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Vortex pinning in a superconducting film due to in-plane magnetized ferromagnets
of different shapes: The London approximation
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The London approach is used to study the interaction between a superconducting vortex in a type-II super-
conducting film(SC and a ferromagnetFM) with in-plane magnetization. We calculated numerically the
dependence of the pinning behavior on the FM-vortex distance, SC film thickness, and geometry of the
magnetic structure and its magnetization. Dual behavior of the interaction energy in terms of the field-polarity-
dependent pinning was found. For weak magnetization such that no vortex-antivortex pair is induced by the
FM an external vortex will be pinned near the negative pole of the FM. In the presence of a vortex-antivortex
pair the external vortex is pinned on the positinegative pole of the FM if the magnetization of the FM is
below (above some critical value. Further, we investigated the interaction of a vortex and an in-plane magnetic
stripe (“wall” ). Such SC-FM heterostructure is found to be useful in applications where vortex-free supercon-
ducting areas are needed. For a more complicated geometry of the FM, i.e., magnets with edge defects, we
discuss the breaking of the vortex-FM interaction symmetry which results in different local minima for the
energetically favorable vortex position.
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[. INTRODUCTION netic field. The thickness of the SC film and of the FM was
assumed to be extremely smdile., d<¢,\). Elementary
Arrays of submicron size ferromagnetic particles are po-solutions for the interaction between the out-of-plane mag-
tential devices for prospective applications in which highnetized circular magnetic ddbubblg and annulus(ring)
current densities or high magnetic fields are involved. Thewith a vortex were found. If extended, these models can be
possibility of enhancing the critical currents by magneticused for arbitrary direction of the magnetization, but even in
nanostructuring has drawn a lot of attention over the lasth€ thin SC film approximation, complicated mathematical
decade, especially after significant progress in modern nandermalism cannot be avoided. _ .
lithography techniques. The rich diversity of the mixed state MOst recently, the pinning of vortices by small magnetic
in the superconducting films shows that vortex pinning andParticles was studied experimentafy? In Ref. 13 we ap-

dynamics are also highly interesting from a fundamentaPrOXimated the magnetic-field profile of a ferromagnet by a
point of view magnetic dipole and found analytical expressions for all rel-

To study the effects due to the interplay of the supercon-evam quantities within the London approach. In the present

ducting order parameter and the nonhomogeneous magneE?per’ \./ve.general}ze those resuI.tS o include rtewlistic
. . . agnetic-field profileof a FM of arbitrary shape when mag-
field resulting from the ferromagnet, several experimental,qizaq in the direction parallel to the SC. The superconduct-
groups fabricated periodic arrays of magnetic dots over Ofng film lies in thexy plane while the FM is positioned at
under the superconducting filln® Such ferromagnetic dots distancel above the SC, and is magnetized in the positive
act as very effective trapping centers for the vortices, whichyjrection (in plane. To avoid the proximity effect and the
prevent energy dissipation and lead to an enhancement of th&change of electrons between the FM and the SC we as-
critical current. Bulaevskiet al* suggested that the pinning sume a thin layer of insulating oxide between them, as is
of vortices in superconductdSC)/ferromagnetidFM) mul-  ysually the case in the experiment. A similar study for the
tilayers can be many times larger than the pinning by columtess complicated case of perpendicular magnetization was
nar defects. Although numerous experiments have exploregresented in Ref. 14.
its macroscopic nature, the pinning mechanism of the vorti- The paper is organized as follows. In the following sec-
ces by the magnetic dots is still not completely understoodtion we present the general formalism. In Sec. lll, we discuss
Other theoretical studies involving finite-size ferromagnetshe pinning potential of the magnetic stripe, a plane of in-
were mainly restricted to the problem of a magnetic dot withplane magnetized dipoles, perpendicular to the SC plane.
out-of-plane magnetization embedded in a superconductingurther, in Sec. IV we investigate the field-polarity-
film.>® dependent pinning in the case of an in-plane magnetized bar
In the last few years, models for the interaction between @n top of a superconductor and compare our results with the
superconducting film and a ferromagnet placed on top of iexperimental ones. The influence of the geometry of the
appeared—°In these models, due to the fact that the sizes ofnagnet on the pinning of external flux lines is analyzed in
all structures are much larger than the coherence leéigth Sec. V. The effect of the presence of symmetric defects in the
the London theory was used. The magnetic texture interact®iagnet geometry is then discussed, and our conclusions are
with the SC current, which subsequently changes the maggiven in Sec. VI.
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II. THEORETICAL FORMALISM

We consider a ferromagnet of arbitrary shape with homo-

geneous in-plane magnetizatidﬁh, placed outside a type-II

SC film interacting with a single vortex in the SC. The com-

plete description of our approach, based on solving the Lon- p
don equation on conjoined half spaces, can be found inou |, _-.--~~ D g
earlier workst34 The direct interaction energy between the ¢

vortex and the FM in a stationary magnet-superconductor
system is given by

FIG. 1. (Color online Schematic view of the system: The su-
1 R 1 . perconducting film underneath an in-plane magnetized stripe inter-
Umvzzf dvO[j,-d,1- Ef dv(f™h .M, (1)  acting with an external flux line.

where &, =(®,, &, ,P,)=(0Py/(2mp),00 denotes the . mby 1 (=

vortex m;gnetié flux vectord®, is the flux quantum The l;nd(x'y’z)z 203 ?fo dqexp[ —q( |zl = E)]qz
first integration is performed over the volume insidé!, m
the superconductor, whil®{™ in the second integral de-
notes the volume of the ferromagnet. Indexeand m refer
to the vortex and the magnet, respectivqudenotes the
current, anch the magnetic field. In expressidf), the inte- —x/230(q Rm)) C(q,2) (4b)
gral over the remote surfat®eis omitted since the magneti-

zation is confined in a limited volume, and the field, vector,;i

potential, and current decrease sufficiently fast at infinity.

2 291(ARm)
"R,

X[ (X = Ym

As described elsewhet&!*the interaction energy in this d [/d
system consists of two part§) the interaction between the kCOSf{k §+Z +q Sln?‘{ §+z
Meissner currents generated in the Sﬁ},)( by the FM and C(g,2)= PN , (B
the vortex andii) the interaction between the vortex mag- (k“+q%)sinh(kd) + 2kg coshikd)

netic field and the FM. From the analytic expressions given, hare k= 1+02  x.=x—X "y R
in Ref. 13 it can be shown that in the case of a point mag-_ 9.  Xm m Ym= Y= Ym, "

— _ 2 _ 2 . .
rei dpolsD) these o conrbutons are e for bt 571 > e e e e e
in- and out-of-plane magnetization. Due to the superposmonl.he coordinatesx, ,y z, ) denote the position of the di-
principle, the finite FM’s with homogeneous magnetization ole. The magnetic' r;1nc')r‘?11ent of the magnet is measured in

can be represented as an infinite number of dipoles. Conse-

- . . Onits ofmy=® A, and all distances are scaled in units\of

quently, in the present case the vortex-magnet interactio ) ; .
hese units will be used in the rest of the paper.

energy equals

To find the supercurrent induced by a finite-size FM situ-
ated above the superconductor, we make use of the superpo-
Uy = —f dv(fmhp .M. (2)  sition principle and consequently the above expressigns
and (5) have to be integrated over the volume of the ferro-

In order to obtain the current induced in the supercon/M@dnet. Thus, the value of the current is given by (

ductor by the ferromagnet, one should solve first the equa-_x’y)
tion for the vector potential

j0ey2)= [ 79y, 2ave. ®

- 1 S -
rot(rotAy) + — O (d/2— |z|)An=4mrotM. (3)
A I1l. MAGNETIC STRIPE-VORTEX INTERACTION

This equation is rather complicated to be handled for a finite- |, this section. we investigate the interaction between a
size FM. However, we need only the analytic expression fo{,, ey in an infinite type-Il superconducting film with thick-
the induced SC current in an infinite superconducting filmg,¢5 ¢ (—di2<z<d/2) and a thin magnetic stripe with
with thicknessd (—d/2<z<d/2) in the in-plane MD case height D with in-plane magnetizatiani.e., M = 5(x)® (z
(with magnetic momenin) which was obtained earlittas 9 P 9 _ = 1
—2)0(z—z5)Me, located at distancé above the SC 4,

N =1+d/2, z,=2y5+D). M denotes the magnetic moment per
.md Crn(DO mem d . . .
imx,y,z)=— — f dgexp —q |Zm|_§ unit of surface. The magnetic stripe actually represents a
2w\ Ry, Jo finite single plane of in-plane dipoles arranged perpendicular
2] to the SC(see Fig. L
Xq2<M_JO(q Rm)) C(q.2), (4a Inserting the well-known expression for the magnetic
aRm field of a vortex outside the SRefs. 14 and 1ginto Eq.(2)
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we find the expression for the magnetic stripe-vortex inter-

action, 0.2}
M qu)g 0.10 :
Fmv_T Umv(xv)! (78) 0.08

mv

wherex=x, denotes the position of the vortex with vorticity
L, with respect to the infinitely thin magnetic stripe and

0.06

0.04

Umv(XU):Fﬂsin(qxv)eXp(—ql)[l—eXF(—OID)], 0.02
09Q

(7b)

with Q=k[k+ g cothkd/2)]. In the case of a thin supercon-
ductor d<\), Eq.(7b) can be rewritten as

0.00

FIG. 2. The magnetic stripe-vortex interaction for different val-

Unp(X,)=f_(H—=f, . (H)—-f_(1+D)+f, (1+D), (83 ues of the thickness of the superconducie: .1\, D=0.5\).

where by the maximum of the FM magnetic field in the SC plane. If
the magnet is placed higher above the SC, the position of
that maximum moves further from the stripe, and therefore
the equilibrium position for the vortex shifts as well. One
X exd (x+ix,)d/2]}, (8) ~ more parameter that influences the interaction is the height of
the stripe(“wall” ). Since in our calculation the magnetiza-
i is the imaginary unit and’(a,x) denotes the incomplete tjon is fixed M =M,, the energy rescales witM) as is
Gamma function. Although complex, the latter expression i sually the case in the experiment, changhin our calcu-
easier to handle in numerical calculatiofzne can easily |ation increases the total magnetic moment of our magnetic
show that Eq(83) is a real quantity. structure. From this point of view it is clear that the magnet-
For an extremely thin SCd<\), we obtained vortex interaction energy increases if the stripe is made
higher (see Fig. 4. Similar to the case in Fig. 3, the prefer-
f(x)—f, (x)= _9 able position of the vortex is located further away from the
2 wall due to the shift of the maximum applied field along the
It is well known'® that an in-plane magnetized dipole pins x direction. However, from different curves in Fig. 4 one
the vortex at its negative pole, where the magnetic field oshould notice that the position of the equilibrium chanxjel
the vortex is parallel to the one of the dipole. Due to the duabdepends almost linearly on the height of the will The
behavior of the interaction, an antivortex present in the sysresults of the numerical calculation of the equilibrium posi-
tem would be pinned on the opposite pole. In our case of ation of the vortex with respect to the magnetic wall are given
in-plane magnetized stripe, a similar qualitative behavior isn Fig. 5. Independent of the thickness of the SC fikHi(D)
found. However, in this case, due to the fact that the stripéyecomes linear in the limit of larg® (i.e., for higher mag-
stretches entirely over the SC, the interaction energy dependitic wall9. Another interesting fact following from Fig. 5 is
only on the distance from the stripe, and eventually the equithat for smaller heights of the wall, a crossing of the curves,
librium position of the vortex becomes an “equilibrium obtained for different SC thickness, can be seen. This actu-
channel” parallel to the stripe at distangg . The amplitude

fo(x)= %{In(xt ix,)+I'T0,(x*xix,)d/2]

X, X
xarctan;”+ ?Uln(x2+x5) . (9)

of the interaction energy as well as the position of its ex- 00s T T T v
tremes strongly depends on the parameters. In Fig. 2 we ook
show the influence of the thickness of the SC film on the i S s
vortex-FM interaction(the results forx,>0 are given, for 0.07 ¢ ;o T I,
X, <0 the function is antisymmetnicThe vortex is repelled , 008F =
by the positive pole of the magnex,(>0) and attracted on DE 0.05}
the opposite side. One should notice that for thicker films 0.04} :
(and fixedl), the stripe-vortex interaction is stronger and the 0.03k :::;g:
equilibrium channel moves closer to the stripe due to the 0.02F ceeeta0.2h |
enhanced pinning. —=-k0.12

A different interaction behavior is observed if the mag- 0.01¢ E
netic stripe is displaced further above the superconductor 0.00 0 1 2 3 ; 5

(i.e., increasind). As one can see in Fig. 3, as the magnet is

positioned higher above the SC, the interaction weakens and

the equilibrium moves further away from the stripe. The FIG. 3. The magnetic stripe-vortex interaction for different val-
physical mechanism in this case is different, and the enerdes of the distanckbetween the stripe and the superconductbr (
getically favorable position of the vortex is now determined=0.5\, D=0.5\).
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T ! T ' (i) x,<0, where additional vortex flux lines are pinned.
0.05p Therefore, for the case of a superconductor in an external
[ —D=1.00 magnetic field, the use of a magnetic stripall) is a pow-
0.04 e b erful tool to preserve a vortex-free superconducting &figa
. [ - = -Da0.12 or (ii), depending on the polarity of the applied figld the
R S e ] neighborhood of the FM. Although our calculations were
[ 7 done for the case of an infinite SC, the same conclusions can
.02 1 apply to finite-size superconductors. Moreover, depending on
[ /! the parameter&@s we have shown in Figs. 2);%he position
001F & of the pinning site can actually be quite far from the stripe,
4 72 and the(antjvortices can actually be expelled completely
0.00° 1 2 3 4 5 from the superconductor. Knowing that moving free vortex
x /A lines are responsible for the energy dissipation and lowering
v

of the critical parameters in superconducting systems, our
FIG. 4. The magnetic stripe*wall-” ) vortex interaction: de- results could play a significant role in applied superconduc-
pendence of the interaction energy on the height of the magnetiHVity-
stripeD (d=0.1\, I=0.1\). So far, our calculations were done independently of the
temperature, since all quantities in our analysis were scaled
ally means that for smalleD the pinning site goes further DY units in which all the temperature-dependent parameters
away from the magnet as the thickness of the superconduct¥fere incorporated. Therefore, in this section, we include the
is increased, which is opposite to our analysis of Fig. 2. Théémperature indirectly, through, whose temperature depen-
reason is that with decreas@&tthe total magnetic moment dence is given by
(and field decreases as well and the superconductor is able

to “push” the magnetic field further from the source. As one A(0)
notices in Fig. 2, and which is made more clear in the inset MT)= ——, (10
0 T TiT

of Fig. 5, if the thickness of the SC increases, the vortex is

attracted closer to the wall as long as the SC thickness is )

smaller thank. When the thickness of the SC film exceedsWhereA(0) denotes the penetration depth at zero tempera-
the penetration depth, it becomes harder for the magnetittire andTco is the critical temperature at zero magnetic field.
field to penetrate the superconductor which shifts the pinning e repeat the calculations of the magnetic stripe-vortex
site further away from the magnetic wall. However, after alnteraction energyEq. (7b)], with a difference that now all
certain SC film thicknessl, for fixed D, a saturation is the distances are expressed in unita. (@) instead of and
reached and the equilibrium vortex position remains theéhe unit of magnetization becomeés,=®,/\(0)*. Equa-
same, independent of the thickness of the superconductirfn (7b) now becomes

film.
To conclude, a magnetic stripe placed on top of a super- Mchpg
conducting film clearly separates the superconductor into Fmv:T(o) Umo(Xy), (113

two regions:(i) x,>0 (for the orientation of the magnetiza-
tion from Fig. ) where external antivortices are attracted and

U [~ dqT; . -
, — mo (%)= | KTk q cothkaT72)7> M 4% Tr)
~~~~~~~ d=1.00 el A
—--g-g-?; o iy Xexp(—qlTy)[1l—exp—qDT;)], (11b

whereT;=|1—T/T|. The results of this calculation are
given in Fig. 6 for three different temperature§/T,
=0.1, 0.5, and 0.8. Obviously, as we approach the critical
temperature, the interaction between the vortex and the mag-
netic stripe becomes weaKesee Fig. €a)]. Analogously, the
pinning weakens, and the equilibrium position of the vortex
in this case moves further from the maghaten dots in Fig.
N 6(a)]. In Fig. 6b) we show the dependence of the energeti-
2 cally favorable position of the vortex as a function of the

D/ temperature. One should notice the abrupt increase of the

FIG. 5. The equilibrium position of the vortex when interacting magnet-vortex equilibrium distance when we approach the

with a magnetic “wall” as a function of the height of the wall for Critical temperature. Therefore, at temperatures close to the
different values of the thickness of the superconducter@.1n). superconducting/normal state transition the magnetic stripe
The inset shows the equilibrium vortex position as a function of thecan effectively protect the neighboring superconductor from
thickness of the SC. vortices since they are pinned far from the stripe.
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T/T FIG. 8. (Color online (a) The contour plot of the magnetic

¢ bar-vortex interaction energywhite (dark color—Ilow (high) en-
ergy| and(b) the vector plot of the Meissner current induced in the
SC due to the presence of the magnetic bar. The dashed line indi-
cates the edges of the magnet. The parameters used arg.4\,
wy=3.6\, d=0.5\, D=0.35\, and thickness of the oxidé

FIG. 6. (@) The magnetic stripe-vortex interaction enefgpen
dots denote the extremes in the enérgyd (b) the equilibrium
position of the vortex, as a function of the temperature of the sys

tem.
=0.2\.
IV. FIELD POLARITY DEPENDENT VORTEX PINNING dq i
- * Wy _
BY AN IN-PLANE MAGNETIZED BAR Umv:j -1 dy[Jo(qR+)—Jo(qR )lexp(—ql)
. . . . 0dQJ w2
In this section, we analyze the pinning properties of a y

magnetic bar, magnetized along its longer s&ke Fig. 7 for X[exp(—qgD)—1], (12b

definition of thg variables Using I.Eq..(2) and the well- whereM denotes the magnetization of the bBr,ts thick-
known expressions for the magnetic field of the vortex, we

obtain the pinning potential as ness, an” = J(y—yv).z+(wx/-2-i X,)% (%, ,u) gives_the
position of the vortex with vorticity, where the coordinate
center is located under the center of the magnet.

(129 As one can see in Fig. 8, where the contour plot of the
interaction energy is shown, the vortex is attracted to the
negativepole of the magnetic bar where the magnetic field is
parallel to the field of the vorte¢and repelled in the opposite
case, which is similar to the case of the out-of-plane mag-
netized dipolgmagnetic moment parallel to the external flux
lines attracts the vortex, and vice vexsehis conclusion also
follows from the observation of the interaction between the
induced currents and the vortex. The vector plot of the
Meissner current, calculated using E), shows[see Fig.
8(b)] that the current has an antivortexlike direction at the
position where the magnetic field of a magnetic bar is paral-
lel to the vortex magnetic fielthegative polgand a vortex-
like direction on the positive pole. Note that these are the

\ J Meissner currents whicbpposeto the field of the magnetic

\ \ bar and do not correspond to the vortex-antivortex pair.

\ \ Obviously, in the case of in-plane magnetization, the vor-

tex will be repelled at the pole of the magnetic bar to which
the magnetic moment points and pinned on the opposite side
FIG. 7. (Color onling The superconducting film with in-plane (and vice versa for the antivortexThus, there is a field-
magnetized bar on top of (separated by an oxide layénteracting  polarity-dependent vortex pinning. However, the pinning po-
with a(n) (ant)vortex: an oblique view of the system. sition of the(anti)vortex depends not only on the direction of

ML,®3 .
2w M

Fmo
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the external flux lines but also on the value of the magneti- N LA P AR R B Bl G R
; . : ot 0.24 ~ o 7
zation of the bar as well; namely, if the magnetization of the 1 9 ~
bar is strong enough to create a vortex-antivortex pair itself, 0.22 /J ‘ aA=05 []
the pinning properties of the system change. Such a case was ' \ et >
recently experimentally investigated by Van Basilal,!! 0.20 >Q‘ 84 =4500
| =02 |1

where it was found that the stray field of the in-plane mag- i
netic dipole induces a vortex-antivortex pair at the poles, at 0.18
positions predicted by our analydigortex towards negative

is more energetically favorable than the Meissner state, we
i 0.04

compared the total energy of the system in these two cases. T P PO TUT SOUTT PO TR

The contribution to the energy of the system due to the ap- 00 05 10 15 2.0 25 3.0 35 4.0

pearance of such a pair equals

pole, antivortex towards positive pol&herefore, this asym- 20 0.16 7
metric pinning potential provides stability fowortex- ~ ]
antivortex configurations. In order to compare our results > 0.14 - E
with the experimental ones, we performed our analysis with 012 b g
the value of the parameters given in Ref.(ldnormalized to B o
our unity: w,=5.4, w,=3.6\, d=0.5\, D=0.35\, | 010 L 3
=0.2\, andk~1. F 7

First, we determine the criterion for the nucleation of a 0.08 —
vortex-antivortex pair. In order to obtain a threshold value of - ; i
magnetization for which a state with a vortex-antivortex pair 006 g ]

w lw
y x
AF=Fp,+Fma+FoavtFet Fsa s (13
Mo may s Ay s .Sau . . FIG. 9. (Color onling The threshold magnetization of the mag-
whereF ,,, andFg, denote the vortex-antivortex interaction netic bar necessary for the nucleation of the first and second vortex-
energy and the self-energy of the vortex, respectively. Thesantivortex pair(solid line9 as a function of the geometrical ratio

energies are obtained frdm (between the sidesof the bar(for fixed volume of the magnet,
where S,,=w,w,, with parameters taken from Ref. )11The
LULaUdD(z) dashed lines denote the changing of the vortex pinning properties of
Foaw=— m vav s (149 the bar: in the shade@vhite) regions, an external flux line is pinned

at the positive(negative pole of the FM.

Jo(qR) up N order to use Eqg16) and(17), one should first determine
k2Q (14D the positions of the vortex and the antivortex. This can easily
be done if the total interaction energy in the system is calcu-
whereR= (X, —Xa,)*+ (Y, — Yau)? is the distance between |ated[Eq. (13), without the self-energy terrhsvith the posi-
the vortex and the antivortek(x) is the MacDonald func- tion of the vortexx, as a free parameterx{,=—x,,Y,
tion, andL, , L,, are the vorticity of the vortex and antivor- =y, =0). The minimal interaction energy then determines

Uuau=dK0(R)+2j dq
0

tex, respectively, and the exact equilibrium position of the vortex-antivortex pair.
Using Eq.(16) for the parameters taken from the experi-

L2d3 ment of Van Baekt al* we obtainM* ~0.08M,. Unit M,

Fszlewz)\ Uso, (158 iy the s system equalM y=47®d A wy~2.07x 10° A/m

(A=100 nm). Knowing that the typical magnetization of
d Co/Pt dots used in the experiments equald.5x 10° A/m,
1+ cothz) . (15  one can see that thd/M ratio equals 0.12 and our analysis
shows that such a magnetic bar can create exactly one
From the conditiomMF =0 the value of the FM magnetiza- vortex-antivortex pair, which corresponds to the experimen-
tion necessary for the appearance of the vortex-antivortes@l findings of Ref. 11. It is important to emphasize that the
pair can be estimated as critical magnetization of the bar to induce a vortex-
antivortex pair depends strongly on the geometrical param-
eters of the bar. To investigate this, we repeated our analysis
as a function of the ratio between the sides of the bar, but
. keeping the volume of the magne¥,=S,,D) and other
In the more general case, the transition frap¥=L,, =L 10 parameters the sanenagnetization is directed along tixe
thel,=L,,=L+1 state is determined by the FM magneti- axjs). The results shown in Fig. 9 suggest that the magnetic
zation bar is more magnetically effective for pinning at its poles if it
is magnetized along its longer side. However, the threshold
x (2L+1) Us,—Uoa tization for the nucleation of vortices d -
ME L o= _ (17) ~ Magnetization for the nucleation of vortices decreases mo
8w Umy notonously as the “magnetization side” of the magnetic bar

In

d
Ug,=dInk+2 tanl{z

o 1 Ug—Upa,

*_
M 87  Up,

(16)
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AT e e e T the FM-vortex interaction force is opposed by viscous forces
I T of the form— %-v,, wherey is the viscosity coefficient and
v, the velocity of the vortex. In equilibrium, these forces are
] equal and the motion of the vortex can be analyzed. Since we

] were not interested in real-time simulations, we assumed
=1. The components of the force were obtained by simple
] derivation of the expressions for the contributions to the total
] interaction energy, which were given before in this section.
The results of this MD simulation are shown in Fig. 10 for
] different values of the magnetizatioh. We choose the ini-
tial position of the vortex at the same distance from the poles
of the magnet, in order not to favor any of the possible pin-
ning sites. Obviously, for smaller magnetization of the bar
L s (just enough to create a vortex-antivortex pair at the pples
-3 2 - 0 1 2 3 the external flux line is attracted by the antivortex and pinned
x /A on thepositivepole of the bar, which is opposite to the situ-
v ation for M/M;<0.08 shown in Fig. 8. This is also illus-
FIG. 10. (Color onling The trajectory of the external flux line trate.d In |:.|g.. 11a) where we show a contour plpt of the
when interacting with a magnetic bar and its induced vortex-SPatial variation of the total energy on the position of the
antivortex pair(colored dots for different values of the magnetiza- €Xternal vortex. However, the magnet-vortex interaction on

tion of the bar(the remaining parameters are taken from Ref. 11 the positive pole of the bar is still repulsive, and for larger
magnetization 1/My=0.12) the vortex is attracted to the

is made shortetsee Fig. 9. However, the flux penetrating antivortex(where annihilation occuysbut this trajectory to-
the superconductor approximately remains the same alongards the equilibrium position is distorted, since the mag-
the solid lines in Fig. 9. Using the magnetostatic calculationpetic bar is trying to pin the vortex at its negative pole.
we obtained the critical condition for the nucleation of the Eventually, for further increased magnetizati@mnd still
vortex-antivortex pairs a® “/®y=v(L,+ 1/2), whered " smaller thanM7_,) the magnet-vortex interaction over-
denotes the flux through the region of the positive stray fieldvhelms the vortex-antivortex attraction, and the vortex is
of the magnet at the SC surface, and 1.073, 1.064, 1.054, pinned at the negative pole of the magnet, although a
for wy /w,=1,2,3.Using the values of the parameters from magnet-induced vortex is already present there. The shape of
Ref. 11 (v, /w,=0.667), we obtain'=1.094. Therefore, for the most energetically favorable vortex state at the negative
the first stable vortex-antivortex pair a lower value of flux is pole of the magnefmultivortex or giant vortexdepends on
needed, namelydp */®,=0.547, while the appearance of the parameters, mainly on the GL parametgmwhich deter-
additional pairs is quantized IM®"/®,=1.094. The mines the vortex-vortex interaction and the self-energy of
smaller value of the threshold flux in the first case can bevortices. As one can see in Fig.(b], the external vortex in
explained by the contribution of the local currents whichthis case is pinned next to the vortex induced by the FM
effectively add an amount of flux to create a fluxoid of ex-dipole. In this calculation the position of the FM-induced
actly L,®, at the pole if the stray field of both poles of the vortex-antivortex pair is kept fixed when the external vortex
magnetic bar creates @ositive or negativeflux between is moved over the SC surface. The critical magnetization at
(L,—1/2)dy andL,®,. Note that this is similar to the su- which the pinning switches from the positive to the negative
perconducting ring ca®where theL —L + 1 ground vortex  pole of the FM is shown by the thick dashed curve in Fig. 9.
state transitions take place fdr~(L+1/2)®, where the The physical reason for the switching of the pinning position
approximate sign becomes equality for large radius thiris the reversal of the direction of the screening currents near
rings. the vortex and the antivortex. This is illustrated in Figs.
As we have shown beforésee Fig. 8 if no vortex- 12(b)—(d). In Fig. 12a we show the interaction energy of
antivortex pair is induced in the SC by the magnetic bar, arthe external vortex with the FM and the induced vortex-
additional positive flux line(vortex) will be pinned on the antivortex pair, along thg,= —x,/2 direction[which is ap-
negative pole of the bali.e., x,<0). Now, we assume that proximately along the line where energy minimum and maxi-
the value of the magnetization of the bar is such that onenum are found in Fig. 1b)] for different values of the
vortex-antivortex pair appears on the poles of the(bartex = magnetization of the FM. The change of the pinning behav-
at the negative pole and antivortex at the positive pole, foior of the FM bar is clearly visible. In Figs. 18—(d) the
0.08<M/M(<0.24, forw, /w,=0.667) and we add an extra corresponding vector plots of the screening currents are
vortex in the system. The total force acting on this vortexshown. Obviously, with increasing magnetization of the
consists of the vortex-magnetic bar, and vortex-vortex andnagnetic bar, the current flow in the SC changes. At the
vortex-antivortex interactions. To investigate the interactionnegative pole of the FM, for lower magnetizatidfrig.
of a magnetic bar and its vortex-antivortex pair with an ad-12(b)], the current is vortexlike, due to the presence of an
ditional external flux line, we put the vortex in different po- induced vortex there. However, as we increase the magneti-
sitions (open dot in Fig. 1pand follow its trajectory using zation[Fig. 12c)], an antivortex type of current flow appears
MD simulations. In our quasistatic case, if the vortex movesclose to the vortex site, resulting ultimately in a pure anti-
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FIG. 12. (Color onling (a) The interaction energyin units of
uochg/m) of an external flux line with the FM and induced
FIG. 11. (Color onling Contour plot of the interaction energy of vortex-antivortex pair along the,=—x,/2 direction [see Fig.
an external flux line with the screening currents induced by the FML1(b)] for different values of the magnetization of the magnetic bar.
in case that the FM bar induces a vortex-antivortex paihite (b)—(d) Vector plots of the screening currents in the SC due to the
(dark color—low (high) energy for the magnetization of the mag- presence of the FM and the induced vortex-antivortex pair.
netic bar(@ M/My=0.12 andb) M/M;=0.20. The position of the

FM-induced vortex-antivortex pair is taken fixed. To summarize, in Ref. 11 it was found experimentally that

in the case of vortex pinning by magnetic bars with in-plane
vortexlike current at the negative pole of the magnet as thenagnetization such that one vortex-antivortex pair is induced
magnetization approaches the critical value for the nuclein the superconductor, an extra external vortex is attracted by
ation of the next vortex-antivortex pajiFig. 12d)]. In all  the antivortex(and vice versa, for external antivorjeand
cases, the stable position of an external vortex is determinetthey annihilate each other. The authors refer to this phenom-
by the position of this quasi-antivortex, which explains theenon as a field-polarity-dependent pinning. Our simulation
switching of the pinning behavior with increasing magneti-shows that for the given experimental parameters this is in-
zation of the magnetic bar. deed the case. But, our analysis shows that this phenomenon
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FIG. 13. (Color onling The contour plots of the in-plane FIG. 14. (Color online The contour plots of the in-plane

magnet-vgrtex !n:jgractionhene:jgy for o;lffirent shape_s of the Tdagnehagnet-vortex interaction energy for different shapes of the magnet.
Dashed lines indicate the edges of the magnetic structulles (Dashed lines illustrate the edges of the magnetic structudes (

_=0.25\, D=0.25\, I=0.1\, M:yo’ surface of thg magnet base =025, D=0.25\, |=0.]\, M=M
is the same for all structureés=\<). All plots are given with the
same energy scalessome of the values of the contour lines are
indicated.

o). The plots are given with
slightly different energy scalgsome of the prominent contour lines
are labeled

We repeated this analysis for in-plane magnetization of
not only depends on the polarity of the external magnetidhe magnet, for the magnetic disk, square, and triangle with
field but also on the strength of the magnetization of thefixed thickness and volume. We use E@2b to calculate
magnetic bar. For larger magnetization of the magnet, wé&umerically the magnet-vortex interaction energy profile,
found that the external vortex can be pinned on the opposit¢here in the integration over the magnet boundaries
side, i.e., at the negative pole of the bar, next to the magnef-=Wx/2) we substitute the functions describing the magnet's
induced vortexas shown in Figs. 10-12This remarkable sha_pe. The results are shown_ in Fig. 13._The qualltatl\_/e be-
phenomenon should be easily observable using the same dravior of the vortex-magnet interaction is the same in all

perimental procedure as in Ref. 11, if samples with micro-cases. Moreover, the amplitudes of the interaction potential

magnets with a larger magnetization are used. In that cas@ppearto be very simildall the contour plots in Fig. 13 are

one should avoid the annihilation between the external ﬂu%iven with the same energy scal©ne can see that in the

X : . : . ase of symmetric magnets with respect to the magnetization
line and the antivortex cr_ea’Fed by_the neighboring dlpOI‘:"direction the contour lines follow the shape of the magnet
and make the magnetic pinning lattice sparser.

and the extreme interaction energy regions are set parallel to
the opposite sides of the magnet. However, if the symmetry
V. INFLUENCE OF CORNERS/DEFECTS IN THE MAGNET IS broken[see Fig. 18) for the case of a triangular magnet
GEOMETRY ON THE INTERACTION ENERGY with magnetization perpendicular to one of its sidé® in-
teraction symmetry is broken and the amplitude of the en-
In this section, we investigate the influence of the magnetrgy is somewhat higher at the negative pole of the magnet.
geometry on the pinning of vortices in the case when no Next we introduced an asymmetry in the geometry of the
vortex-antivortex pair is nucleated. For magnets with out-of-magnet, not only by rotating the magnetization in the
plane magnetizatidfi it was found that thegualitative be-  plane but also by introducing edge defects. Referring to our
havior of the magnet-vortex interaction does not depend oprevious articlé’* we may model the removed area as a su-
the geometry, as was found by comparing the results for diskperposition of two ferromagnets with opposite magnetiza-
square, and triangular FM’s. However, a difference in thetion. The smaller size magnet with the opposite magnetiza-
dynamics of pinning was noted, since the vortex approacheion can model the holgdefec} in the larger magnetic
its equilibrium position under the magnet following the tra- structure. As one can see in Fig. 14, the equilibrium position
jectory over the corners of the magnet, rather than perperof the vortex can be nicely manipulated by an edge defect on
dicular to the sides, in the case of square and triangulathe side of the magnet. When a defect is located in the corner
FM’s. Also, by introducing holés) in the magnetic structure, of the magnetic squaresee Fig. 148)], the equilibrium po-
it was shown how one can create different local minima insition for the vortex shifts slightly away from the defect, and
the interaction energy and manipulate the equilibrium posithe symmetry of the positions of extremes in the interaction
tion of the vortices. energy is broken. As we spread the defect further along the
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negative pole of the magnet, the energetically favorable poence of a homogeneous magnetic field may lead to a super-
sition of the vortex moves further up, i.e., it “runs” away conducting region without vortices. In the case of finite-size
from the upper edge of the defefdtig. 14b)]. However, superconductors, if the pinning channel is relatively far from
when the inner edge of the defect becomes longer than thibe stripe, the whole superconducting sample could be made
outer magnet edge, the ground state for the vortex movesgortex free, which is highly important for applications.

back towards the central positigfrig. 14(c)]. In this case, In the case of pinning of vortices by an in-plane magnetic
the part of the magnet that is sticking out acts as a defect angar, we discussed the field-polarity-dependent pinning. We
breaks the symmetry of the interaction. Therefore, to furthefound that a vortex or antivortex in these systems is pinned
investigate the competition of these twio and — defects, on the opposite poles of the bar. However, on which pole the
we set an edge defect in the center of the magnetic structusrtex will be pinned depends on the strength of the magne-
[Fig. 14d)]. In this case(for given parametejsthe central tization of the magnet and the possible presence of a vortex-
equilibrium vortex position breaks up into two, and the con-antivortex pair induced in the SC by the magnet it§ete

tour plot of the energy shows two equal minima close to the~igs. 10—12 Our results agree with the experiment of Ref.
upper and lower edges of the defect. Thanks to this feature, HL and give directives for future experimental considerations
possible use of this system for quantum computing can bef similar heterostructures, since our analysis predicts that
analyzed similarly to the quantum systems proposed beforthe position of the pinned vortex can be tuned by changing

(see, for example, Ref. 17 the strength of the magnetization of the FM.
We extended this approach further to investigate the in-
VI. CONCLUSION fluence of edge defects of the magnetic structure on the pin-

. . ) _ning potential and we found that such defects break the sym-
To summarize, we apphed the London theory to Investi-metry of the vortex-magnet interaction. Moreover, different
gate flux pinning in SC films due to the presence of an inpcal minima in the energy were found. For symmetric posi-
plane magnetized ferromagnet situated above the SC, wheg@yn of the defect with respect to the edges of the magnet, we
the finite thickness of both FM and the SC are taken intgund that two degenerate vortex states are possible which

account. In the case of a magnetic stripe on top of a supegiffer in the position of the vortex, making this SC-FM struc-
conductor, we obtained a semianalytic expression for theyre interesting as a possible qubit.

FM-vortex interaction energy and analyzed the dependence
of the interaction potential on the system parameters. We
found that the equilibrium position for an external flux line
pinned by the stripe lies in the channel, parallel to the mag- This work was supported by the Flemish Science Foun-
netic structure. The exact position of this equilibrium chan-dation (FWO-VI), the Belgian Inter-University Attraction
nel depends on both thickness of the SC and the magne®oles (IUAP), the “Onderzoeksraad van de Universiteit
Also, all the flux lines of the same polarity are found to be Antwerpen” (GOA), and the ESF program on “Vortex mat-
pinned on the same side of the stripe. Therefore, using suder.” Stimulating discussions with D. Vodolazov are grate-
a magnetic structure on top of a superconductor in the pregully acknowledged.
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