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Vortex penetration in magnetic superconducting heterostructures
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We report our results on vortex penetration in two realizations of heterogeneos magnetic superconducting
systemgHMSS) based on the London approach; semi-infinite ferromagfe¥g-superconductingC) bilay-
ers and a FM dot on a semi-infinite SC film. In the first case, we study quantitatively the vortex entry in FM-SC
bilayers which manifests Bean-Livingston-type vortex barrier, controlled by FM film's magnetizatiamd
SC film’'s Ginzburg parametek. In the second case, we investigate the conditions for sponteneous vortex
creation and determine the position of vortex for various values of magnetization and the dot's position.
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I. INTRODUCTION val below the SC transition the FSB is unstable with respect

Heterogeneous magnetic ~ superconducting  systenf® SC vortex formation in FM-SC bilayetsSB).'° The slow
(HMSS) are made of ferromagneti&M) and superconduct- decay(<1/r) of the long-range interactions between Pearl
ing (SC) pieces separated by thin layers of insulating oxidesvortices makes the structure that consists of alternating do-
In contrast to the case of a homogeneous ferromagnetic stpains with opposite magnetization and vorticity energeti-
perconductor studied during the last two decades, the twoally favorable. It is possible that the long domain nucleation
order parameters, the magnetization and the SC electron detime can interfere with the observation of described textures.
sity do not suppress each otAérin HMSS, the strong in- We also expect that domain nucleation starts near the edge,
teraction between FM and SC components stems from thethich makes qualitative study of edges in aforementioned
magnetic fields generated by the inhomogeneous magnetizaystems necessary. Quantitative study of this dynamic pro-
tion and the supercurrents as well as SC vortices. Strongess is still in progress. For this purpose, and having been
interaction of the FM and SC systems not only gives rise tanotivated by current interest in HMSS, in this work, we
a new class of novel phenomena and physical effects, buttempt to study vortex entry conditions in HMSS. To our
also shows the important technological promise of devicepurpose, we work with a method based on London-Maxwell
whose transport properties can be easily tuned by comparaquations, which is fully explained elsewhéf&he London
tively weak magnetic fields. approach works well for large Ginzbufg=»\.4/¢>1) pa-

Various theoretical realizations of HMSS have been protameter, wheraeﬁ:)\f/d is the effective penetration depth,
posed by different groups, such as arrays of magnetic dots aamd £ is coherence length. Indeed, for thin SC films, the
the top of a SC film;® ferromagnetic/superconducting bilay- Ginzburg parameter is on order of 50-100. Previously, our
ers (FSB),* and magnetic nanorods embedded into amethod was introduced for vortex structures in infinite films.
superconductot, whereas only submicron magnetic dots Here, we extend it to semi-infinite systems. To this end, we
covered by thin SC films have been prepared and stifdfed. benefit from Kogan’s work on a Pearl vortex near the edge of
The experimental samples of FM-SC hybrid systems were&C thin film in which SC piece’s size is considered to be
prepared by means of electron beam lithography and lift-ofsemi-infinite’® Likewise, we consider FM subsystems on
technique$. Both in-plane and out-of-plane magnetization semi-infinite SC and FM subsystems in which, we assume
was experimentally studied. The dots with magnetizatiorthat magnetization points perpendicular to the FM film's
parallel to the plane were fabricated from Co, Ni, Fe, Gd-Coplane.
and Sm-Co alloys. For the dots with magnetization perpen- In this work, we first consider semi-infinite SC and FM
dicular to the plane which requires high anisotropy alongfilms and study vortex entry barrier. Our calculations show
hard-axis, Co/Pt multilayers were ustd. that there exists Bean-Livingston-type surface batiéor

In the most of theoretical studies, the SC subsystem ishe vortices created by FM film. Next, we consider a circular
considered to be an infinite size for the sake of computamagnetic dot near the film's edge and investigate the condi-
tional simplicity. To this date, boundary and edge effects intions for vortices to appear and their configurations. It turns
FM-SC heterostructures have drawn very little attentfon, out that, in contrast to the infinite systems, vortices are not
though vortex entry conditions in type Il superconductorstrapped right at the dot’s center, but they are shifted slightly
have been extensively studied earl&’* However, from from the center to the SC film’'s edge or opposite direction,
both the experimental and theoretical point of view, finite ordepending on the dot’'s magnetization, position, and size. The
semi-infinite systems are more interesting and realistic, anghysics behind this effect is simple. In the semi-infinite sys-
their study offers better understanding of vortex matter intems, the vortex interacts with both its image vortex and the
HMSS. The author also believes that analytical and quantimagnetic dot. The competition between these two attractions
tative study of aforementioned systems will shed light ondetermines the vortex’s position. The outline of this articles
solving other open problems pertaining to HMSS. For ex-is as follows: in the first section, we introduce the method to
ample, we earlier predicted that in a finite temperature interstudy edge effects in FM-SC systems. In the next section, we
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z =V’(1/R) and integrating Eq(4) by parts, one can obtain
1 V2G(r’ * A G(r")
. hz:_f d’r’ ( )+J dy,( > )
Mfilm Cc x' >0 R —0 R x'=0
image vortex L) E reeY (5)
CED - <="> Vortex
<20 scam T where the first term gives the contribution from the entire

surface current distribution whereas the second term is the
FIG. 1. Semi-infinite FM-SC bilayer. contribution from the film's edge. The direct substitution of
Eq. (5) into Eq. (2) gives

apply our method based on Maxwell-London equations to V2G(r') * A G(r")
two different cases: semi-infinite FM-SC bilayers and FMJ, ! R +f dy’ R
dot on a semi-infinite SC film. We conclude with results and” X ~° —

discussions. =- c¢02 n&(r —r) = 4mN(V X gp),. (6)
Il. METHOD J

d’r

) + 4m\V?G(r)
x'=0

. o Solving the above equation in half-plane is difficult. How-

Finite and semi-infinite systems are not as easy angver, this difficulty can be removed by solvirg) in the
straightforward as infinite systems, and they usually requirg-ourier space and using the boundary conditions. That is, at
more careful treatment due to the boundary of the systemspe film's edge(x=0), the normal component of current den-
Earlier, Kogan developed a clever technique bz_ised on Lorgity is zero, namelyg,(0,y)=0, whereas, at infinity the cur-
don approach to study a vortex near the 2D film's etfge. yent distribution vanishes. This implies that the scalar func-
While developing our method, we stick to his technique and;op, js constant at the films boundaries. For simplicity, it can
geometry in which a very thin SC film is located at they o set to zero. To havE vanish at the edge, we s&(

half-plane while its edge is at=0 (see Fig. 1, and general- —x,y)=-G(x,y). The Fourier transform of Eq6) reads
ize his method for more than one vortex. We also assume

that no vortex is closer to the SC film’'s edge than coherence C ik 2 ,
lengthé&, because London theory does fail in the vicinityzof Jo dx'e™(J, kp)G(X',ky)
We start with London equation for the vortices with vor-
ticity ny located atr, + J dy’[3,G(r ) ]r—oe™ ~ 2MG(K)
4mNE -
h+=T0V o= g3 nar-r), (1
i

c :
= iﬂkz nje"kyyi sin(k,x;) — 2NK(ik X gmykx)z, (7)
wherej is supercurrent density in the SC subsystem. In the T

presence of the FM subsystem which is also considered to bﬁherek:(kx,ky). Replacingx’ by -x’ and writing the Eq.
very thin and located at the-y half plane as the SC sub- (7) for -k, one obtains

piece, Eq(1) turns to

- 1 ik X' (2 2 ’
4m\? 4m\? f dx e (d, = K5)G(X' k)
h+——Ly Xj= Z"V X jm+ P2, njo(r —rj, 0 < ’
i %
(2) * J dy’ [3xG(r ") =o€ + 203G (k)
wherej=js+j,, andj,=cV X m. Averaging Eq(2) over the _c¢
thickness of the SC film, one finds = - nje—ikyyj sin(k,x;) - 20k(ik X On- i)
41\ 41\ J
hz+T(VXg)z:<TV ><gm> + o2, Ml =), (8)
z j

(3) whereE:(—kx,ky). Subtracting(8) from (7), the vortex and

) ) ) magnetic parts of the scalar function are found as
whereg is the 2D current density, which can be calculated by ik

solving Eq.(3) together with the Biot-Savart integral equa- G.(K) = 20(1502 N ¥i sin(kyx;) ©
tion and the continuity equatiovi-g=0. In terms of the sur- v i ' k(1 +ak)
face current, the Biot-Savart equation is given by

j
[k X gm,kx_E X Om,- kx]z
k(1 + 4\K)

whereR=r —r’. Defining the surface current density in terms Taking the inverse Fourier transform of E®), the vortex
of a scalar functionG(r) as g=V xG(r)z, using R/R® contribution in real space is found as

h,= % f d?r'[g(r’) X RIR%], (4) Gr(k) = 2i (10
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c¢0 (Jo(Klr =) = Jo(Kr +F;))) _n¢o( 11 _1{ <|r—a|>
G(r) = 2 J 1+ 4k\ dk hZ(r)_4)\7-r r—al |r+a 8\ Ho 4\

(11) —Y0< |r4—)\a|) B Ho( |r£:-)\a|> B Yo( |r:)\a|>]).

Note that the first term if11) represents thé¢th vortex lo- 17)
cated at;=(x;,y;), whereas the second term is the contribu-
tion of the jth image vortex, or antivortex, at=(-x;,y;). =~ The asymptotics of the magnetic field at small and large
Next, we calculate the 2D current density. Keeping in minddistances are

that it is discontinuous at the film’'s edge, the Fourier com- 1 1 1 _

ponents of the current density read h. ~ n¢0( _ = n Ir a|> r<X

£ 4m\\|r-al |r+a 4\ |r+a ’
d%k : (18

x>0,y) = |k-r,
a( y) J (277)2(
4n\ ¢, ( 1 1 )

h, ~ - r>N\. 19
z m \[r-a® |r+a]® (19

g(x<0,y)=0. (12
The total energy of the FM-SC system reads
Using Eg.(12), one can compute vector potential and the _
magnetic field through E=E, +Em*Em, (20)
whereE, is the vortex energ\g, , is the interaction of vortex
47 g 47g X Q and magnetic subsystem, and findty is self-energy of the
A=—=, h=—"7—, (13 magnetic subsystem, which will be ignored at further calcu-
cQ ic Q . . IR .
lations, since it is inappropriate for our problem. Vortex en-

N i Iculated by Kogah
whereQ =k +k,z. Taking the inverse Fourier of E¢L3), the ergy Is calctiated by Roganas

vector potential is found as bo
E, 2'—G(r—>r) (21)
_ o 7 (Jy(Kr = 1)) = Iy (K]r +7j|))e_klzl
Aylr) = ?E nj 1+ 2K dk. whereX’ denotes the restricted sum in which onlyj and
) i > ] are taken into account. Equati¢®2l) leads to
(14)
n; ¢0 8)\
-~ _ . E,= E < Tg| -
At the SC film’s surfac€z=0), vector potential for one vor- 16712)\ g 2 2)\
tex with vorticity n, located atr =a reads . I
+ >, wenin: [(I)o(_lm\ ) ‘q)o(_llm\ )]. (22)
AlD) = ¢o< a M +7_T{Y<|r—a|) i~
A0 Ir - a| r+3a 2 N where ®g(x)=Yy(X)—Hy(X). Vortex-magnetization interac-
- ~ tion energy is calculated as'h
ol el 5]
-1\ T T Nl T -1 ' 1
4N 4N 4N Evm: _ d’O 5 f v @ amg2x - = f m - bUdZX, (23)
(15) 16\ 2

where integration is performed over the half-space. Note that
whereH andY are the Struve and the second kind Besselve take\/£=50 in our numerical calculations.
fuctions. At short distances(r<\), A, behaves as
(No! 16N (=1/4+CI12~In 2/2)(|r —a|—|r +a]) +|r A. Semi-infinite FM-SC bilayers
—a|In(Jr—a/4n) —|r +alin(r +a]/4)) whereas, at large dis-  |n this part, we study a semi-infinite FM film on top of a
tances, it decays slowly in space, namél/7)(1/[r-al  semi-infinite SC film. Both films are taken to be very thin, lie
-1/|r+al). C=0.577... is a Euler constant. Magnetic field on thex—y half-plane, whereas their edges are locates at

due to the vortex in the direction reads =0 (see Fig. 1. We assume that FM film has uniform mag-
netization along the direction and has high anisotropy, so
Neo [~ (Jo(Klr —a]) = Jo(K|r + al))ke ™ that its magnetization does not change direction due to the
A1) f Y dk. magnetic field of the vortex. The magnetization of the FM
film reads
16
(16 m = mé(x) 8(2)z. (24)
At z=0, the magnetic field reads Magnetic current in real space and Fourier space is given as
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~ ~ 30 T T T T T T T T
Om=—mMCS(X)y, Omx=— 2mmca(k kK, . (25) i onevortex
Substituting Eq(24) into Eq. (10), one can find the scalar 25 |
potential as
20 1
ky S(k
G, (k) = - 8mamci—e X&) 26) -
k(1 + 4\K) S sl
<
Taking the inverse Fourier transform of H&6) we find €
10 +
mc_[ x
G (x)=—"F| —|, 2
m(X) - ( 4)\) (27) .|
where f(x) = [dk, sin(kx)/ (1 +k,). The asymptotics of(x)
are 002468101214161820
- an
fx)= —+x(Inx)+C-1),x<1, (28) . . .
2 FIG. 2. Phase diagram of a single vortex created by the semi-
infinite FM film. In the region below the curve, the vortex does not
1 appear, whereas it becomes energetically favorable in an area above
f(x) = ;,x >1. the curve.
Using Eq.(12) and (13), the z component of the screened infinite films '® which is Eeq=eo In(\/ §) ~meo. Equating this
magnetic field az=0 due to the FM film, reads equation to zero and solving it fom, we find mg
= o/ (167N In(N/€)). When magnetization exceeds this
K, sin<kxi) value, the vortex appears very far away from the edge. In
~m [~ order to get the vortex to appear close to the edgmust be
h(ry=—| ———dk,.. (29

significantly larger tham.;. Another interesting thing is that
the system manifests a Bean-type surface barrier for the vor-
The magnetic field decays asxifor x<\ and 1k for x tex. The surface barrier is controlled lmygy/eq and Gin-

> \. In order to study vortex configuration, we need to cal-zburg parametek. We analyze three regimes for this ratio
culate total effective energy of the system. To this end, weor fixed k=\/& Whenm<m,, vortex does not appegsee
consider a simple case, namely a vortex with a single fluxrig. 3). In the second regimen,; < m<m,,, vortex prefers
located atr=a. For this case, vortex energy for a single going further away from the surface, whereas, wiream,,

N 0 1+|ky

vortex readgsee Eq(22)] the barrier disappealsee Fig. 4 m., is the second critical
5 N a magnetization, at which barrier disappears, and can be cal-
E,=— [m = qu()(_)] (300  culated through the condition that the Slog& ./ JX|s- is
16w\ €é 2 T\2a zero, which gives mey/eq~2mk/In(4x). When ratio
wheras the vortex-magnetization interaction energy can bB%o/€o IS greater than this, the barrier disappears. Physi-
calculated by means of E¢23) cally, two contributions play an important role for the vortex
' barrier. Namely, the vortex is attracted to the SC film’'s edge
2 [a i i i it is re-
E, = - m%[l _ ﬂc(ﬁ)} (31) through its attraction towards image vortex whereas it is re
a

6 T T T T T T

The sum of Eqs(22) and (31) gives the effective total Mot =
energy of the system. Vortex becomes energetically favorable s
when effective total energy becomes less than zero. Equatin

the effective energy to zero, one can obtain the curve for 4|
spontenous creation of the vortex. This curve,

g5l ) ¥
S A P A
Mgy _ et¢) 2 2\ 2\ (32 ol

ST

m \4\ 1
separates the regions where the vortex appears spontaneout
and does appear as seen in Fig. 2. For large values of th 0 : ; : : : ; : ' :
Mgyl gq ratio, the vortex comes out near the edge. On the ’ ’ ’
other hand, it prefers going further away from the surface for

a small ratio ofme¢y/ eo. We can estimate the minimum value  FIG. 3. The effective energy versus the vortex’s position. When
of magnetization of the FM film through effective energy for m<mg, the vortex does not appear.

Eerileo)
w
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2 T T T T T T

More M < Mo — TABLE I. The position of vortices for different values of the
rq/ N, RIN, andmey/ €. The two columns on the left are input.
ra/\ R/N a/\ Mo/ €9
2.0 2.0 2.04 17
& 2.0 2.0 2.32 187
uP 3.0 3.0 3.12 31
3.0 3.0 3.44 132
4.0 4.0 4.20 11
4.0 4.0 4.56 185

Jy(kR)e ™
My = 27mR=— ——. (34)

FIG. 4. The effective energy versus the vortex’s position. Whe”Using Egs.(10), (12), and(13) together with Eq(34), one

M <M< My, the surface barrier shrinks toward the edge of the SC.o, c5iculate the screened magnetic field due to the FM dot
film, and the vortex is created a little further from the edge. as

pelled by the FM film's edge. Competition between these h,(r,2) = 4mm\R
two factors controls the barrig¢see Fig. 3. xfo J1(KR[Jo(K|r =1 ¢)) = Jo(K|r + rd|)]k2e-k|z|

0 1+ 4Nk

dk.

B. FM dot on a semi-infinite SC film

. . . : 35
In this case, we study a circular FM disc on top of semi- (35

infinite SC film. Earlier, we studied the conditions for the Outside the dot, magnetic field decays rapidly in space,
vortex states to appear on a similar system, in which SC filmpamely, forr <\, ~1/r, whereas for <\, ~1/r% From
however was infinite. Due to the circular symmetry of theEg. (23), the vortex-magnetic disc interaction energy reads
FM dot, vortex was appearing at the dot’'s center. In this

section, we study the vortex states in more realastic case andg. __ .« Rfc 3,(kR [Jo(K|rg—al) = Jo(Klrg+a))]
investigate the role of edge effects on the spontaneous for- ™ 0 0 ! 1+ 4k

mation of the vortex due to the FM dot. To this end, we start

with the magnetization of a circular FM disc locatedrgt (36)

=(x4,0), After we formulate the total effective energy BsE,+E, .,
m=maR-|r - r4) 822, (33) whereE, is given in Eq.(30), we study the gondmons for a
vortex to appear spontaneously. The criteria for spontaneous
whereR is the radius of the circular dot. The Fourier trans-vortex formation is that effective energy becomes negative.

dk.

form of Eq.(33) reads However, vortex in semi-infinite systems also interacts with
its image. Therefore, it is necessary to minimize total effec-
0 . . . ; . . . . . tive energy with respect to the vortex position. To this end,

we first fix the dot’s location and value ofi¢y/eq and vary
the vortex’s position afterwards, to find the minimum total
effective energy. In our calculations, we investigate where
vortex first comes out, and how it is shifted with a further
10| ] increase ofm¢y/ ey For this purpose, we determine the vor-
tex’s position for different values of they/A, R/\, and
Me¢o/ eq, by optimizing the total effective energy. Our results
15 l are shown in Table | and Fig. 6.

According to our calculations, vortex appears first close to
the edge excepty/R=10 case, in which it sits at the dot’s
center. On the other hand, whewpy/ ¢, is increased further,
vortex is first shifted towards the dot's center. With further

-250 0'5 1 1'5 2 2'5 3 3'5 "t 4'5 increase ofr_nq_So/so, it drifts away from _the dot’'s center.
’ ’ an. ' ’ However, this is not always the general picture. In the case of
rq/R>5/3, vortex is located at the dot's center even for

FIG. 5. The effective energy versus the vortex’s position. Whenlarge values ofmey/eo. However, for larger dot's sizes
m>m, the barrier disappears, and the vortex can be seen anywheféy/R~1 andry/\=2) vortex first appears away from the
in the SC film. dot’s center. This situation differs from the vortex in an infi-

Eerileo)
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FIG. 6. Position of the vortea/\ versusmegy/ g for various locationsy/\ and sizeR/\ of the magnetic dot.

nite system. In the latter, only the force acting on the vortextwo intrinsic properties of the system; FM film's magnetiza-
stems from the vortex-magnetization interaction, and due téion m and Ginzburg parametet. Note that our result is
the dot’s circular symmetry, it comes out at the dot’s centervalid only for a single flux. Our study for the case of several
However, in this case, there is another force coming from théluxes will be published elsewhere. Secondly, we studied a
vortex-image vortex, which decays slowlyl/r for large  single circular FM dot on a semi-infinite SC film. We ana-
distancesr >\ and pulls the vortex towards the SC film's lyzed the conditions for sponteneous vortex creation and vor-
edge, whereas the force exerted by the magnetic dot pushtgx location for various positions of the dot. It turns out that
the vortex towards the dot's center. As a result, the vortex’she vortex does not always appear at the dot’s center, which
position is determined by the balance between these twdiffers from the case in which there is a similar dot on an
forces. infinite SC film. In closing, there are two important contri-
butions in semi-infinite HMSS: attraction of vortex to the
edge through its image vortex and vortex-magnetization in-
teraction. As a result of competion betweeen these two fac-

In this article, we studied vortex entry conditiions in tors, peculiar physical effects which do not come out in in-
HMSS. First, we generalized Kogan's method for quantitafinite HMSS, appear. In this work, we studied the simplest
tive study of semi-infinite HMSS. For applications, we first cases to get an idea about edge effects in HMSS. However,
considered semi-infinite FM film on top of a semi-infinite SC there are still several interesting realizations that can be stud-
film. The quantative analysis of this system showed that théed via the method that is developed here. We leave them for
vortex undergoes Bean-type barrier which is controlled bypossible future works.

[ll. CONCLUSIONS
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