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Comment on “Ferromagnetic film on a superconducting substrate”
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A superconducting substrate is not able to shrink drastically domains in a ferromagnetic film, contrary to the
prediction of Bulaevskii and Chudnovsky. This is shown on the basis of the exact solution for the stripe domain
structure.
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In Ref. 1 Bulaevskii and Chudnovsky analyzed the equi-substrate and obtain the solution of the problem by introduc-
librium stripe domain structure in a ferromagnetic film on aing image charges in the substrate:
superconducting substrate and predicted a drastic shrinkage

of domains. According to them, the domain size is by the _ I TW m(W—idy)
factor (\ /1)*® smaller than the domain site-\/d,, for a H(wW)=—HtiHy=4M 2 Intans-—Inta 21

film without a superconducting substrdtélere A is the )

London penetration depthl,, is the film thickness, and is Inta m(w+idy) . 3)
the domain wall thicknessé<l, dy;). In this Comment | 2|

shall show that this prediction is incorrect: even in the Iimit_l_he solutions, Eqs(2) and(3), are a straightforward gener-
A\ /1—0, the superconducting substrate can shrink domaing,._~ » EAS ' g 9 .

) alization of the solutions for a single domain wall obtained in
only by a numerical factor not more thafi.5.

. . - ... .. Ref. 4. The single-wall solutionsl{=) of Ref. 4 follow
As well in Ref. 1, | Fon3|der9 ferromagnetic f|I'm with its from Egs.(2) and(3) after expansion of the tangent function:
spontaneous magnetic momevit normal to the film. The

N - tang~ ¢.
stray magnetic fieldH=B— 47 M must satisfy the equations Later on we restrict ourselves to the case when the film
of magnetostatic3: thicknesdd), essentially exceeds the domain structure period
I. Then the stray fields on two film boundarigs<0 andy
VxH=0, V-H=4mpy, (1) ~ =dw) do not overlap and can be calculated separately. Near

the boundary =0 in absence of a superconducting substrate
where py=—V-M is the magnetic charge and is the

spontaneous magnetization. The second equation in(Egs. H(w)=4M IntanZ—\lN—i g) (4)

follows from the condition that the magnetic inducti@h
=H+47M is divergence freeV - B=0. If domain walls are  In the presence of a superconducting substratgBqields

parallel to the magnetizatiol, i.e., normal to the film, the Py @ factor 2 larger values oft at y>0, but =0 aty
magnetic charges appear only on the film surfdgg. 1).

In the limit §<I, dy,, which was considered in Ref. 1, 9 I Ay
the distribution of stray fields for the stripe domain structure
in a ferromagnetic film can be found exactly using analytical NN TN TN N N
functions on the complex plarfaie assume that the film is 5 k./?\J*\f)}ﬁ/*kfﬂ} < d

{

) . FM| “m
parallel to thexz plane and is restricted by the plangs 0 /" N
andy=dy (Fig. 1. The field componentsl, andH, satisfy D Q Q O ®+© Q x
Egs. (1) if they are determined by the real and imaginary
parts of an analytical functiofi{(w) on the complex plane b) y
w=Xx+1iy. Without a superconducting substrate the solution
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If the film is put on a superconducting substrate with the
London penetration depth much less than the domainlsize  FiG. 1. Magnetic chargeé+ and —) and magnetic fluxthin
and the film thicknessly (the case when Bulaevskii and lines with arrows in a ferromagnetic film(FM) without (a) and
Chudnovsky predicted a strong effect of the subslraige  with (b) a superconducting substrat8C). The magnetization vec-
can neglect the penetration of the magnetic field into theors in domains are shown by thick arrows.
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<0. However, one should remember that we are solving theccupied by the magnetic field by 2 times. Thus the magnetic
problem in the limitA| —0. For finite A the jump of the energy at the boundamy=0 in the presence of the substrate
tangential componertl, at the planey=0 transforms into is 2 times larger than without it. On the other hand, in our
an exponential decrease Hf, aty<<0 down to zero at the limit d,,>| the substrate has no effect on the magnetic en-
distance\, andH, is continuous in accordance with the ergy at the other boundasy=d,,. Eventually the substrate
laws of electrodynamictsee below increases the total magnetic energy by 1.5 times. The energy
Especially important for us is the magnetic field at theof the domain walls per unit length along the axiss in-

ferromagnetic film boundary=0". Without a supercon- yersely proportional to the periodand the energy of the

ducting substrate, stray fields is proportional tb The period is determined by
. minimization of the total energy per unit length, and the
H,(X)=—ReH=—4M In tanj , (5) growth of the magnetic energy by two times decreases the

domain widthl only by 1.5 times.

7TX In any domain the surface charges on the film boundary
Hy(x)=ImH=127TMsgr(tanj at y—=0. y=0 generate the magnetic fluk==*=47MI. Without a

©) superconducting substrate, half of this flux enters the film
itself, and another half exits from the filfFig. 1(a)]. The
The field pattern is periodic with the period along the axis  superconducting substrate does not allow for the magnetic

X. The magnetic charge on the film boundary 0 is flux to exit from the film, and the whole flux enters the film
1 [Fig. 1(b)]. Let us consider now the effect of a small, but
_ FAY s finite London penetration depth. The magnetic field inside
=—/[H(x+i0)—H 0)]6 ) .
Pm 477[ (x+10) (x=10)]a(y) the superconductor is determined by the boundary value of
the tangential fieldH, in the ferromagnetic film ay=0,
=—Md(y)sgn tan7T_X _ (7) which is of the order oM. T_hen the_ magnetic qux,_Which
2l enters the superconductor,4sM\ | , i.e., about\ /I times

smaller than the total flux#MI. This provides a correction

of the relative orden /I to the magnetic flux of the stray
magnetic fields inside the film. The energyM?\, inside

fhe superconductor is also a small correction of the same
relative order.

So in the limit ofA| — 0 the method of complex variables
provides the exact solution of the problem in terms of el-
ementary functions without using the Fourier expansion. Fo
finite A the exact solution in the form of the infinite Fourier

series is also kpown and. agrees with Oyj—>0 solution. The latter discussion helps to understand the source of an
One may check it, comparing the magnetic energy of the WQrror in Ref. 1. Looking for the magnetic field distribution,
solutions. The magnetic energy can be calculated using thg,5eyskii and Chudnovskassumed that the magnetic field
potential ¢ for the magnetic fieldl =V ¢) and integration  component normal to the film boundary is the same inside
by parts: the film and inside the superconducting substfate their
W2 1 Eq. (7)]. So according to their solution half of the total stray
_ oz magnetic flux enters the superconductor even in the limit
o= [ dvg—=5 | dspus, ® .
8w 2 A —0. Meanwhile, only a small part\ /I of the total flux
e@ able to penetrate to the superconducting substrate. It is
worth stressing that the solution of the problem does not
need anya priori assumption on distribution of the magnetic
flux between the ferromagnet and the superconductor at all.
One must simply use correct electrodynamic boundary
conditiong at the interfacey=0: continuity of the normal

where the surface integral should be taken over all plan
which confine the magnetic chargg . Without a supercon-

ducting substrate in the limdy,>| the energy of the stray
fields near the plang=0 per unit area in the planez is

M [l [x mx'  8M?| (w2 7 - o
Emz—f dxf dx'dMintan-—= —f deeIntane component of the magnetic inducti@and continuity of the
2l Jo 0 2l w2 Jo . e .
tangential component of the magnetic fiégdld The solution
7£(3) by Bulaevskii and Chudnovsky satisfies the first condition
= ——%M?~0.852\2, (9)  but violates the second one. Indeed, the values of the Fourier

components ofH, inside and outside the superconductor,

where {(z) is the zeta function. The same value of energywhich are given by Bulaevskii and Chudnovsky after their
was obtained with the Fourier-expansion method in the probEq. (8), differ by a large factor A, , whereq~ 1/ is the
lem after Sec. 44 in the book by Landau and LifsRiehe ~ wave number in the Fourier expansion used by Bulaevskii
Fourier-series solution for the magnetostatic problem of and Chudnovsky. Because of this error, they essentially over-
ferromagnetic film on a superconducting substrate for arbiestimated the energy inside the superconductor, and as a re-
trary A, was found by Stankiewicet al.® and their solution  sult of it, predicted a strong shrinkage of the domains.
also agrees with oux; — 0 solution. This is checked in de- In summary, the result of Bulaevskii and Chudnovséy
tail in Ref. 6. domain structure in a ferromagnetic film on a superconduct-

The superconducting substrate increases the magnetic eimg substrate is incorrect because they ignored the electrody-
ergy density in the film by 4 times, but contracts the areanamic boundary condition that the tangential component of
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the magnetic field must be continuous at the ferromagnetcomplex plane is given, which is exact in the limit of large
superconductor interface. Instead of it they used the incorre¢gtio of the domain size to the London penetration depth.
assumption that the magnetic flux produced by magnetic | acknowledge helpful discussions and comments by N.B.
charges at the interface is equally distributed between thgopnin, K. B. Traito, G. E. Volovik, M. Ziese, and especially
ferromagnet and superconductor. The correct solution of thg H. Brandt. The work was supported by a grant from the
problem in terms of elementary analytic functions on thelsrael Academy of Sciences and Humanities.
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