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Ferromagnetic film on a superconducting substrate
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We study the equilibrium domain structure and magnetic flux around a ferromagnetic film with perpendicu-
lar magnetizationM0 on a superconducting~SC! substrate. At 4pM0,Hc1 the SC is in the Meissner state and
the equilibrium domain width in the film,l, scales as (l /4plL)5( l N/4plL)2/3 with the domain width on a
normal ~nonsuperconducting! substrate,l N/4plL@1; lL being the London penetration length.
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The interaction between magnetism and superconduc
ity has been intensively studied in the past, see, e.g., Re
The discovery of high-temperature superconductors and
vances in manufacturing of nanoscale multilayered syst
have added new dimensions to these studies. In this pape
investigate equilibrium magnetic and superconduct
phases in a system consisting of a ferromagnetic~FM! film
with perpendicular magnetic anisotropy2 on the surface of a
superconductor~SC!. The needs of magneto-optic techno
ogy have produced a large variety of magnetic films w
perpendicular magnetic anisotropy. Some are synthesize
metallic substrates~e.g., Nb! and are well characterized a
room temperature, including their domain structure.3–5 We
will show that, as the temperature of such a system is lo
ered, its magnetic state must be affected, in a nontrivial m
ner, by the superconducting transition.

The system under consideration is shown in Fig. 1.
are assuming no exchange of electrons between the FM
and the superconductor. This will be true either when
ferromagnet is an insulator or when it is separated from
superconductor by a thin insulating buffer layer. The syste
with the exchange of electrons between the FM and SC
ers have been discussed in Refs. 6,7.~This situation corre-
sponds to very thin layers with parallel magnetization, wh
do not interact via Meissner effect.! In our case the FM film
and the superconductor are coupled only by the magn
field. In this case the superconductivity makes a profou
effect on the domain structure in the FM layer, which mu
be easy to detect in experiment. The physics behind
effect is explained below. Consider a FM film of thickne
dM , with perpendicular magnetic anisotropy. In the abse
of the superconductor adjacent to the film, its domain str
ture is determined by the balance of the energy of the m
netic field surrounding the film and the energy of doma
walls. The positive energy of the magnetic field favors sm
domains, so that the field does not spread too far from
film. On the contrary, the positive energy of domain wa
favors less walls, that is, large domains. The minimization
the total magnetic energy gives a well-known result8 for the
equilibrium domain widthl}AddM, with d being the domain
wall thickness. Domains typically observed in magneto-op
films have thickness of a few microns. In the presence o
superconductor adjacent to the FM film, the balance of
magnetic energy changes drastically. This is because
magnetic field must be either expelled from the superc
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ductor due to the Meissner effect or it should penetrate i
the superconductor in the form of vortices. The Meissn
state should always be the case when 4pM0,Hc1, where
M0 is the magnetization. At 4pM0.Hc1 the equilibrium
energy of the Meissner state should be compared with
energy of the vortex state. Such a study goes beyond
framework of this paper and will be done elsewhere.10 In the
Meissner case, the superconductor favors FM domains
width below the London penetration depthlL . If the room
temperature domains are significantly greater thenlL , the
effect of the SC phase transition on the domain structure
be dramatic. As we shall see, the new equilibrium will
achieved atl}(ddMlL)1/3. Consequently, on lowering th
temperature below the SC critical temperature, the doma
in the FM film can shrink by an appreciable factor.

We are assuming the stripe domain structure in the
film. The width of the FM domainl is presumed large com
pared with the domain wall thicknessd. The latter is the
smallest length in our consideration. Two other characteri
lengths are the thickness of the FM filmdM and the London
penetration depthlL of the SC. In the case ofl ,lL the
magnetic flux penetrates into the SC as it would penet
into a normal nonmagnetic metal, making superconductiv
irrelevant. The case of interest is, therefore,l .lL . We shall
begin with the study of the Meissner state, that is, the s
where equilibrium vortices are absent.

The free energy functional for the magnetic fieldB
5@Bx(x,z),0,Bz(x,z)# is

F~B,M !5FS~B,M !1FM~B,M !, ~1!

where

FIG. 1. FM film with stripe domains on a SC substrate.
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FS~B!5
1

8pE dV@lL
2~¹3B!21B2#,

FM~B,M !5E dVF B2

8p
2B•M G1FD . ~2!

HereFS is the free energy due to the magnetic field in t
superconductor,FM is the free energy of the magnetic film
and the empty space above the film,M (x) is the magnetiza-
tion inside the magnetic film, andFD is the energy of do-
main walls. At l @d, a good approximation forM (x) ~see
Fig. 1! is the steplike function along theX axis, M (x)5
6M0 inside the domains. Its Fourier expansion is

M ~x!5
4M0

p (
k50

`
sin@~2k11!Qx#

2k11
, ~3!

whereQ52p/ l . For this domain structureFD( l )5sdM / l .
Here s5A2bM0

2d/p is the energy of the unit area of th
domain wall andbM0

2 is the energy density of the perpe
dicular magnetic anisotropy.

The equilibrium distribution of the magnetic field shou
be obtained by the minimization ofF(B,M ) at given con-
figurations of magnetic domainsM (x). Introducing H5B
24pM , one obtains in terms ofH:

FM~H,M !5E dVF H2

8p
22pM2G1FD ,

FS~H!5FS~B5H!. ~4!

The field H is induced by alternating magnetic charge
¹•M , on the two surfaces of the magnetic film.9 With ac-
count of the Maxwell equation,¹•B50, it satisfies

¹•H524p¹•M524p@d~z!2d~z1dM !#M ~x!,

¹3H50 ~5!

outside the superconductor, that is, inside the magnetic fi
in the buffer layer, and in the empty space above the fi
Hered(z) is the delta function,z50 andz52dM are coor-
dinates of the film surfaces. Inside the superconductoH
satisfies the London equation

¹2H2lL
22H50, ~6!

and the boundary condition thatH is continuous across th
interface between the buffer layer and the superconduc
Equation ~6! is valid if the magnetic field changes on th
scale greater than the correlation lengthj. In our case the
smallest relevant scale of spatial variations of the field is
width of FM domainsl. We shall assume thatl @j, which is
relevant to most situations of practical interest.

Solving the above equations we obtain that, due to
domain structure,H(x,z) decays exponentially away from
the surfaces. Taking into account thatdM@ l and neglecting
exponentially small terms of order}exp@2dM(4p2l22

1lL
22)1/2#, we get
01250
,
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H~x,z!5(
q

Hq exp~2qzuz̃u1 iqx! ~7!

for the magnetic field inside the superconductor, the fi
and in the empty space. Herez̃ is the distance along thez
axis from the nearest film surface. This gives the Four
components

Hz,q5 (
k50

`
4M0

2k11
d@q2Q~2k11!#,

Hz,2q52 (
k50

`
4M0

2k11
d@q1Q~2k11!#, ~8!

andHx,q52 iqzHz,q /q with qz
25q21lL

22 inside the super-
conductor andqz5q elsewhere. Substituting this equilibrium
magnetic fieldH at a givenl into the free energy functional
Eq. ~4!, we obtain the following expressions forFS( l ) and
FM( l ) per unit area:

FS~ l !5
4M0

2

pQ2lL
(
k50

`
@11~2k11!2Q2lL

2#1/2

~2k11!4
, ~9!

FM~ l !53FS~ l ,lL
2150!1FD~ l !. ~10!

AboveTc the free energy of the system as a function ol
is given by

FN~ l !54FS~ l ,lL
2150!1FD . ~11!

FIG. 2. Solid line: Exact dependence ofl̄ ~normalized equilib-

rium domain width on the SC substrate! on l̄ N ~normalized domain
width on the normal substrate! obtained by the minimization of the
total free energy, Eq.~13!. Thick dashed line: Approximation o

l̄ ( l̄ N) by Eq. ~14!. Thin dashed line: Normal substrate. The ins

shows the dependence ofl̄ on l̄ N at small l̄ N .
2-2
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The minimization of Eq.~11! gives the well known result for
the equilibrium width of the domains when the superco
ductor is in the normal state8

l N5F A2p

7z~3!
G1/2

~bddM !1/2. ~12!

For the superconducting state of the substrate it is con
nient to introducel̄ 5 l /4plL and l̄ N5 l N/4plL . Then

F~ l̄ !5
8M0

2lL

p (
k50

`
l̄

~2k11!3

3H 31F11
4 l̄ 2

~2k11!2G 1/2

1
4 l̄ N

2

l̄ 2 J . ~13!

The minimization ofF with respect tol̄ produces the depen
dence of l̄ on l̄ N shown in Fig. 2. At l̄ N!1 the field pen-
etrates into the SC the same way as it penetrates into
normal metal andl̄ ' l̄ N ~see inset to Fig. 2!. It is easy to
obtain from Eq.~13! that the assymptotic dependence ofl̄ on
l̄ N in the limit of large l̄ N is l̄ 5 l̄ N

2/3. As is demonstrated in

Fig. 2, a rather accurate approximation atl̄ N.1 is

l̄ 5 l̄ N
2/320.2. ~14!

We, therefore, conclude that the SC phase transition in
substrate can result in a significant shrinkage of the equ
rium domain width in the FM film if the substrate is in th
Meissner state.

The effects described above fall within common expe
,

on
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gl
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M
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mental range of parameters. They will be noticeable if
room-temperature domains in the FM film are wider th
l N;0.5 micron for, e.g., the Nb substrate (lL;40 nm! or
wider than l N;1.6 micron for a high-temperature SC (lL

;130 nm!. Because equilibriuml N depends on the thicknes
of the FM film dM the above condition onl N translates,
through Eq.~12!, into the lower bound ondM . For, e.g., a
TbFe film3 (b;102 andd;15 nm! the equilibrium domain
width should decrease belowTc in films of thickness greate
than 0.3 micron on a Nb substrate or in films thicker than
micron on a high-Tc substrate. In a real FM film the strip
domains are curved due to thermal fluctuations11 and due to
the pinning of domain walls. This, however, should not a
fect our conclusions as long as the corresponding radiu
curvature of the domains is large compared with other ch
acteristic lengths. Since we are interested in the equilibri
magnetic structure due to the FM-SC interactions, it is i
portant to acknowledge that strong pinning of domain wa
by the imperfections may prevent the system from reach
that equilibrium. Possible ways to study the equilibriu
magnetic structures include choosing systems with low co
civity ~that is, weak pinning of domain walls!, or low Curie
temperature~below the critical temperature of the SC!, or
rotating the system in a slowly decaying magnetic field.
should be also possible to extract changes in the magn
equilibrium from the study of the magnetic hysteresis in t
FM film above and belowTc . The existing large variety of
magnetic materials and superconductors should allow exp
ments in all interesting ranges of temperature and coerciv
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