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Penetration of vortices into the ferromagnettype-1l superconductor bilayer
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Vortex structures in the ferromagnet/type-Il superconductor bilayer are investigated when the ferromagnet
has domain structure and perpendicular magnetic anisotropy. It is found that two equilibrium vortex structures
can be realized: straight vortices with alternating directions corresponding to the direction of the magnetization
in the ferromagnetic domains and vortex semiloops connecting the ferromagnetic domains with opposite
direction of the magnetization. These states are separated by an energy barrier. The values of the critical
magnetization for the formation of these vortex structures are determined.
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[. INTRODUCTION tween the magnetic domain wall and a single vortex have
been determined in Ref. 14. A two-dimensional vortex state
Interaction between a ferromagnet and vortices in type-lhas been considered in a SFB formed by a thin ferromagnetic
superconductors results in many interesting phenomena. THiégm (d.,<L) having perpendicular magnetic anisotropy and
interplay between the regular pinning array of ferromagnetia thin superconducting filmdg=\).'® HereL is the period
dots and the periodic vortex lattice in type-ll superconduct-of the domain structure in the ferromagnkt,is the London
ors gives rise to pronounced commensurability effects in thgpenetration depth and,, and dg are the thicknesses of the
critical current density as a function of the applied magnetiderromagnet and the superconductor, respectively. In Ref. 15
field.1=* Using scanning Hall probe microscopy it has beenit was shown that the SFB is split onto domains with alter-
shown that single flux quanta with opposite polarity, whichnating magnetization and vortex magnetic flux directions so
can be considered as an induced vortex-antivortex pair, arat the direction of the magnetization in the ferromagnet and
induced in the superconductor at the opposite poles of ththe magnetic flux direction in the superconductor coincide.
dots® The vortices created by the external field are preferenBecause of the attraction between negative and positive vor-
tially pinned at the pole of the magnetic dot where a vortextices in different domains the distribution of the vortices in-
of opposite polarity exist3A local mixed state induced by a side each domain is highly inhomogeneous.
small ferromagnetic particle in a YBaCuO film has been In the present paper we consider a SFB consisting of a
studied obtaining evidence for entry of vortex semiloops andhick magnetic layer ¢,,>L) with the magnetization per-
further breaking of these semiloops into vortex-antivortexpendicular to the layer on top of a thick superconducting
pairs® The giant vortex state around a magnetic dot which isayer (ds>\,). The magnetic field generated by the ferro-
embedded in a superconducting film was predicted in Ref. 7Tmagnet is strongly inhomogeneous in this case and the de-
Much attention has recently been paid to superconductofgendence of the vortex energy on its position is important for
ferromagnet bilayeréSFB’s). The onset of superconductivity the vortex penetration process. In contrast to Ref. 15 dealing
in such structurés and its influence on the magnetic with the structures with many vortices per a domain, our goal
ordeP~? have been intensively studied. The ferromagnetiovas to find conditions for penetration of a first vortex into
resonance measurements have shown that in Nb-Fe bilayeiise domain. The first vortex can penetrate to the supercon-
with thin Fe layerg10-15 A the average magnetic moment ducting layer either from a domain center or around a do-
started to decay al.. This effect was explained by forma- main wall. We have found the critical values of the magne-
tion of a nonhomogeneous magnetic ordayptoferromag- tization for these two processes. The critical magnetization is
netic state!” It was found also that for a sufficiently thin determined by the condition that a state with a single vortex
ferromagnetic layer the domain structure can be fully supper one domain has an energy less than that of the Meissner
pressedthe period of the domain structure tends to infipity state. In the case of vortex penetration from a domain center
and a single-domain state is realiZédAn opposite effect this is a straight vortex line crossing the superconducting
was predicted for a thick ferromagnetic layer: beldwthe layer. If vortices penetrate from around a domain wall, the
domains shrink due to expulsion of the magnetic field fromfirst vortex is a semiloop, which connects two domains near
the superconductdt:*? the wall between them. The critical magnetizations for two
The vortex properties in SFB’s have been also investivortex configurations can be larger or smaller with respect to
gated. It was found that the magnetostatic tangential field hasach other. This means that both vortex configurations can be
a maximum near a domain wall and if the maximum field considered as those, which determine the transition to the
exceeds the lower critical fielth; vortices can penetrate mixed state of the superconducting layer. Our analysis refers
into a superconducting layer near the domain Walthe to anequilibrium mixed state, which corresponds to an ab-
domain wall can also pin vortices, and the interaction besolute energy minimum. However, even a vortex structure
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a) z VXH=0. (3)
'SE SRR NFEE SEAE N Inside the superconductor the distribution Idf is de-
scribed by the London equation
SC
VZH—\_*H=0. (4
b) z The distributions oH inside the ferromagnet and inside the
superconductor must satisfy the boundary conditions that the
SR SRR NEAE AR NN tangential component dfl and the normal component &
N N N are continuous across the interface between the ferromagnet
SC and the superconductdt.

The solution for the magnetic field; inside the ferro-
FIG. 1. Ferromagnet/type-ll superconductor bilayer. Differentmagnet can be found ad;=—V¢ where ¢ satisfies the
vortex structures are shown by thin arrows: straight vortiegand | gplace equatiortV?¢=0. Taking into account thad>L
semiloops(b). The magnetization vectors in the domains are showngne can neglect the interaction between the top and the bot-
by thick arrows. tom boundary of the ferromagnet and filg for the bottom

and the top interface of the ferromagnet separately. The so-

with a larger energy can be metastable, and this should Bgition for the border with vacuurfthe top of the ferromag-
taken into account considering the vortex penetration in réhet was obtained in Ref. 16. The solution inside the ferro-

ality. In pgrticular, stra_ight vortices in domain_ centers cannotmagnet near the bottom interface with the superconductor
appear without a semiloop around the domain wall as a transg, pe expressed with the Fourier series

sient state. The latter can be separated from the structure
with straight vortices with a potential barrier, which can sta-
bilize the semiloop configuration even if it does not corre- ©=2, oqexp —qz+igx), 5)
spond to an absolute minimum of the energy.
whereq=*+(2k+1)Q.
The solution for the magnetic field inside the super-

Il. FIELD DISTRIBUTION IN THE MEISSNER STATE . . .
conductor can also be written as the Fourier series

OF A SUPERCONDUCTOR

We consider a structure consisting of a ferromagnet hav-
ing the thicknessl,, and perpendicular magnetic anisotropy,
on a surface of a superconductor with thickndsgFig. 1).
The easy magnetization axis is parallel to thexis (the
ferromagnet fills the space with>0) and the boundary be-
tween the ferromagnet and the superconductor is alongythe

Hs=2> Hqexp —q,z+igx), (6)

where g2=qg?+\, 2. Then, using the continuity condition
for the tangential component ¢f and Eqs.(2) one gets

plane. No exchange of electrons between the ferromagnet  H_— _—16Mm, Sin(2k+1)Qx expq,2), (7)
and the superconductor is assumed, i.e., they are coupled k=0 (1+d,/q)(2k+1)

only by the magnetic fieltH. We assume that the ferromag-

net has the domain structure formed by stripes of width Ho——16M " g,c092k+1)Qx .
parallel with they axis. The lengthsl,,,, ds, andL are pre- o~ 1Mo 2 T T2kt 1) expq;z), (8

sumed large compared with the London penetration depth
and the domain wall thicknes® which is the smallest length

in our consideration. The influence of the superconductivity H, 216'\402 g, Sin(2k+1)Qx exp—qz), (9
onL has been discussed in Refs. 11 and 12. In this paper we z k=0 d(1+4q,/q)(2k+1) ’
will not consider this effect, assuming thiatis a fixed pa-
rameter. AtL> 4, a good approximation df1(x) is a step- “. g,co92k+1)Qx
like function M(x) =+ M, along thex axis inside the do- Hix=—16Mq exp(—qz).

: . : : . k=0 a(1+0,/q)(2k+1)
mains. The Fourier expansion of this function is (10)

_ —4My o sin(2k+1)Qx These expression agree with those derived by Stankiewicz
M(x)= T ;::o (2k+1) (1) et al Figures 2 and 3 show the distribution of the magnetic

field in the ferromagnet-superconductor bilayer calculated
where Q==/L. With account of the Maxwell equation from Egs.(7)—(10).
V-B=V-(H+47M)=0, the fieldH is induced by alternat- In the next section we consider the vortex structures when
ing magnetic charge® - M on the two surfaces of the ferro- the parametex, /L<1. In this limit one can neglect penetra-
magnet. Thus the distribution d¢f inside the ferromagnet tion of the magnetic field into the superconductor. Then the

and in the empty space above satisfies the equations H distribution can be found using the image charges with
respect to the ferromagnet-superconductor interface, which
V-H=—4x[8(z)— 8(z+d) IM(x), (2)  plays a role of a mirrot*~**TheH distribution can be found
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FIG. 3. Surface-contour plots of thd, (a) and H, (b) field
FIG. 2. Distribution of theH, (a) andH,, (b) field components in components in the Meissner state of the superconductox fék

the Meissner state of the superconductor¥p/L=0.1. Distances =0.1. Distances are given in units of the period of the domain
are given in units of the period of the domain structlure structurelL.
exactly in this limit using the method of complex lll. THE MIXED STATE IN SFB
variables>*® According to this exact solution the normal _ o
and the tangential field at the interface=0) for 0<x<L In general the total energy of the bilayer can be written in
areH¢,=47M, and the form

H,=8M, Intan wx/2L), (11) U=Usy+Uw+Uwm+Uum+tUpw, (13)

where Ug, is the energy of single vortices)yy is the
vortex-vortex energy of interaction)y), is the interaction
energy between the vortices and the magnetic field generated
by the domain structurd),, is the self-interaction energy

of the ferromagnet, and pyy is the surface tension energy of

correspondingly. These expressions follow from E§sand
(10) atz=0 in the limit\| — 0, if one takes into account that
(0<x<m)

“. cog2k+1)x 1 X the domain walls. The latter is important only if we look for
kzo k1~ o njtans ), the equilibrium domain structure period, and further we shall
ignore it. The rest terms all together are present in the energy
% sin(2k+1)x " 12 1 . pe s
& okr1 T4 U_E [He+ N (VX H)“]d®r, (14)
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which includes the magnetic energy and the kinetic energyiransforming the integral over the ferromagnet by parts we
«\?2 of supercurrents, the latter being present only inside tharrive to the energy expression, which contains the magnetic
superconductor. In the mixed state the magnetic fidld chargese; ¢o/27 of the vortices located at the vortex tips
=H+H, is generated not only by the magnetic charges

V-M (the fieldH;) but also by vortex lines in the supercon- Upy=—3 €idoe(ri) (17)
ductor (the fieldH,). For simplicity we use here only one M : 47

notationH; for the whole magnetic field generated by the .

magnetic charges of the ferromagnet. For the Meissner staféhere €= =1 depends on the direction of the vortex flux
discussed in the previous section we assumed that the th@dri is the position vector of theth vortex tip in the inter-
field corresponded téi; for z>0 andHj for z<0 [see Eqs. face plane. The magnetic potentig(r;) can be obtained by

(7)-(10)]. integration of Eq.(11):
The ferromagnet self-interaction eneidy,, is due to the y «
contribution=H? in Eq. (14). This energy is relevant only if (P(ri):J 'fodxz J—“8Mof ' Intan( 7x/2L)dx, (18)
0 0

we want to determine the equilibrium domain structure. But
we assume it to be known and shall neglegy later on.
Our goal is to estimate the critical values of the magnetiza
tion for the transition to the mixed state in the supercon
ductor. As usual, this transition is determined by the condi
tion that the energy of a single vortex inside the
superconductor becomes negative and fihgt vortex ap-
pears in the superconductor. This means that the vortex dew
sity is negligible near the transition, and one may neglect the
vortex-vortex int_eractignUW calculating the vortex sehf- _ dUw(0) €y
energy contributiorH?. The energy of the first vortex is Fy(X)=— dx  an
Ugy= ¢oHc1l /47, wherel is the vortex lengthgy is the flux

quantum,Hcl=(¢0/4Tr)\f)ln()\,_/§) is the lower critical field  On the other hand, the Maxwell equations yield tit,

of the superconductor, anélis the coherence length. This =—-47J,(x)/c, where the surface currentJy(x)
energy takes into account only fields and supercuriiestde = [j(x,z)dz is the integral over the densify(x,z) of the

the superconductor. Meanwhile the vortex line generates alsdleissner screening currents flowing parallel to the gxis

the magnetic fieldH,= —V ¢, outside the superconductor. the surface layer of thickness . Then one can see that the
The potentiakp, is similar to an electrostatic potential from a force F,(x) on the vortex is in fact the position-dependent
point charge located at the point0,z=0), where the vor- Lorentz force exerted by the Meissner currents. This form of
tex line exits from the superconductee Ref. 17, and ref- the force on the vortex has been also used in Ref. 18, where

wherex; is the distance from the nearest left domain wall,
the signs+ and — are for the domains with the negative and
‘the positive magnetization, respectively. With a proper
‘choice of the sigrg; of the vortex circulation every term in
the energyU,,, is negative.

The energyU(x) determines the force on the vortex,
hich is trying to shift the vortex along the axis

Hx(X). (19

erences therejn the problem of the vortex penetration in an inhomogeneous
magnetic field has been considered. Further we shall con-

_ b0 15 sider two possibilities for the vortex penetration comparing

‘Pv_zwm' the energy of the following two vortex configurations: a

vortex-antivortex pair placed in neighboring domains and a

Herer is the two-dimensiona(2D) position vector in the vortex semiloop placed around a domain wall.
interface plane. The integrdlV ¢,)2d%r, which determines
the energy of this field, is divergent at small distance. The A. Penetration of a vortex from a domain center
divergence is cut off by the London penetration depttand
eventually this yields the enerqubé/)\L, which is less by a ¢ R g e
factor\ /I than the vortex energy inside the superconduct0|c0"eSpond".qg to th? direction of the magnetization in the
proportional to its length. ferromagnetic domains are expecfédg. 1(a)]. In the con-

Another relevant energy is the interaction energy betweef§'deréd vortex structure the vortex lengthl isds, and the

the vortices and the magnetic field generated by the magnetﬁelf-energy of the vo_rti_ces does not depen_d on their position,
charges in the ferromagnet Ugy= ¢oH1d/4, giving a constant contribution to the to-

tal energy. We consider the vortex-antivortex pair with the
1 vortices placed symmetrically around the domain wall with
UVM:EJ’ (H, Hi+\{VXH, - VXHd%, (16)  separation . Figure 4 shows the dependence of normalized
energy of the vortex-antivortex paid,(x)/U,, obtained
whereH, is the field induced by the vortices amt} is the  from Eq. (17) for different values ofM /Mg, where
field induced by the magnetic chargésgs. (7)—(10)]. The U, (x)=[Uyu(x)+2Ugy] andU, o=4M oL/ . As can be
energyUy,, can be divided into the integrals over the vol- seen from this picture the vortices have the minimum energy
ume of the ferromagnet and the superconductor. The latteit the center of the domain. Increasinghdf results in low-
integral is proportional tapgH A = poM OAEIL. This con-  ering of the energy without shifting the minimum position.
tribution is small in the limit\ | <L. Inside the ferromagnet The minimum vortex energy), becomes negative i
the vortex fieldH,=—-V¢, is determined by Eq(15). >M,.;, where

In this case straight vortices with alternating directions
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whered is the thickness and the semiwidth of the sample.
Equation(20) for M, looks similar to the formula foH ¢ if

we substitutedg and L by d andw, respectively, the differ-
ence is only a numerical factor. Also the dome vortex profile
is realized in a flat superconductdrHowever, the current
distribution j¢(x) is different in these case$g(x)xIn(L/xX)
near the domain border of SFB ang{x)>1/x'? near the
boundary of a flat superconductbfin the latter case is the
distance from the boundaryThis results in different condi-
tions for the nonequilibrium vortex penetration to the center
of the superconductdisee Sec. IV.

U\/UVO

B. Penetration of a vortex semiloop from a domain wall

The vortex configuration for this case is shown on Fig.
. . . . 1(b). As in the previous case, most important are the energy
0.0 02 04 06 08 1.0 of the interaction between the vortex and the magnetic field
X/L of the ferromagnetyy,, and the self-energy of the vortex
Ugy. The energyUsy depends on the length and the shape
FIG. 4. Dependences of the energh(x)/U,o of the vortex-  qf the vortices. We shall consider the “macroscopic” vortex
antivortex pair at differenM ¢, /M (solid lineg and the semiloop loops with length significantly exceeding . The shape of
(dashed lingat He, /Mo=8. the loop can be approximated by a straight line with length
2x connected with the surface by two tips at opposite ends
— Heads with length of larger but of the same order)gs. The elastic
Me1= , (20) A :
8al energy of the tips with curvature radius of ordgr cannot

with o= — [5°In tan(mx/2)dx=0.583. The critical magneti- (;x)fee?hghfogltzlnlel?e tgfn t?:gr}oineirsgg(ﬁ()'r_'oc;i%a’u;nd igexn b
zation M., determines the transition to the equilibrium L 9y P PP Y9 y

. < ) the energy of the straight segment of the lodpsy,
mlxed state. Fods<L, M, can be considerably less than ~2¢oH X/ The energyUyy is given by Eq.(17) as
cl-

Let us show that the interactidd.., between vortices in before, and for a single semiloop we have two terms in this
. ! S WV L expression with opposite vortex sigftsvo tips of the semi-
neighboring domains is not essential in the limit of small

The energyU,,, can be considered as the interaction be—IOOp)' Finally the single-vortex energy is

tween the magnetic charges located at the points where the bo Xi
vortices exit from the superconductdrit can be written as U,=Ugt+ UV'\":E Hex— JO Hi()dx|. (22
2
U :2 b5 (21) If the ferromagnetic layer is absent and the superconductor
W 7 87°r;— ril”’ has a border with vacuum, where a constant magnetickeld

. . : . is applied, the fieldH¢, in Eq. (22) must be replaced bi.
wherer; is a two-dimensional vector in the plarze=0 de- o .
terminirl1g the positions of the vortices. This energyp2/L Then the total energy i8),=(do/4m)(Hc,—H)2x. This
) 5 ) 0 yields a trivial result that the energy of the vortex state with
is by a factorA{/d;L<1 smaller than the self energy of the respect to the Meissner state is positivéiat H.; and nega-
vorticesUsy= doHc1ds/47 and therefore can be neglected. (i atH>H_,. Turning back to the case of the ferromagnet

ForMo>M¢,; many vortices are formed inside the super-yith domains, the tangential field is not uniform and is given
conductor and their interaction becomes important. Smc%y Eq. (11). The energyU, has a minimum atH.,
: . v

there is a potential well for vortices _Ipcgted in the d_om.ain:fo(XO), where according to Eq. (1) X,
center, one can expect that the eqw_llbrlum vortex d'smbu'z(2L/77)arctarﬁexp(— Hu/8Mo)]. The energy in the mini-
tion has a shape of a dome placed in the center of the dq;m is negative ifH;, is a decreasing function of This
main. At Mq>M¢, the dome expands reaching the domainyeang that the semiloop configuration is stable if the field
border_. Then_ the attraction of the vortices and antivortices M. (x)>H., atx—0. However, one should remember that
the neighboring domain becomes important. This energy cag,,- calculation was based on the assumptiontak, . We

be calculated in the way similar to the thin SFB. can use the equalitx,~\, as a condition that a vortex

.The des'crlb.ed. process Qf the vortex penetranon' n SF%emiloop becomes a stable configuration. This yields the
with ds<L is similar to that in a flat superconductor in per- ¢ isica| magnetization for formation of the semiloop:
pendicular magnetic field, where due to demagnetization ef-

fects the field distribution is also strongly inhomogeneBus. Hep
The vortex has a minimum of energy in the center of the MC':SI—' (23
. . : : n(2L/m\ )
superconductor, or in the domain center in our dase Fig.
4 in our paper and Fig. 1 in Ref. 18n a flat superconductor The dashed line in Fig. 4 is the dependekkgx)/U, ob-
the vortex energy in the center is zero tt,=H:,d/2w, tained from Eq(22) atH.; /M= 8. As can be seen from this

144522-5



R. LAIHO, E. LAHDERANTA, E. B. SONIN, AND K. B. TRAITO PHYSICAL REVIEW B67, 144522 (2003

figure and from comparison between E¢&0) and (23) the  loop should be separated in two vortices, i.e., to expand to
vortex semiloop has much higher energy than the vortexthe lower boundary of the superconductor. This process re-
antivortex pair ifdg<<L. quires an energy of the order of the self-energy of the two
For Myo>M_ many loops with different size can be vorticesUg,=H.1¢d/27, i.e., a second energy barrier ap-
formed inside the superconductor and their interaction maypears. This barrier does not depend on the magnetization of
be important. Vortices fill the superconducting layer fromthe ferromagnet. It is determined by the geomdthe de-
domain walls to domain centers. The difference between thpendence on the sigend the equilibrium propertieghe
structures, which were considered in the present and the preependence oH ;) of the superconductor. This is similar to
vious subsection, is that they have different points of highethe geometrical barrier for the penetration of the vortices in
vortex concentration. This can be detected experimentally b§lat superconductors in perpendicular magnetic field with the

low energy muon measuremenis. value being proportional to the thickness of the
superconductof BecausdJs,>kgT there should be no ap-
IV. NUCLEATION OF THE VORTICES IN SFB preciable thermal activation over such an extended barrier

) for the considered values of the parameters and the vortex
Thus, atMo>M¢, or M, there are two possible vortex strycture with semiloops near domain walls is formed. The
configurations: vortex semiloop, located at the walls, andyepometrical barrier is suppressed at penetration magnetiza-

straight vortices at the centers of the domainMh <M. jon M¥, . At My~M?¥, the vortex semiloop near the domain

the configuration with vortices in domain centers is energetiyya| transforms in two straight vortices of opposite polarity

cally more preferable. However, to determine which vortex,hich move to the neighboring domain centers. Estimating

structure would be formed we should consider the process gfqm the equality between the Lorentz forcexatd, and the
the vortex nucleation. One can compare our case with thﬁne tension force, which is~ ey/d we gS]et M*
I Sy cl

usual situation when the uniform external field is applied to a

. S ~H¢,/In(L/dy). This is different from the value of the pen-
superconductor where two experimental situations are pos:

sible: magnetizing the sample after cooling in zero ﬁeldetration .ﬁeldHPNH“(q/W)llz.fm a flat superconductor in

(ZF(f) or cooling the sample in a magnetic fidléC). If the perpendmulgr magnetic f|e|<_j m_the ZFC procedre.

external field is applied after ZFC there are twc.) potential If the Curie temperature is higher than the superconduct-
) . : . . ..ing transition temperature the situation is similar to the FC

barriers preventing the vortices from entering the sample: th

- : . rocedure. Becaudé ., is small nearfT . the vortices should
Beaf"&'g"”gsm barrie(BL) (Ref. 20 _and the geometnc_al fill the whole space when the temperature decreases below
barrier:® If the energy of the BL barrier or the geometrical

barrier exceeds the thermal energy the sifuation can b-ﬁr/lc. After further decrease of the temperature the situation of
strongly nonequilibrium, i.e., there are no vortices for fields 0=Mec1, MC.' can occur and vortices should exit from the
higher thanH... . In contrast. in the EG experiment the Vor- superconducting layer. The BL barrier cannot effectively stop
ticges are alwialls formed iIf-I’>H and thg density of the the exit of the semiloops when the magnetic field is lower
y ¢l y thanH,;.??3In contrast, the straight vortices inside the do-

vorticesn~H/ ¢.% : .
For SFB's, a situation analogous to the ZFC procedure i&"a"> ¢an be trapped becausg,>Ug. kT

realized when the Curie temperature is lower than the super-

conducting transition temperaturg.. Then vortex loops V. CONCLUSIONS

(with sizes~\,) should be formed first near the domain .

walls where the magnetic field of the ferromagnet The Meissner and the vortex states of the ferromagnet/
(~47M,) has the maximuni(see Figs. 2 and)3At the  type-ll superconductor bilayer were investigated when the
initial stage the process of the vortex nucleation is deterféfromagnet has domain structure and perpendicular mag-
mined by the BL barriéf?* and the usual formuldsare  Netic anisotropy. We have calculated the values of the critical
applicable withH =8M, In(2L/74). The height of the energy magnetization for the formation of two vortex structurés:
barrier isUg = (7+2)doH A /47 (Ref. 22 in fields of straight vortices with alternating directions corresponding to
the order ofH.,. The energWg, decreases when the mag- the direction of the magnetization in the ferromagnetic do-
netic field increases because the position of the saddle poifffains and(ii) vortex semiloops connecting the ferromag-
moves to the surfac® But because the magnetic field of the n(_atlc domains with opposite direction of _the magnenzauon.
ferromagnet is inhomogeneous the vortex nuclei cannobifferent processes of the vortex nucleation are discussed.
transform to straight vortices parallel to the surface. Instead,
the vortex semiloops with the lengthxy+ 2\, are formed.

In contrast to the case of superconductor in uniform external
field, where the configuration of the vortex semiloops has the The authors are grateful to M. Safonchik for technical
saddle point in the energy profile, in SFB the vortex semi-help. This work was supported by the grant of the Israel
loop has the minimum of the energy. M1 <M, (ds<L) Academy of Sciences and Humanities, by the Academy of
this is a local minimum. To reach the equilibrium configura- Finland, Project No. 52516, and by the Wihuri Foundation,
tion with straight vortices inside domains the vortex semi-Finland.
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