
Interplay of Ferromagnetism and Superconductivity: Domain
Structure

Edouard B. Sonin 1,
Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem 91904, Israel

Abstract

In superconducting ferromagnets, where superconductivity and ferromagnetism coexist at the same bulk, the
equilibrium domain structure is absent in the Meissner state, but it does exist in the spontaneous vortex phase. In
a superconductor-ferromagnet bilayer superconductivity and ferromagnetism are separated in space, but strongly
affect each other. The superconducting layer shrinks the size of domains in the ferromagnetic layer by a numerical
factor, in contrast to superconducting ferromagnets, where superconductivity can strongly increase the domain size.
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Coexistence of superconductivity and ferromag-
netism has been revealed experimentally in various ma-
terials. Up to now the theory mostly addressed macro-
scopically uniform structures [1], whereas ferromag-
netic materials, even ideally uniform ones, inevitably
have a domain structure. The present work addresses
the domain structure in superconducting ferromag-
nets, where superconductivity and ferromagnetism
coexist at the same bulk, and in a superconductor-
ferromagnet bilayer, where superconductivity and
ferromagnetism are separated in space, but mutually
affect each other via long-range magnetic fields.

In order to find the distribution of the magnetic field
H and the magnetic induction B = H+4πM (M is the
spontaneous magnetization) one should solve the equa-
tions of magnetostatics and London electrodynamics.
The magnetic induction B = H + 4πM is divergence-
free, ∇·B = 0, but the magnetic field H is not: ∇·H =
4πρM , where ρM = −∇ ·M is the magnetic charge.

We consider a domain structure in standard geom-
etry [2]: a slab of the thickness d along the anisotropy
easy axis and infinite in other directions. The magnetic
charges appear only at boundaries of the slab (Fig. 1).
Without an external magnetic field in a single-domain
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structure (Fig. 1a), B = 0 and there exists an uniform
magnetostatic field H = −4πM and high magneto-
static energy H2/8π ∼ M2 in the entire sample. For a
stripe domain structure one can find the exact solution
for H using the method of complex variables [3]:

−Hx + iHy = 4M

[
ln tan

πw

2l
− ln tan

π(w − id)

2l

]
.(1)

where w = x + iy. Inside the domain bulk H ≈ 0,
except for the area ∼ l2 near the slab boundary (Fig.
1b). The equilibrium period l (l � d) is determined by
minimization of the sum of the magnetostatic energy
and the energy of domain walls [2]:

l =

√
αK

M2
δd , (2)

where K is the anisotropy energy, δ is the wall thick-
ness, and α is a numerical factor.

In a superconducting ferromagnet in the Meissner
state B must vanish in the bulk. This is compatible
only with a single-domain structure, and the equilib-
rium domain structure is impossible in the Meissner
state. Domain walls may appear only in metastable
states. If 4πM > Hc1, the Meissner state is absent, and
the superconducting ferromagnet is in the mixed state
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Fig. 1. Domain structure in normal and superconducting fer-

romagnets. The thick arrows show directions of the magnetic

moment M, the thin lines with arrows are force lines of the

magnetostatic field H. The magnetic charges are shown by +

and -. a) A single-domain structure. In the whole bulk B = 0

and H = −4πM. b) A stripe domain structure in a normal fer-

romagnet. The magnetostatic fields are present in areas ∼ l2

inside and outside the sample. In the rest parts of domains

H = 0 and B = 4πM. c) A superconducting ferromagnet in the

spontaneous vortex phase with a rigid vortex array. The mag-

netostatic fields appear only in areas ∼ l2 outside the sample.

In the bulk of domains H = 0 and B = B0(4πM).

even in zero external field (H = 0). This is the spon-
taneous vortex phase with nonzero magnetic induction
B = B0(4πM) in the bulk [1]. Here Hc1 is the lower
critical field and B0(H) is the equilibrium magnetiza-
tion curve for a nonmagnetic type II superconductor.

Solving the magnetostatic problem for the sponta-
neous vortex phase yields again Eq. (2) for the period
l, but with M replaced by the effective magnetization
M̃ = B0(4πM)/4π [4]. If 4πM � Hc1, then M̃ →
M and the effect of superconductivity on the domain
structure vanishes. If 4πM → Hc1, M̃ vanishes and the
period l becomes infinite, as it should be in the Meiss-
ner state 4πM < Hc1. Up to now we assumed that
magnetostatic field penetrates into a superconducting
ferromagnet like into a normal ferromagnet. But for
a rigid or strongly pinned vortex array, the magneto-
static fields penetrate only into the layer of thickness
λ, and penetration is insignificant if λ � l (Fig. 1c).
This increases the magnetic field outside the sample,
as well as the total magnetostatic energy, by a factor
of 2, while the correspondingly period l decreases by
a factor of

√
2, in analogy with the effect of a super-

conducting layer on a domain size in a ferromagnetic
layer, which is discussed below.

If the ferromagnetic film is put on a superconduct-
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Fig. 2. Magnetic charges (+ and -) and magnetic flux (thin

lines with arrows) in a ferromagnetic film (FM) on a super-

conducting slab (SC).

ing slab with the London penetration depth much less
than the domain size l and the film thickness d, pene-
tration of the magnetic field into the superconductor is
insignificant, and one obtains the exact solution with
help of the image charges in the superconductor [3]:

−Hx + iHy = 4M

[
2 ln tan

πw

2l
− ln tan

π(w − id)

2l

− ln tan
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2l

]
.(3)

If d � l, the magnetostatic fields on two boundaries of
the ferromagnet (y = 0 and y = d) do not overlap and
the superconducting layer affects only the field distri-
bution near y = 0: H = 0 at y < 0, but at y < 0 H = 0,
is by a factor 2 larger. As a result, the magnetostatic
energy near y = 0 is by a factor 2 larger. Eventually
the superconducting layer shrinks domains in a neigh-
boring ferromagnetic layer by a factor

√
1.5.

In summary, in a superconducting ferromagnet the
equilibrium domain structure is absent in the Meiss-
ner state, but exists in the spontaneous vortex phase,
though with the period of the domain structure may
essentially exceed that in the normal ferromagnet. In
contrast, in a superconductor-ferromagnet bilayer, in
which superconductivity and ferromagnetism are sep-
arated in space, superconductivity shrinks domains in
the ferromagnetic layer by a numerical factor.
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