/{<1 stay valid for thin super- short or the long side of the rectangle. Defects on the long
conductors with a finite thickness. side of the rectangle have a more pronounced effect on the
vortex expulsion and penetration, because they act more ef-
fectively as nucleation centers for vortex entry and expul-
sion. However, in both cases the vortex entry and exit posi-

In the first part of the present paper we concentrated ofons are influenced by the defects.
extremely thin superconductors, such that only the first GL We constructed a phase diagram which showed the effect
equanor[Eq(l)] has to be solved and the magnetic field Canof the defect size on the transition fields. In genel’al, we
be assumed to be homogeneous and equal to the exterd@Hnd that the influence of the defect size on the transition
field, also inside the sample. We studied the effect of thdields is much more pronounced than the influence of the
number of surface defects on the vortex penetration and exlefect position.
pulsion in mesoscopic superconducting disks. The presence In the last part, we investigated the effect of the nonzero
of one or more defects decreases the penetration field arf@mple thickness on the penetration and expulsion of vorti-
enhances the expulsion field in general. With increasing fieldce€s- In this case we solved the complete set of Ginzburg-
the number of vortices simultaneously entering the sampléandau equationg1)—3). We found that a change in the
also depends on the presence and the positions of the surfaéickness of the sample does not significantly changes our
defects. With decreasing field, the vorticity changes alway$§onclusions on the effect of surface defects on vortex pen-
by one unit at the expulsion fields. We found that with in- etration and expulsion. _ _
creasing field the defect acts as a preferable position for vor- With this study, we showed clearly that the spatial posi-
tices to enter, while with decreasing field the vortices leaveion and the magnetic field for vortex entry and exit can be
the sample in several cases not through the defect. At high&ngineered through the introduction of surface defects in a
fields, we found that the vortices do not enter or exit througrsample. The size and exact location of these surface defects
the surface defect, due to the interplay between the vortexaré important.
vortex repulsion and the vortex-defect interaction.

Next, we investigated the effect of the position of the
surface defect on the vortex penetration and expulsion in thin  This work was supported by the Flemish Science Foun-
mesoscopic squares. We found that a surface defect in thdation (FWO-VI), The Belgian Science policy, and the 21st
corner of the square has less influence on the penetration a@kntury COE Program of MEXT. B. J. Baelus acknowledges
expulsion fields, than a defect in the middle of the side. Thisupport from the Japan Society for the Promotion of Science
is explained by the fact that the corner is too far away fromand FWO-VI.
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