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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 magnetizatiorM ; on a superconductingC) substrate. At 4M,<H_, the SC is in the Meissner state and
the equilibrium domain width in the film, scales as|{4m\ )= (I /47 )?2 with the domain width on a
normal (nonsuperconductingubstrate| /47X >1; N\, being the London penetration length.
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The interaction between magnetism and superconductivductor due to the Meissner effect or it should penetrate into
ity has been intensively studied in the past, see, e.g., Ref. the superconductor in the form of vortices. The Meissner
The discovery of high-temperature superconductors and adtate should always be the case whemMl,<H.;, where
vances in manufacturing of nanoscale multilayered systemdl, is the magnetization. At #My>H, the equilibrium
have added new dimensions to these studies. In this paper v@@ergy of the Meissner state should be compared with the
investigate equilibrium magnetic and superconductingenergy of the vortex state. Such a study goes beyond the
phases in a system consisting of a ferromagn@tid) film framework of this paper and will be done elsewhYtn the
with perpendicular magnetic anisotrdpyn the surface of a Meissner case, the superconductor favors FM domains of
superconductofSC). The needs of magneto-optic technol- width below the London penetration depth . If the room
ogy have produced a large variety of magnetic films withtemperature domains are significantly greater then the
perpendicular magnetic anisotropy. Some are synthesized @ffect of the SC phase transition on the domain structure will
metallic substratese.g., Nb and are well characterized at be dramatic. As we shall see, the new equilibrium will be
room temperature, including their domain structtifeWe  achieved atl=(&dy\ )3 Consequently, on lowering the
will show that, as the temperature of such a system is lowtemperature below the SC critical temperature, the domains
ered, its magnetic state must be affected, in a nontrivial mann the FM film can shrink by an appreciable factor.
ner, by the superconducting transition. We are assuming the stripe domain structure in the FM

The system under consideration is shown in Fig. 1. Wdilm. The width of the FM domain is presumed large com-
are assuming no exchange of electrons between the FM filpared with the domain wall thicknes® The latter is the
and the superconductor. This will be true either when thesmallest length in our consideration. Two other characteristic
ferromagnet is an insulator or when it is separated from thdengths are the thickness of the FM fily and the London
superconductor by a thin insulating buffer layer. The systemgenetration depth\, of the SC. In the case df<\, the
with the exchange of electrons between the FM and SC laymagnetic flux penetrates into the SC as it would penetrate
ers have been discussed in Refs. §Jhis situation corre- into a normal nonmagnetic metal, making superconductivity
sponds to very thin layers with parallel magnetization, whichirrelevant. The case of interest is, therefdee A . We shall
do not interact via Meissner effectn our case the FM film  begin with the study of the Meissner state, that is, the state
and the superconductor are coupled only by the magnetiwhere equilibrium vortices are absent.
field. In this case the superconductivity makes a profound The free energy functional for the magnetic fieRl
effect on the domain structure in the FM layer, which must=[B,(x,z),0B,(x,z)] is
be easy to detect in experiment. The physics behind this
effect is explained below. Consider a FM film of thickness
dy , with perpendicular magnetic anisotropy. In the absence F(BM)=Fg(B,M)+Fu(B,M), (1)
of the superconductor adjacent to the film, its domain struc-
ture is determined by the balance of the energy of the mag;qre
netic field surrounding the film and the energy of domain
walls. The positive energy of the magnetic field favors small

domains, so that the field does not spread too far from the y
film. On the contrary, the positive energy of domain walls FM
favors less walls, that is, large domains. The minimization of &1
the total magnetic energy gives a well-known réstdt the /
f | ¥ ] T ]t
T x

equilibrium domain widtH o< \/6dy,, with 6 being the domain
wall thickness. Domains typically observed in magneto-optic
films have thickness of a few microns. In the presence of a sC
superconductor adjacent to the FM film, the balance of the z
magnetic energy changes drastically. This is because the
magnetic field must be either expelled from the supercon- FIG. 1. FM film with stripe domains on a SC substrate.
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Here Fg is the free energy due to the magnetic field in the ///
superconductorFy, is the free energy of the magnetic film 15| *® L
and the empty space above the filkh(x) is the magnetiza- T e o s
tion inside the magnetic film, andy, is the energy of do- 7
main walls. Atl>§, a good approximation foM(x) (see d
Fig. 1) is the steplike function along th¥ axis, M(x) = il
+ My inside the domains. Its Fourier expansion is e e
/
7/
4M sin (2k+1)Qx] s e
MO=—= 2 —— 7 3 o
/
whereQ=2m/l. For this domain structurgp(l)=ody /. o .
Here o=\28M34/ 7 is the energy of the unit area of the 2
domain wall and,BMS is the energy density of the perpen- 2.5 5 7.5 10 125 15 175 20

Iy

dicular magnetic anisotropy.
The equilibrium distribution of the magnetic field should  FiG. 2. solid line: Exact dependence lofnormalized equilib-

be obtained by the minimization of(B,M) at given con-  jym domain width on the SC substran I, (normalized domain

figurations of magnetic domainl(x). IntroducingH=B  \idth on the normal substratebtained by the minimization of the

—4mM, one obtains in terms dfi: total free energy, Eq(13). Thick dashed line: Approximation of
H? 1(I) by Eq. (14). Thin dashed line: Normal substrate. The inset
}'M(H,M):f dv[8__277|v|2 +Fp, shows the dependence bbn Iy at smalll .
ar
Fo(H)=Fo(B=H). @ H(x2)=2 Hqexp(—a]z| +igw) )

The field H is induced by alternating magnetic charges
V-M, on the two surfaces of the magnetic filnwith ac-
count of the Maxwell equatiory - B=0, it satisfies

'for the magnetic field inside the superconductor, the film,

and in the empty space. Hereis the distance along the
axis from the nearest film surface. This gives the Fourier

V-H=—47V-M=—4x[8(z)— 8(z+dy)IM(x), components
o 4M
VXH=0 (5) — 0 _
Hoq= 2 5131 A Q(2k+ 1],
outside the superconductor, that is, inside the magnetic film,
in the buffer layer, and in the empty space above the film. 2 AM
Here 5(z) is the delta functionz=0 andz= —d,, are coor- Hy _q=— > TJrolé[quQ(Zk+ 1)], (8)
dinates of the film surfaces. Inside the superconduktor k=0
satisfies the London equation andH, o= —iq,H,q/q with Q§=q2+7\[2 inside the super-

V2H— N "2H=0 ©) conduct'or andqz: o} elgewhgre. Substituting this equilibrium
L ' magnetic fieldH at a givenl into the free energy functional,

and the boundary condition thét is continuous across the Ed- (4), we obtain the following expressions fdf(I) and
interface between the buffer layer and the superconducto?-m(l) per unit area:
Equation(6) is valid if the magnetic field changes on the P ooy 21
scale greater than the correlation lendthin our case the _ 4Mg [1+(2k+1)"Q°\.]

. o Fo)= > NC)
smallest relevant scale of spatial variations of the field is the QN k=0 (2k+1)*
width of FM domaind. We shall assume thas &, which is
relevant to most situations of practical interest. Fu(H)=3F«I ,)\Elzo)—{-fD(U_ (10)

Solving the above equations we obtain that, due to the

domain structureH(x,z) decays exponentially away from Above T, the free energy of the system as a function of
the surfaces. Taking into account tith;>1 and neglecting is given by

exponentially small terms of order<exy —dy(472 2 )
+)\E2)1/2], we get fN(l):4‘7:S(|1)\L :0)+fD (11)
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The minimization of Eq(11) gives the well known result for mental range of parameters. They will be noticeable if the
the equilibrium width of the domains when the supercon-room-temperature domains in the FM film are wider than

ductor is in the normal stdte In~0.5 micron for, e.g., the Nb substrat®,(~40 nm or
12 wider thanly~1.6 micron for a high-temperature SQ (

|N:[ V2m } (BSdy) Y2 (12) ~130 nm). Because equilibriurhy depends on the thickness
74(3) of the FM film dy, the above condition ory translates,

For the superconducting state of the substrate it is convél-tggggfn”%q(élf)ig tgntggiolv;erqnt;otwedegtjmt;riicr::,d%gﬁéli{;

nient to introduce =1/4z\ | andly=I\/4m\ . Then width should decrease beldy, in films of thickness greater
2 m — than 0.3 micron on a Nb substrate or in films thicker than 3
Fl)= BMoA, E ! micron on a highf, substrate. In a real FM film the stripe
T k=0 (2k+1)3 domains are curved due to thermal fluctuatfdrend due to

" the pinning of domain walls. This, however, should not af-
4I_ﬁl fect our conclusions as long as the corresponding radius of

+ I__2 : 13 curvature of the domains is large compared with other char-
acteristic lengths. Since we are interested in the equilibrium

The minimization ofF with respect td produces the depen_ magnetic structure due to the FM-SC interactions, i.t is im-
dence ofl_onI_N shown in Fig. 2 Aﬂ_N<1 the field pen- portant to acknowledge that strong pinning of domain walls
etrates into the SC the same way as it penetrates into t the imperfections may prevent the system from reaching

| metal and <1 inset to Fi It ¢ that equilibrium. Possible ways to study the equilibrium
normal metal and ~1y (see inset to Fig. 2 It is easy to magnetic structures include choosing systems with low coer-

obtain from Eq/(13) that the assymptotic dependencd @i civity (that is, weak pinning of domain wallsor low Curie
[y in the limit of largel y is | =I_,%,’3. As is demonstrated in temperaturgbelow the critical temperature of the §Qr

412
1+

X138+ 1+ ———
[ (2k+1)2

Fig. 2, a rather accurate approximation gt>1 is rotating the system in a slowly decaying magnetic field. It
should be also possible to extract changes in the magnetic
1=12*-0.2. (14)  equilibrium from the study of the magnetic hysteresis in the

o FM film above and belovil.. The existing large variety of
We, therefore, conclude that the SC phase transition in thg,agnetic materials and superconductors should allow experi-

substrate can result in a significant shrinkage of the equilibpents in all interesting ranges of temperature and coercivity.
rium domain width in the FM film if the substrate is in the

Meissner state. This work has been supported by the U.S. Department of
The effects described above fall within common experi-Energy through Grant No. DE-FG02-93ER45487.

1L. N. Bulaevskii, A. I. Buzdin, S. V. Panjukov, and M. L. Kulic, Q. Tran, J. Magn. Soc. Jp23, 79 (1999.
Adv. Phys.39, 175(1985. 6A. 1. Buzdin and L. N. Bulaevskii, Zh. Eksp. Teor. Fig4, 256
2For the in-plane or weak anisotropy, the magnetic field is con- (2000 [Sov. Phys. JETRB7, 576 (1988].
fined within the film and the interaction between FM and SC 7F. S. Bergeter, K. B. Efetov, and A. I. Larkin, cond-mat/0002151
occurs only in regions, e.g., domain walls, where the field inci- (unpublishedl
dentally sticks out of the film. Such regions can interact strongly 8| p. [ andau and E. M. LifshitzElectrodynamics of Continuous
with SC vortices: 1. F. Lyuksyutov and V. Pokrovsky, Media (Nauka, Moscow, 1982
. cond-mat/9903312unpublishedl _ 9E. B. Sonin, Sov. Tech. Phys. Left4, 714(1988. The problem
F. Hellman, A. L. Shapiro, E. N. Abarra, R. A. Robinson, R. P. ¢ v infinite domains, studied in this paper, is unphysical.
Hjelm, P. A. Seeger, J. J. Rhyne, and J. |. Suzuki, Phys. Rev. E‘OL. N. Bulaevskii, E. M. Chudnovsky, and M. P. Maley, Appl.

4F5I9-’| 1||1 408%93/?' d E. N. Abarra, J. Appl. PI86.1047 Phys. Lett.76, 2594(2000.
- Hellman, M. Messer, and E. N. Abarra, J. Appl. P86 IAr. Abanov, V. Kalatsky, V. L. Pokrovsky, and W. M. Saslow,

(1999.
S5F. Hellman, A. L. Shapiro, E. N. Abarra, P. W. Rooney, and M. Phys. Rev. B51, 1023(1995.

012502-3



