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Superconducting transition temperature in heterogeneous ferromagnet-superconductor systems
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We study the superconducting phase transition in two systems: ferromagnet-superconductoFEiByer
and a thin superconducting film with a periodic array of magnetic ¢8EMD) upon it. We show that this
transition is of the first order in FSB and of the second order in SFMD. The shift of the transition temperature
AT, due to the presence of a ferromagnetic layer may be positive or negative in the FSB and is always negative
in the SFMD. The dependence AfT . on geometrical factors and external magnetic field is found. Theory is
extended to multilayers.
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[. INTRODUCTION SC and FM films and varies typically betweer0.03T . and
0.03r,.
Heterogeneous ferromagnetic-superconductiffyl-SC) In the SFMD the superconductivity appears continuously

systems have attracted much attention recéntlylf the  (the second-order phase transifiohhe shift of the transition
proximity effect is suppressed by the oxide layer between théemperature is always negative in this system.

FM and SC components, they interact via magnetic field. Though the influence of the textures on the transition tem-
Any inhomogeneous magnetization produces magnetic fiel@erature is akin to the influence of the homogeneous mag-
penetrating into the superconductor and inducing supercupetic field, there are important differences between these two
rents. The supercurrents in turn generate magnetic field acehenomena: first, the average magnetic field may be zero for
ing on the magnetization. Systems in which both, FM andnagnetic textures; second, the reciprocal action of the mag-
SC parts are thin films represent a special interest for th@etic field generated by vortices onto magnetization is sub-
experiment and can be analyzed theoretically. In these systantial.

tems, spontaneous vortices appear due to the magnetic The plan of this paper is as follows. In the following
interaction®® Erdin et al!® have developed a method to cal- section we consider the change of the transition temperature
culate the arrangement of the magnetization in the FM filmdue to spontaneous stripe structures in the FSB. In Sec. IlI
and supercurrents including vortices in the SC film in thewe analyze how this stripe structure and the transition tem-
London’s approximation. The London’s approximation is perature change in the presence of an external magnetic field.
justified for these mesoscopic systems because characteristit Sec. IV we study the shift of the transition temperature in
length scales for magnetic fielthe effective penetration the SFMD. Sec. V is devoted to theory of spontaneous tex-
depth and the period of textupeare much larger than the tures in a multilayer FM-SC structure and to the shift of the
coherence lengtl§ of the superconductor. This method was transition temperature in it. Our conclusions are given in Sec.
applied recentlf/ to study topological textures in the VI.

ferromagnet-superconductor bilay€FSB). It was shown

that the homogeneous state of the FSB with the magnetizat. TRANSITION TEMPERATURE IN THE SPONTANEOUS

tion perpendicular to the layer is unstable with respect to the STRIPE STRUCTURE OF FSB

formation of vortices. The ground state of the FSB represents
a periodic array of stripe domains in which the direction of . A ) .
the magnetization in the FM film and the vorticity of vortices 7SB With the magnetization perpendicular to the layer is
in the SC film alternate together. unstable with respect to the formation of a stripe domain

In this paper we study the SC transition in heterogeneou§tr“0t“re- in which both the direction of the magnetization in

FM-SC systems including the FSB, multilayers, and superlhe FM film and the circulation of the vortices in the SC film

conducting film with a periodic array of magnetic dots alternate together. Let the stripeAwidth bg. The magneti-
(SFMD). For this purpose we extend the theory of spontanezation can be written asi=ms(x)z, where the coordinate
ous SC-FM structures developed in the wdro the case of is along the direction perpendicular to the domain wals,
multilayers. We demonstrate that in the FSB the transitiordenotes the unit vector perpendicular to the layers, sl
proceeds discontinuouslyhe first-order phase transitibas  is a periodic step function with period.2:

a result of competition between the stripe domain structure in

a FM layer at suppressed superconductivity and the com- +1 0<x<Lg

bined vortex-domain structure in the FSB. Spontaneous =1 _1 | <x<aL

vortex-domain structures in the FSB tend to increase the S s

transition temperature, whereas the effect of the FM selfThe energy of the stripe structure per unit akdéaand the
interaction decreases it. The final shift of transition temperaequilibrium stripe widthL; were calculated in Ref. 17. Here
ture AT, depends on several parameters characterizing thee correct a calculational mistake of that wdfk®

As it was shown in Ref. 17, the homogeneous state of the
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—16m2 ey The SC phase is stable if its free enefg@y is less than the
U= ex = 2W +C— 1) , (1)  free energy of a single FM film with the stripe domain struc-
Netf 4m ture, which has the following forf®?! F¢,=—4m?/L;,

whereL; is the stripe width of the single FM film. Near the

SC transition point the temperature dependence of the varia-
: (2 tion of this magnetic energy is negligible. Hence, when

increases, the SC film transforms into a normal state at some
The notations in Eqs(1l) and (2) are as follows:\g¢  temperaturély below T, . This is the first-order phase tran-
=\?/d, is the effective penetration depth of the SC film sition. At transition point both energies equal to each other:
whose thickness is denoteld, \ is the London penetration

oA(Te—T)%  4m?

depth, eq,, is the renormalized linear tension of the domain _ _ (®)
wall, €,=(¢3/16m2\q11)IN(\er/€) is the single vortex en- 2B * Ly

ergy in the absence of the FM filnm is the magnetization 5, the shift of the transition temperature is determined by
per unit area of the FM filmm=m— ¢,/ ¢, is the renormal- 3 following equation:

ized magnetizatioridue to the screening effect of vortiges

andC~0.577 21 is the Euler constant. To find the transition 64mrm2e? —Edw 88m?
temperature, we combine the energy given by @g.with T -T.= ex +C—-1]|— 2g L
a Usl ¢

Y e
L=—ex %—C-Fl
4m

. 2 2
the Ginzburg-Landau free energy. The total free energy per amsC 4m
unit area reads ©
_ _ Two terms in Eq(9) play opposite roles. The first one is due
—16m? — €gw to the appearance of spontaneous vortices which lowers the
F=U+FeL= Nett ex A2 +C-1 free energy of the system and tends to increase the transition

temperature. The second term is the contribution of the

purely magnetic energy, which tends to decrease the transi-
: ) tion temperature. The values of parameters entering(#q.

can be estimated as follows. The dimensionless Ginzburg-
Herea andg are the Ginzburg-Landau parameters. We have.andau parameter ia=7.04T./ e, whereeg is the Fermi
omitted the gradient term in the Ginzburg-Landau equatiorenergy. A typical value ofa is about 10° for low-
since the gradient of the phase is included in the enélpy temperature superconductors. The second Ginzburg-Landau
whereas the gradient of the SC electron density can be ngrarameter is8=aT./n., wheren, is the electron density.
glected everywhere beyond the vortex cores. Recalling thator estimates we také,~3 K, n,~10?% cn®. The magne-
N2=mg?/4mnee? and plugging it into Eq(3), we find the tization per unit arean is the product of the magnetization

+ngdg

a(T=Ty)+ gns

free energy as function ofy, T—T,, andm. Note that per unit volumeM and the thickness of the FM film,,. We
accept a typical value df1~10? Oe andd,,~10% A. Then

~ doe’dng  Ame’dngé m=10 4 Gs/cnt. In an ultrathin thin magnetic film the ob-
m=m-+ Armc? n mc? 4 served values of; vary in the range 1 to 10pm.222 |f

Li~1 um, de=d,=10 A, and exp{eg/4m>*+C—1)
We expect thahg is small near the transition poifit; and, ~10°°, we obtainAT./T.~—0.03. ForL;=100 um, dq
therefore, retain only the linear img part in the first termin =~ _ gy ¢ A, and expteg/4m?+C—1)~10"2, we find
Eqg. (3). This term can be included in the Ginzburg-Landauth‘,:ltAT /T.~0.02.
free energy and resulting in a shift of the Ginzburg-Landau ©c

transition temperature: IIl. SPONTANEOUS STRIPE STRUCTURE IN AN
EXTERNAL MAGNETIC FIELD
B
a(T-=T,)+ Ens

F=ngds ) 5

In this section we study the spontaneous stripe system in
the FM-SC bilayer in the presence of an external perpendicu-

lar magnetic fieldB (along thez direction. Since the exter-
64mrmZe? p( ~ ) nal magnetic field tends to align the magnetization parallel to
ex .

where

EdW+C_1 (6) itself, we anticipate that the width, of stripes with the
2 magnetization parallel to the external magnetic field in-
creases, whereas the width of the stripes with the antipar-

Minimizing the total free energy overs, we find the equi-  5)1e] magnetization decreases. Let us define a step function
librium value ofng (for T<T'): ng=—(a/B)(T—T,). SUb-  \uith the periodL=L,+L, as follows:
stituting it back to Eq(5), we find the equilibrium free en-

T, =T+

amgc? 4m

ergy +1 (0<x<L,)
S(x)=
aX(T-T,)2 -1 (L;<x<L).
T 2B ds.- ™ The Fourier-transform o$(x) is
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2i(1-€eCL)/(LG) (G#0) whereLg is given by Eq.(2). The results of Eqs(16) and
= (L= L)L (G=0) (10 (17) are similar to those for a purely FM stripe structure in a
1 2 - .

single FM film2* The critical external field¢,, at which the
Here G=2#r/L andr=0, =1, £2, ---. For the sake of domain structure vanishes is
brevity, we denote¢=L;—L,. At large distance from the
bilayer the magnetic field asymptotically becomes equal to ngt=27-rﬁﬂ/LS. (18
the external magnetic field. The total magnetic flux is the

same in any cross section of the space. Thus, the averade’@res in the range of 1-10 Oe.
magnetic field through the SC layer is In the end of this section, we consider how the SC tran-

sition temperature of the bilayer changes in the presence of

do (L external magnetic field. Since at a fielf,,~1-10 Oe the
Tf N(X)dX=Bext, (1) stripe structure vanishes, the SC transition proceeds in the

homogeneous state of FM film excluding very small vicinity
wheren(x) is the density of vortices. The general expressionof T.. Therefore, it is determined by the same nucleation
for the free energy of a periodic stripe system of magnetizaprocess as in the case of a single SC film. The nucleation in
tion and vortices is given by E@10) of the work!” Employ-  a thin film for the field perpendicular to it was considered by
ing this equation and the Fourier expansion for the step funcTinkham? Though the geometry is different from the bulk
tion s(x) [see Eg.(10)] and denotingng the Fourier —geometry considered by Abrikosé¥his solution can be ap-
transform of the vortex density(x), we obtain: plied directly. The order parameter coincides with the Lan-

dau wave function for the first Landau level. In the case of

SG

0

~ 1 the bilayer the energy of the nucleus reads
Uvzz GUSGn,G‘l‘ E E VGnGn,G, (12)
G G#0 2
U—f L% eA + 2ld?x+ AU
where~eu= €p— Mday is the renormalized energy of a vortex. ) [2m|li c'° ¥ +alyl X '
V= ¢3/(27|G|) is the Fourier transform of the vortex in- (19

. . . . 2
teraction energy. An infinitely large tertc_oNg_o has  Herea is the vector potential produced by the critical field

been omitted since it corresponds to the energy of the exteﬁcz_ The nucleus energil9) differs from that in the absence
nal magnetic field. From Eq.12) we readily find that the of magnetic film by the value\U=—m/BMd?x, where
z 1

constraint condition implies Bgn) is the magnetic field generated by the nucleus at the FM

B film. We will prove that this additional term is equal to zero.
nG:0=¢iXt. (13 Indeed, the magnetic field generated by the nucleus reads
0
This equation confirms tha\t’G:Oné:O is the energy of the ™ vy EJ 3o,
uniform external field. Minimization of the total vortex en- BT 0= c v|X_x'| XIa(x A, 20

ergy U, over the vortex densityg results in equation:
wherex’ is a point inside SC film whose thickness will be
~GUSG+VGnG:0 (G#0). (14) put zero in the endx denotes a point in the FM film. We
Pluading th uti . Eqs.(13) and (14) into E assume that the current flows in they plane. Since it has
ugging the solutions from Egs. an into Eq. . : L
(12) and adding the energy of domain walls, we arrive at the” S0 divergence, it can be represented gs=2

following expression for the total ener er unit area: XV'f(x’,y’), wheref(x’,y’) is a function localized in a
9 exp ayp " finite part of the SC film. The flux of the induced field is

D—_Sﬁqz C+l 242 cod 1
TTL Nerr 2" oS f B(M2x = Ef 2><V| ] [2X V' f(x")]d?x X’
X=X
MBey it | 2€aw 5 (21)
L L - A simple transformation turns this integral into a following

Minimizing the total energyJ over L andt, we find the form:

equilibrium values ol andt:

1 1
f B{Wd?x= —f f(x')V? d’xd®x’'. (22
2L c |x—x'|
L= 5. (16
\/l LsBext This integral is equal to zero ¥ andx’ belong to different

B 2.7m films. Thus, the interaction between the SC nucleus and the
homogeneously magnetized film is zero independently on the

oL LB wave function of the localized nucleus. Therefore, the tran-
t= —arctan—, (17)  sition temperature is the same as that in the absence of the

47m FM film.
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Let the external magnetic fiel.,; equal to the value, at
which the stripe structure in a single FM film vanish&g
=2mm/Ls.?* In the interval of magnetic fiel®,<B<H,,
the shift of the transition temperature is the same as in the

of B. is ~1-10 Oe. On the other hand, the second critical
field for the SC film atT=T; can be estimated as

. re r- r:
absence of the FM layexT./T.=B/H,. The typical value _/‘ _/‘ _/‘
Heo(TE)=Ho(T=0)|T,—T;|/T,~100 Oe. Hence B,
<H¢(T%). It confirms our assumption that the FM film yo - y-

1 \ \

remains homogeneous at the SC transition. From the formu-

las Tg =To(1—Bexi/H¢) and B.=2mm/L; we find the

shift of the transition temperature due By, is |AT.|/T,

=B./H,(0)~10 3-10 2. For largeL; the sensitivity of

the shift of the transition temperature to the magnetic field

can be rather strong. FIG. 1. Schematics representation of FM dots with spontaneous
vortices and antivortices. The circles drawn by solid line represent
FM dots. The dash half circles with clockwise and counterclock-

IV. TRANSITION TEMPERATURE IN A SC FILM wise arrows indicate vortices and antivortices, respectively.

WITH A SQUARE ARRAY OF FM DOTS

Recently Erdin considered theoretically the vortex- umm—>ﬁmm=umm()\eff)—umm()\effzoc). (27)
antivortex textures in SFMB’ For the case that only one , , _ , ,
vortex and one antivortex appear per a magnetic dot, he prd€ last term in the right-hand side of EQ) is the dipolar
dicted a symmetry violation in the lowest energy state in &€nerdy of the FM dots above the SC transitiéig. 1). At
range of parameters. For simplicity we choose another rang€mperature below the SC transition the magnetic field gen-
of parameters in which no symmetry violation proceeds: theéérated by the dots penetrates into the SC film and creates
vortex centers are located precisely under the centers of thértices and antivortices if the magnetization and the size of
magnetic dots, whereas the antivortex centers are located b€ dots are large .e'nouéﬁ.Keepmg in mind thaie;>a
tween them in the centers of elementary cells. Let us assunfé€ar the new transition temperaturg , we can rewrite the
each dot to be a circular thin disk with a radisand a total energy Eq(23) as follows:
constant magnetizatiom per unit area with a direction per-

pendicular to the planéalong thez axis). Let a denote the pee’dng a  pretdin? $2e’dgng
dot Iatuge constant. The total energy per unit area of the 2rm.cla? € axlmicta ©  4mPm.cla’
system 8’ s s s
| 47°mR 27?m?edn R? | -
U=u,,+Ump,+Unm- (23 X\t bo 2 m.c?a’ 3 (29
The three terms in the right-hand side of the above equatiowhere >’ means that the term=s=0 is omitted.l,, |,
have the following forms: andl ; are defined as series:
oo
L% |Fel? 0 = S
" amat T G(1+2\erG)’ O e (n24+52)32
e L Gt Ol
u :_@E szFfG (25) |1: (—,
™ g2 G 120G’ n$=-=  n?+s?
27R
G2myg|? too ! Jl( Yn?+s?|[1—(—1)"*5]
Unm™= _277)\eff2 T Loy —~-° (26) _ a
G 1+ 2)\effG |2_ E 2 2 !
n,s=—= n<+s
whereG=(2m/a)(r,s) (r, sare integergare the reciprocal 2
lattice vectors;Fg=2=;n;e'® " is the structure factor of the o Jz( 7R 2+ <2
vortex lattice;n; andr; indicate the vorticity and the position =3 ! 29
of theith vortex in the elementary cell, respectively. In the 37 : (29)

- = n,s=— n’+s?
purely magnetic ternu,,, it is necessary to perform a regu-

larization since only the difference between energies of th&Ve combine this energy with the Ginzburg-Landau free en-
SC and normal-state matters: ergy for the SC film as it was done in Sec. II:
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FIG. 2. AT, vs Rfor £=0.21a, respectively, for=10.0, 12,5,
and 15.0, here =4m’mal¢y. AT, is in the unit#2/4ama?,
which is about 0.02 K forw=10° anda=3 um.

2.2 24422 2.2
_ $pedsns a  ppe’dshg $oedsns

— < o
2mmecla? € 4an’micta 4m2aim.c?
S S S

x| 1+

47°mR ) 27?m?e?dn R?
2 3

®o

mc2a?

+

a(T—Te)+ gns

ngds. (30

The condition of minimum oveng from the free energy, Eq.
(30), reads:

2.2 2,442 2.2
poeds a  ¢pe’dgng $hoeds

n-— 0=
2mmgc?a? €& 2x’micta 4m?amgc?

X | I+

47°mR ) 2m°m2e?d R?
2 3

®o

+a(T—T.)ds+ Bnds=0. (31

mgc2a

At a new critical temperaturé; the density of SC carriers
must be zero. Pluggings(T%)=0 into Eq.(31), we obtain
the shift of the critical temperature:

AT,

52 (4772le P 87T4m2R2|
etlhimeming = ————13].
$o 3 d)g

 4ama?
(32)

Figure 2 shows the relation betweexT. and R for ¢

=0.21a. To ensure spontaneous occurrence of the vorticeén
the inequalityu,, + u,, <0 must be satisfied. It is equivalent

to the following relation:

47°mR a
g2+ lim2ming<0. (33)

The London’s approximation is valid §<a. This condition

is violated in a close vicinity of the transition temperature.

Fora~3 um and§(T=0)=0.1 um this vicinity is of the

PHYSICAL REVIEW B9, 104530 (2004

order of 0.00T, and further we neglect it. Figure 2 shows
that the shift of transition temperature is a rather complicated
function of the dots radiuf and the ratior =47mal ¢.

For each value, there exists a threshold radiRg, at which

the vortices first appear. The shift of the transition tempera-
ture grows by absolute value witR increasing, reaches a
maximum atR/a=~0.4 and then decreases. It remains nega-
tive at anyR in the interval betweelR, anda/2. At a fixed
R>R, the absolute value AT, increases with the ratio
and is negative.

V. FM TEXTURES IN THE MULTILAYERS

We consider a FM-SC multilayer system consisting\of
bilayers with a distancd between two neighboring ones. Let
us start with the limitNd> R, whereRy is the lateral linear
size of a layer. If the magnetic films are magnetized perpen-
dicularly to layers, the average induction inside the
multilayer isB=4mm/d and its direction is perpendicular to
the layers. The situation is the same as in a layered super-
conductor placed into an external magnetic fféldhere-
fore, pancake vortices in each SC layer may appear. Together
they form the Abrikosov linear vortices if a condition
Mmoo /d> €, is satisfied, which guarantees that the vortex line
is energy favorable. Here,= €gIn\/¢ is the vortex line en-
ergy per unit lengti? ande,= ¢p3/(47\)2. There is no need
to consider the Josephson coupling effect in this case since
the phase difference between SC layers is zero if the vortex
lines are perpendicular to the layers. On the other hand, the
Josephson vortices appear along the layers if the magnetiza-
tion m is parallel to the layers and satisfy a condition
Mme¢o/d>e;, where ;= yegln\/d is the Josephson vortex
line energy andy is the anisotropy parameter for the layered
superconductd® These ideas were applied by M. Houzet
et al*° to explain properties of the magnetic superconductor
RuSpGdCuy,Og. We will focus on a FM-SC multilayer in the
opposite limitNd<A <R, where A =\?/d is the effective
penetration depth for layered superconductors. In such a
multilayer one should expect spontaneous vortices and anti-
vortices combined with the domains in the FM films for the
same reason as in the case of a single FM-SC bildyer.

We first analyze a multilayer superconductor without any
FM texture. Pancake vortices in a finite stack of layers were
discussed by Mintet al3! We reproduce here some of their
results and derive new ones, substantial for our purposes by
applying a modified approach proposed by Efétdsee also
Ref. 33 (they considered a layered superconductor with in-
finite number of layens To simplify the calculation, we as-
sume that layers are infinitely thin and located at the planes
nd (n is an integer. The vector potentiad, due to the
pancake vortices at SC layers satisfies a following equation:

_AAU(p,Z)+ % En: 5(Z_Zn)Au(va)

o
= — (2) —
ook & 02 zn>n2p 80,V @en(p=pn,).

(34)
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The vector potential in Eq.34) is induced by pancake vor-

tices with the vorticitys,,= +1 placed at the positiop,,,
wherep enumerates vortices in theh plane. The Coulomb
gaugeV-A,=0 is used. In additionA,,=0 because the

direction of V(®¢,, is along the layers. It is useful to intro-

duce an auxiliary potentiaﬁv(p,z)=En5(z—zn)Av(p,z)
confined to the layers, the “London vectof ¢,(p)

=S np0np(Po/2m) V@ o (p—pny), and the corresponding

auxiliary vector ¢n(p,2)=2,dn(p)S(z—2,). In terms of
these variables Ed34) can be rewritten as follows:

1. 1.
—AA(P.2)F TA(PZ) = 1 én(p.2). (39

PHYSICAL REVIEW B69, 104530 (2004

TABLE I. The asymptotic form of the current density in each
layer.

p>A d<p<A

Ji(p) doC - doC -
1672Ap" 872Ap"

J2(p) doC - hoC
16772Ap(p W(’D

The asymptotic formulas for the current density in the coor-
dinate representation are shown in the Table I. The force

acting between two pancake vortices Fs= — ¢y /czX J,

Equation(35) can be solved by the Fourier transformation. \yhere is the current produced by one of them at the center

An intermediate result following directly from E¢35) reads

d’n(Q) - Avn(q)

A,(q,k)=2>, e k=
(0K =2 NP

: (36)

whereA,(q,k) is the Fourier transform of the vector poten-
tial A,(p,z), A,n(Q) is the plane Fourier-transform of the

vector-potentialA,(p,z,) taken at thenth SC plane, and
¢n(q) is the Fourier-transform of the London vecioy(p).

Performing the inverse Fourier transform with respect to th

variable k in both sides of Eq(36), we find a system of
equations forA,,(q) at a fixed value ofy for eachm:

1
2 me—qlm—n\d_l_ 5mn Aun(q)

n

1
=g & (e I (37)

of another one. Table | demonstrates that the interaction en-
ergy between two pancakes with the same vorticity at the
same layer is logarithmic and repulsive at large distaRce
>A and at small distancd<R<A, but with different co-
efficients in front of the logarithm. A peculiarity of the two-
layer structure is that the interaction energy of two pancake
vortices with the same vorticity located in different layers
and separated by the lateral distarR®e A, is logarithmic

but attractive. It has the same absolute value as the repulsion

%f two pancake vortices in the same layer. It can be inter-

preted as the attraction of two “half-vortices” in the two
plane, one carrying the flux ¢y/2, the other carrying the
flux — ¢o/2. This interaction dramatically differs from the
interaction of two vortices in different layers for an infinite
number of layers. In the latter case the interaction in different
layers is weaker than the interaction in the same layer by a
small prefactord/\. It can be shown that the logarithmic
attraction of two pancakes in different layers with distance

We apply Eq(37) to study the simplest case: two SC layers.R>A persists at any number of layeksprovidedNd<A.
Let only one pancake vortex be placed in the center of the N the two-layer system the asymptotic for the compo-

layerz=0 atp,;=0. The other layer is located atd with-
out vortices on it. The solution of Eq437) for this situation
reads

A (@)= 1+2Aq—e 2% 41(0)
= 1+4Aq+4A%2—e 200 @
2Aqe2ud
A2(Q)= $1(q). (39

1+4Aq+4A%g2—e 22

Here ¢, (q) =i ¢o/qe and=2zxq. In the limit qd<1 the
above solution becomes simple:

1
A=A = 57 572d1(0). (39
The current density in each layer is given by
c
Ji(q)= m[¢1(Q)_AU1(Q)],
3 c
3o(a) == 7 Au(Q)- (40)

nents of the magnetic field produced by a pancake vortex
located in the planeg=0 at its origin directly follow from
Eq. (38). In the rangep> A they are

B.(p.2) bo 1 1
,Z = -
ST BTA 2 P (a7
P —d|
8 (22+p2)3/2 [(Z_d)2+p2]3/2 !
9o 2| bo
Bp(plz)_Sﬂ_ApSgr(z)(l_ m _877Ap°gr(z_d)

|z—d|
bo z z—d ]

= +
8 (p2+22)3/2 [p2+(Z_d)2]3/2

In another regiord<p<<A we find
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B

j T Jo(ex)dx= 2 [Ho(c2)~No(ca)], (44

Z):L
P 4Ap®+z ,

whereHg(x) is the zeroth Struve function ardy(x) is the

bo |Z] zeroth Neumann function. The asymptotic form of the inter-
B,(p,2)= 477Apsgr(z) 1- 2z action energy(43) is as follows:
Due to the strong screening effect exerted by one layer onto qSS A
another, the magnetic field decays more quickly in ztoh- RN '”ﬁ (d<R<A)
rection than in plandthe p direction. The total magnetic VvV, (R)= (45)
flux through the plang=0 andz=d are ®(z=0)=B,(q b3

=02=0)= (A +d/2A +d) g~ /2, and ®(z=d)=B,(q (R>A).

=0,z=d)=(A/2A +d) ¢y~ ¢o/2, respectively. The two
fluxes are not exactly equal, and the net fiiyd/(2A +d)
escapes through the remote side surface.

The self-energy of a single pancake vortex reads

4R

Equation(37) can be solved by the same method for any
number of layers, though calculations become more cumber-
some. However, in the regidR>Nd Eq. (37) can be solved
quite easily. The vector potential of a pancake vortex, iden-

E :L d°g [|¢( 2=y (—q)-Auy(Q)] tical at all layers read
*“8aA) (2m) 1(q 10— A)-Aualq

2 A (): () m (46)
_ 1 J $ 1 vt A= qN+2Ag)”
8mA (277) 2 29*(1+Aq) Equation(46) allows to calculate the magnetic field, the cur-
2 RA rent, and the interaction energy. Specifically, the single linear
_ %o n—s (41) self-energy and the interaction energy of two linear vortices
322N £ for an N multilayer superconductor are
whereR; is the lateral linear size of the layers as mentioned N¢S
before. We see thdE,, diverges logarithmically whemR o= >IN+, (47)
goes to infinity. Thus, it is energy unfavorable to produce a 16m°A ¢
single pancake vortex in a layer below the Berezinsky-
Kosterlitz-Touless transition. The energy of a pair of pancake Nq&o
vortices located one opposite the other at different planes is 82\ |”§ (Nd<R<A)
Vi(R)= (48)
=g | L @ ” % (men)
lv 87A (2 100 1 q 47T2R .
X[A,1(Q)+A ()]} We see that the energy of a single linear vortex N-kayers
) SC system is proportional to the number of the lajeihe
1 ¢>o 0 interaction energy between two linear vorticesNstimes
T AmA (277) qA(1+Aq) stronger than the corresponding form for two Pearl’s vortices
at a short distance if we replade by \.¢;, but at a long
¢,S A distance, the interaction energy has the same form as that for
=——In—. (42)  the Pearl vortices.
8mA &

Next, we discuss FM textures in a multilayer system. We
The interaction energy of two such pairs separated by a diSSume that the SC and FM layers form very thin bilayers
tanceR>d is separated by a finite distande The London-Pearl equation
for the vector potentiah, induced by the magnetic layers
2 and screened by the SC layers is

2 d=q
V||(R):mj (2n )2{|¢1(Q) (1+e TR 2= ¢,

1
, —AANp2)+ 1 2 8z 2)An(p.2)
X (=) [A,(@)+A,(a)|1+e T R2] - 2E, "

_ﬁf Jo(aR) b5 2 (R [R —47> VX[ms(z—2,)]. (49)
“an2) T AqY9T 8aa | ol A T Mol & "
Comparing it with Eq(34), we find that they become iden-
(43 el e T : :
tical if we replace ¢zX q/q by i4mm,AzX q after Fourier
In the last step we have used the formtfla: transform. Therefore, it is straightforward to obtain the result
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for the magnetic vector potential from the vector potentialHerel ; is the stripe width for thé\-layer consisting only of
induced by vortices. The Fourier transform of the vector po+M films, i.e. without any SC film. This length is propor-
tential at each layer produced by an FM texture, identical irtional to a modified exponent:; =exp(— ez, /4NmM?), which

each plane, reads can be obtained similarly to E¢53). Thus, the second term
R in Eq. (56) is proportional toN exp(—e;,/8NmM?), whereas
i4mAmyzXq the first term is proportional thlexp(—eg,/4ANm?). Even if
Am(Q) = =Ann(@)= T N+2Aq (50 the second term in Eq56) dominates at smaM andAT, is

) . _ negative, it can change sign at larg¢provided a following
Equations(46) and (50) allow to calculate the interaction jnequality is true: (22rmé?\/dI/myc?\/B)expC—1/2)<1,
energy of FM textures and vortex-ferromagnet interactionyhere| is the width of the domain wall of EM films.
energy for a given magnetic texture. For the case of a few SC films with square array of FM

Let us consider the spontaneous stripe vortex-domaigolumnar dots, the shift of the SC transition temperature can
structure in aN-layer FM-SC, assuming as before that bothbe readily obtained from the observation that the distdRice
the stripe widthL; and the distances between vortices arebetween two vortices satisfies an inequaRyg A near the
much larger thar\ . As we mentioned before, the interaction transition temperature. Then E@7) implies that the vortex
energy between two linear vortices has the same form as inlfne energy in aN multilayer system is proportional f8. We
single layer, but the energy of a linear vortex is proportionaise€ that each term in the Ginzburg-Landau free energy is
to N. The vortex-ferromagnet interaction energy is also proproportlo.nal toN. Therefore, the sh_lft of the transition tem-
portional toN. That means that the condition required for perature is the same as that for a single SC film with FM dots
spontaneous formation of vortices and antivortices remain&Ed- (321
the same as for the bilayer VI, CONCLUSIONS

|
Mdo> €, , (51) We have studied the characteristics of the SC transition

where € :¢S/16772Aln/\/§ A consideration similar to that @nd the shift of the transition temperature in heterogeneous
’ :

of Secs. Il and 11l leads to following results. The equilibrium FM-SC systems by using the Ginzburg-Landau equation.
domain width for aN layer is The competition between combined vortex-domain structure

in the FSB and domain structure in the FM film with the

A e suppressed superconductivity leads to the first-order phase
L§=Zex ~5—C+1], (52  transition. The shift of transition temperature can be positive
ANmy or negative, depending on parameters of materials used.

~ . Typical values of the relative shifAT./T. range from
ghﬁirf?crghtl mreglﬂ/c(ig t-lr—geJgr?:girnll\};lvi:jr:hth?heexegtr;?r\]/\(/isdzt)h of 0.03 to 0.02. It has been demonstrated that the stripe struc-
9 y ' ture must vanish at a very small external magnetic field

ﬁglrgl(l,ﬁ:eaggriggtgﬁ:]ae”%lofnoaﬁagrsué?ug] external magnet'%\bout 1-10 Oersted. Simultaneously the transition tempera-

ture may change by the valueT /T~ —0.03-0.02.

2L’ In the mqltilayers case, the critic_al magnetic field at which

L' (Bey) = s _ (53) the stripe dlsappears_ increases with the number of !ayers
L'B 2 The shift of the transition temperature can change sign from

B negative to positive withN increasing. The reduction of the
2N71-Fn| transition temperature in the SFMD may be of the same or-

) ) ) der of magnitude as in the stripe structure at reasonable val-
The difference of the widths of parallel and antiparallel do- o5 of parameters. In the FM-SC multilayer, this magnitude

mains in an external magnetic field reads is the same as that in a single isolated FM-SC bilayer.
, , The stripes are expected to appear in the multilayer
t’=£arctaaL Bext (54) samples whose total thickness is much smaller than their
T 4N7rr~n|' lateral size. No stripes will exist in the opposite limiting

» ] ) ) ) case. This implies that there must exist a critical value of
The critical field, at which the stripe structure vanishes fol-atio of the thickness to the transverse size. at which the
lows from Eq.(53): stripe structure disappear. The accepted approximation does
~ not allow to calculate this ratio and the corresponding critical
¢ _2N7m, behavior.
ext L’ (55)
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