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Abstract—A model of formation of inhomogeneous magnetic structures in weak ferromagnets with rhombo-
hedral symmetry is proposed. This model is based on the general theory of ferromagnetism in these compounds.
The quantitative calculations of the dependence of the period of magnetic inhomogeneities on the parameters
of the samples are presented and compared with experimental data.
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1. INTRODUCTION

A remarkable feature observed in weak ferromag-
nets with rhombohedral symmetry is that they exhibit
fringe structures. These structures were revealed for the
first time in iron borate FeBO; at temperatures below
190 K [1]. Fringes have also been observed in hematite
in the ferromagnetic phase. The appearance of fringes
was initially explained by a specific optical effect,
which can manifest itself in such crystals upon trans-
mission of linearly polarized light through magnetic
domains separated by an inclined domain wall. How-
ever, the proposed model does not allow one to explain
all specific features of the observed structures and, as
was shown in our previous study [2], these fringes are
either magnetic structures with an inhomogeneous
magnetization distribution or inhomogeneous magnetic
structures. In this paper, we consider physical factors
that can be responsible for the formation of inhomoge-
neous magnetic structures in weak ferromagnets with
rhombohedral symmetry.

2. OBJECTS OF INVESTIGATION,
EXPERIMENTAL RESULTS,
AND THEIR THEORETICAL JUSTIFICATION

The objects of our investigation were FeBOj; single
crystals grown using the gas-transport reaction method.
From each group of grown crystals, we selected sam-
ples containing no twins or inclusions. The samples had
a platelike structure with the (111) basal plane. The
domain structures were visualized on a magneto-opti-
cal setup based on the Faraday effect.

The observation of the variations in inhomogeneous
magnetic structures revealed the following facts.

(i) The period of inhomogeneous magnetic struc-
tures A is independent of the geometric sizes of the
sample in the directions parallel to its basal plane, and
the value of A increases with increasing thickness of the
sample. As was shown earlier in [2], this behavior of the
inhomogeneous magnetic structures is caused by the
deviation of the ferromagnetic vector m from the basal
plane. In turn, this leads to an increase in the magneto-
static energy, which decreases upon the formation of an
inhomogeneous magnetic structure.

(ii) Fringes in an inhomogeneous magnetic structure
are formed only along the three directions coinciding
with the twofold symmetry axes parallel to the (111)
plane. The proper choice of one system of fringes can
be made by applying a magnetic field in the basal plane
in the direction parallel to one of the three symmetry
planes. The basal plane and the symmetry plane in the
crystals under investigation are mutually perpendicular.

The appearance of the fringes can be explained in
terms of crystalline anisotropy inherent in weak ferro-
magnets with thombohedral symmetry. In these ferro-
magnets, according to the Dzyaloshinskii theory [3],
three magnetic states can be distinguished. In state /,
the ferromagnetic moment is absent. The material is an
antiferromagnet with the antiferromagnetic vector I =
M, - M,, where M, and M, are the magnetizations of
the sublattices in the direction perpendicular to the
(111) basal plane or along the C; axis. In the weakly
ferromagnetic phase, there exist two characteristic
magnetic states, namely, states /I and III, with due
regard for the contributions made to the anisotropy by
the fourth-order interactions, which depend on the ori-
entation of the antiferromagnetic vector I with respect
to the preferred directions in the basal plane. The rhom-
bohedral crystals in the basal plane have the three two-

1110



FORMATION OF INHOMOGENEOUS MAGNETIC STRUCTURES

fold symmetry axes L, and three symmetry planes G
perpendicular to this plane. In state // (Fig. 1a), the anti-
ferromagnetic vector I lies in the symmetry plane and
is inclined with respect to the basal plane by the angle
0, whereas the vector m lies in the (111) plane and is
directed along the twofold axis.

In state /I (Fig. 1b), which appears when the anti-
ferromagnetic vector I is directed parallel to the two-
fold axis, the vector m should lie in the symmetry plane
and deviate from the basal plane by an angle y. There-
fore, the direction of the ferromagnetic vector with
respect to the basal plane can vary depending on the ori-
entation of the antiferromagnetic vector I with respect
to the twofold axes. According to [4], these variations
in the orientation of the vector m can occur upon appli-
cation of a magnetic field 4 rotating in the (111) plane.
When the magnetic field /4 is directed at the angle ¢
with respect to the twofold axis L,, the angle of inclina-
tion of the vector m to the basal plane should vary
according to the law y = y,sin3¢. The maximum devia-
tion of the ferromagnetic moment from the basal plane
should be observed when the magnetic field is aligned
parallel to one of the three symmetry planes.

A comparison of the experimental results with the-
ory demonstrates that inhomogeneous magnetic struc-
tures are formed in state /11, in which the antiferromag-
netic vector is aligned parallel to the twofold axis L,
and the ferromagnetic vector lies in the symmetry plane
o at the angle y with respect to the basal plane. During
the formation of an inhomogeneous magnetic structure,
the value of y periodically changes as is shown in
Fig. 2. Therefore, the formation of inhomogeneous
magnetic structures in the FeBO; compound can be
caused by the crystalline magnetic anisotropy inherent
in weak ferromagnets with rhombohedral symmetry.

In order to determine the equilibrium period of the
inhomogeneous magnetic structure, we write the free
magnetic energy E of the crystal in state III. In the
absence of an external magnetic field, the free magnetic
energy can be represented in the following form:

E=FE,+E, +E,,, (1)

where E, is the effective energy of the crystalline mag-
netic anisotropy, E,,, is the energy of the demagnetizing
field, and E. is the energy of inhomogeneous
exchange.

In writing formula (1), it was assumed that, upon the
formation of the inhomogeneous magnetic structure,
the magnitude and direction of the antiferromagnetic
vector remain unchanged. These assumptions are based
on the fact that, at any point of the inhomogeneous
magnetic structure, the magnitude of the ferromagnetic
vector does not change; therefore, the magnitude of the
antiferromagnetic vector I remains constant. Since the
inhomogeneous magnetic structure is formed in state
111, the antiferromagnetic vector in this structure should
be oriented along the twofold axis. In this case, the field
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Fig. 1. Possible states of magnetic moments in weak ferro-
magnets with rhombohedral symmetry according to the
Dzyaloshinskif theory [3].
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Fig. 2. Spatial variations in the orientations of the ferromag-
netic vector in state /1.

of the uniaxial anisotropy, owing to which the antifer-
romagnetic vector I becomes aligned with the basal
plane, for iron borate in the temperature range under
investigation is equal to 3 x 10° Oe [5], whereas the
demagnetizing field H,,, responsible for the appearance
of the inhomogeneous magnetic structure can be of the
order of 4mmsiny, which does not exceed 10 Oe for the
FeBO; compound at the temperature 7 = 77 K. There-
fore, the demagnetizing field cannot affect the orienta-
tion of the antiferromagnetic component of the magne-
tization of the sublattices.

For simplicity, we assume that the angle of deviation
of the ferromagnetic vector from the basal plane yin the
inhomogeneous magnetic structure varies according to
the harmonic law

Y = yosin 21 ). @

where 7, is the maximum angle of deviation of the fer-
romagnetic vector from the basal plane and A is the
period of the inhomogeneous magnetic structure.
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Fig. 3. Dependence of the period of the inhomogeneous
magnetic structure of iron borate on the thickness of the
sample according to (/) the calculation from formula (9)
and (2) the calculation with the correction to the magneto-
static energy. Points are the experimental data.

Consequently, the magnetization component per-
pendicular to the basal plane in the inhomogeneous
magnetic structure has the form

m, = msin [yosin(Zn%n. 3)

The maximum angle of deviation 7, of the ferromag-
netic vector from the basal plane for o-Fe,O; is equal
to 107 rad. For the FeBO; compound, the value of 1, is

smaller by a factor of 2-3 [6]. Hence, Eq. (3) can be
rewritten as

m, = myosin(Zn%). 4)

The period-averaged exchange energy per unit vol-
ume is given by

(Eo) = <A@—Dz> - 4n2Av§G)2<sin2v>
= ZEZA%G)Z,

where A is the inhomogeneous exchange interaction
constant.

(&)

The energy of anisotropy can be represented in the
form

Ea = _KUCOSZ(G—YL (6)

where K, is the effective constant of magnetic anisot-
ropy (the easy magnetic axis is directed at the angle 0
with respect to the basal plane).
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In order to determine the energy of the magneto-
static field, we use the expression for this energy in the
case of the formation of periodic stripe domain struc-
tures in thin ferromagnetic films with “supercritical”
thicknesses [7, 8]. The formation of stripe domains in
these films is associated with the presence of the mag-
netization component perpendicular to the plane of the
film. By using distribution (2) in the calculations per-
formed in [7] for the energy of the demagnetizing field
E,,, itis easy to show that the expression for the period-
averaged energy of the demagnetizing field per volume
unit takes the form

lmng 2D
o = e )

where D is the thickness of the sample.

With due regard for relationships (5)—(7), the aver-
age value of the total energy can be represented in the
form

2
(Ey = 2’;;‘73 + (=K cos’(8-7))
- @®)
m 'Y()}\' 1 21D
+ T 1 - exp (B2 ]

The equilibrium value of the period A can be found
from the condition dE/d\ = 0 or from the equation

_47‘C2A2 N m_z[l ex (_ZRD)}
2> 4D P A

€))

The solution of Eq. (9) with respect to the period of
the inhomogeneous magnetic structure A at different
thicknesses D of the samples is shown in Fig. 3 (curve 7).
The constant of inhomogeneous exchange is deter-
mined from the expression A = kT/a, where k is the
Boltzmann constant, a is the lattice constant, and 7. is
the Curie temperature. For iron borate, we have the
Curie temperature 7¢ = 348 K and the lattice constant
a= 5.0 A. Hence, the constant of inhomogeneous
exchange is determined to be A = 10 erg/cm?. The
value of m at a temperature of 77 K for FeBO; is equal
to 15-17 G.

The experimental dependence of the period of the
inhomogeneous magnetic structure on the thickness D
of the sample is also shown in Fig. 3. The observed dif-
ference between the experimental and calculated
dependences A(D) can be explained by the fact that, at
small deviations of the ferromagnetic vector from the
plane, the spins located in the vicinity of the surface
deviate from the easy magnetization direction [8]. Con-
sequently, instead of the open poles near the surface,
there appears a spatial distribution of magnetic charges.
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This leads to a decrease in the magnetostatic energy by
the factor B, which can be estimated from the following
expression [8]:

_1
1+u*

B =

where U* is the magnetic permeability of the ferromag-
net due to the rotation of the magnetization vector.
Physically, this means that the higher the magnetic per-
meability, the easier the deviation of the spins from the
easy magnetization axis. This correction to the magne-
tostatic energy was termed the | correction. The value
of WW* can be estimated from the calculation of the mag-
netic permeability * caused by the rotation of the mag-
netization vector; that is,

(10)

2
m

s - M
X =3

u

11

where K, = mH, and H, is the effective field of mag-
netic anisotropy. For the FeBO; compound, the effec-
tive field of magnetic anisotropy is estimated as H, ~
1 Oe. Hence, we obtain x* ~ 10. The calculated depen-
dence of the period of the inhomogeneous magnetic
structure on the thickness of the sample with the correc-
tion to the magnetostatic energy is presented in Fig. 3
(curve 2). The calculated curve is in good agreement
with the observed experimental dependence.

It should be noted that, in the described model of the
formation of inhomogeneous magnetic structures in
crystals with rhombohedral symmetry, it remains
unclear why fringes are absent in intermediate direc-
tions between the three preferred directions, i.e., in the
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directions where the deviation of the ferromagnetic
vector from the basal plane is theoretically possible.
The elucidation of this phenomenon requires further
theoretical and experimental investigations.
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