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Abstract

The theoretical analysis of the position of principal diachronic directions at mag-
netization rotation in (100) and (110) planes for the case of growing dichroism axes
in random directions was made. The calculations of angular dependencies of dichroic
axes (DA) position for different values of the magneto-optical anisotropy parame-
ter, a, have been done. The relations between the growing and magneto-optical
dichroism, K /M, and the angle § characterizing the direction of principal growing
dichroism axes were given. The angular dependences of DA position in epitaxial
iron garnet films have been investigated experimentally. The measurements at the
different light wavelengths permitted one to vary extensively the a and K/M pa-
rameters and to show that the experimental dependences are described successfully
by the expressions obtained.

1. Introduction

Iron garnets crystallize in a cubic structure and, consequently, to first approximation,
are to be optically isotropic. However, investigations conducted during the last twenty
five years have shown that some optical phenomena observed in the crystals, such as linear
dichroism, have shown optical anisotropy. In this connection the different mechanisms of
observed anisotropy are possible:

1. Anisotropy source can be the quadratic magneto-optical effect of magnetic linear
birefringence or dichroism, which induces the optical indicatrix deformation to depended
on the magnetization orientation in the crystal. The phenomenon had been studied
intensively theoretically and experimentally and typical results have been given in review
works [1-6].

2. Soon after the synthesis of the iron garnets contained the cylindrical magnetic
domains it has been elucidated that such materials side by side with growing magnetic

955



OCHILOV

anisotropy have growing optical anisotropy (GOA), which can be observed in both bire-
fringence and dichroism [10-14]. Subsequently, it has been found that the GOA appears
both in epitaxial iron garnet films and the bulk crystal. And the GOA has been observed
in birefringence [15, 16] and dichroism [17].

3. Optical anisotropy can appear due to the fourth order terms on magnetization.
Contribution of such terms into the iron garnets birefringence has been found experimen-
tally in works [8, 9], where they found that the fourth order terms on magnetization were
involved to explain the untypical linear dichroism at the absorption band region for the
rare-earth ion in europium iron garnet.

4. The source of optical anisotropy in cubic crystals can be the terms which take
account of the spatial dispersion in itself (which, apparently, was not observed experi-
mentally in (ferro-magnetics) or simultaneous spatial dispersion and magnetization. The
last mechanism has been used by [9] to explain the absorption anisotropy of europium iron
garnets with the direction of light propagation along and perpendicular to magnetization.

In the present work, we examine the optical anisotropy of iron garnets caused by linear
dichroism. In general, the dichroism is connected with both the random magnetization
and the growing crystal and film anisotropy. In section 2 we dwell on relations character-
izing the turn of the dichroic axes with rotation of the magnetization in crystals with the
GOA. In section 3 the experimental results of magneto-optical anisotropy spectroscopic
investigations in some epitaxial iron garnets films and the results on ichroic axes in the
films are given. In section 4, an analysis of the obtained results and also of data from
available literature are represented.

2. Dichroic Axes Rotation in Cubic Magnetics with Growing Optical Anisotropy

Rotation of principal optical indicatrix directions in cubic magnetics with magnetiza-
tion rotation in the principal symmetry planes has been examined in works [3, 4]. And
the rotation has been studied in transparenty region in yttrium iron garnet and ytter-
bium iron garnet [18] and erbium iron garnet [20]. In the absorption region dichroic
axes rotation occurs at the same time with optical indicatrix rotation, which are defined
as the directions in the crystal where the absorptions are either maximum or minimum
with the light polarization parallel to them. Theoretical and experimental investigations
of dichroic axes rotation in impure absorption and intrinsic absorption regions in iron
garnets have been conducted in works [21, 24] and [25] respectively.

In all this work on the rotation of principal directions of optical indicatrix and dichroic
axes it has been supposed that the optical anisotropy is caused only by random magneti-
zation. However, in many cases, in crystals and films the GOA occurs, as we will show in
this chapter, and can essentially influence the principal directions and dichroic axes ro-
tation with magnetization rotation. We will analyze two principal crystallographic (100)
and (110) planes for the cubic crystal. At the beginning we will consider the optical indi-
catrix motion at magnetization rotation and then we will derive the general expressions
for the GOA case with arbitrary direction of its principal axes. The change of optical in-
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dicatrix coefficients in the cubic ferromagnetic with magnetization can be given as follows
[7):

B1 — By ABy p1103 + pr2as + pr3as

By — By ABy p1203 + p1103 + p12a3

Bs—By | | ABs | | pi2ad + p12a3 + pr1o3 (1)
By | ABy | Pa4Q2003 ’
Bs ABs paa30
Bs ABs Paaiory

where B; = 0F;/0D; are the dielectric inpermeabilities, p;;x¢ is the magnetooptical
four-rank tensor symmetric on the pair of indexes, and «, are the direction cosines of
magnetization. The presence of the terms By, Bs, Bg in the indicatrix equation testifies
that the reference system of axes is not more the principal, that is they do not coincide
with the crystallographic four order axes with the optical ellipsoid axis. Using a typical
method such equation might be reduced to the canonical form by rotaring the system of
axes, in arbitrarily the receipt of any information from the transformation formulae is not
possible. It is important to consider lens indicatrix rotation with magnetization motion
in the symmetry planes.

1. L [110], K|[110], 01 = ag # 0, a5 # 0

All three direction cosines are differed from zero and all six coefficients are changed
at magnetization motion in (110) planes [7]. These changes are described as

AB;y = m?[(p11 + p12)a] + pr2ad]; ABy = m?pagsa;
ABy = m?[(p11 + p12)ai + pr2a3l; ABjs = m?pagoas;
AB3 = m?*[(2p12)a? + priad); ABg = m*pysai. (2)

All of the indicatrix components are differed from zero; and to lead to the principal
axes we will turn the axes by 45° around the [001] axis from the [100] and [010] directions.

B;1 + Bs 0 V2B,
(B} = 0 By-Bs 0 |. (3)
V2By 0 Bs

Now, the indicatrix, {B}, might lead to the diagonal form by a rotation about the
[100] axis through an angle of 6 defined by the relation

2v/2B,

20 = VP4 4
tg20 By B, _ B (4)

2. 77 L [100], £|[100], 1 # 0, ap = 0, az # 0.
In this case, using (1) we find

AB;y = m2(p11 + a3 + p1203); ABy =0
ABy; = TﬁQ(pnOé% + p12a§)§ ABs = Tﬁ2p44oz1a3;
AB3 = m?(p11a? + pr1ad); ABg = 0. (5)
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The optical indicatrix leads to the principal axes via a rotation, 6, the axes systems
around the [100] axis which has a tangent determined by the equation:

2Bs

g2 = —225
94 = B _ B,

(6)

Formulae (5, 6) describe only the magnetic contribution. Now we consider the contri-
bution of the growing dichroism. Let us assume that the principal directions of growing
dichroism do not coincide with the symmetry axes and are under some angle, §, with
respect to the [100] axis in (110) plate (Fig. 1). In system of axes 1, 2 coupled with
the principal directions of growing dichroism the expression for indicatrix of the growing
contribution is expressed as:

K 0
Tij = [ 0 K ] : (7)
[001]
1
4w m
o |0 °
2 —
[110]
¢

Figure 1. System of axes, reading of angles and dichroic axes rotation at magnetization motion
in (110) plate: 1,2 - crystallographic dichroic axes; 3,4 - total effects axes

To be more convenient we take the system of axes coupled with crystallographic
directions. In these axes the equation is defined as:

Tij = airajiTre, (8)

where T}, is the rotation matrix with respect to the crystallographic axes. Taking into
account the growing contribution the indicatrix equation can be written by follows:

{B'} +Ti; ={B"}. 9)

Now the indicatrix { B”} can be led to the diagonal form by rotation around the [100]
or [110] axes on the angle of #, which has a tangent determined by the diagonal and
off-diagonal indicatrix components noted as follows:
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1. 7 L [100], K| [100]

sin2¢ + (2K /M) sin 26
1/a*(cos2¢p) + (2K /M) cos 2§

tg20 = (10)

where ¢ is the angle between the magnetization 7 and the [001] axis; a = paa/(p11 — p12)
is the magnetooptic anisotropy coefficient; M = pyqmis is the magnetic contribution value,
K = (a1 — ag) is the growing dichroism value and a3 = cos ¢.

With the absence of growing dichroism, K = 0 and expression (10) is modified into
the formula:

tg20 = atg2¢p, (11)

as obtained earlier in [19] for the cubic crystals. In another extreme case where M =
0, the dichroic axes position coincides with the growing dichroism axes and does not
depend on the magnetization orientation. In intermediate cases the dichroic axes position
depends on the concrete relations between parameters K, M and a. Fig. 2 shows, as
illustration, the results of calculations on axes rotation for some specific relations between
these parameters.

2. m L [110], k[[110]

The expression for angle 6 for the magnetization motion in (110) plane is assumed to
be followed by:

sin2¢ + (2K/M) sin 2§
1/a(cos2p) + (1 — a)/2a(sin® ) + (2K /M) cos 25

tg20 = (12)

The results of calculations in accordance with the formula for some specific relations
between the parameters K, M and a are given in Fig. 3. The calculations show that as
K /M rises with the growing dichroism, the 6(¢) dependences varied qualitatively. At
K/M = 0, these dependences have 90-periodicity, at K/M < 1 the periodicity is close
to 90-periodicity, but at further rising of the relation K/M > 1 the periodicity gradually
transforms into 180-periodicity and the amplitude of change, 6(p), decreases. The form
of the dependences is determined by the value of parameter a and angle §, which define
the initial dichroic axes position at ¢ = 0.
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Figure 2. Dichroic axes motion at magnetization rotation in (100) plane at the different relations
K/M,a and §.

3. Experimental Results

Magnetic linear dichroism (MLD) spectra and dichroic axes rotation have been inves-
tigated on the samples of epitaxial iron garnet films of different compounds Y3 Fe;012,
(YBi)g(FeGa)5012 and (YP?“);J,(F@GG)5012.

The films have been grown on the gadolinium gallium garnet Gd3Gas012 substrates
cut out of the symmetry (100) and (110) planes. The arrangement used to measure
the dichroism and dichroic axes rotation has been described in [17, 25]. The important
feature of the arrangement has been as follows: magnetic field by value of 3kOe could be
applied to a sample in any direction and the sample could be turned around direction of
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light propagation. The features of arrangement permitted one to separate the magnetic
and elastic linear dichroisms from each other and also to determine the dichroic directions
position with precision of about 2°.
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Figure 3. Dichroic axes motion at magnetization rotation in (110) plane at the different relations
K/M,a and §

Growing optical dichroism (GOD) spectral dependences in YIG and Bi-substituted
YIG at room temperature are represented in Fig. 4. As one can see from the figure a
number of maximums at 19500cm 1, 20500cm 1, 21100em ™! and 21700c¢m ™! is observed
in the GOD YIG spectrum. The corresponding MLD maximums on these frequencies are
also observed in pure YIG. It testifies that the transitions in iron ions are displayed in
the GOD film of substituted garnets. In contrast to YIG in Bi-substituted garnet the
GOD spectrum is not as well resolved and the monotonous GOD increase is observed.
The features of corresponding transitions in iron ions are shown in the spectra as the
feebly marked bends.
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Figure 4. The GOD spectral dependence in the epitaxial films. E||110, T =295K.

MLD spectra of the examined films for two principal magnetization orientations are
given in Fig. 5, where the yttrium iron garnet MLD spectra are also given to be compared.

Fig. 5 shows, that the magnetooptical anisotropy parameter, a, strongly depends on
the wavelength, that is shown in the dichroic axes rotation.
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Figure 5. The MLD spectral dependence in iron garnets films: solid curve —Aem?, dashed
curve -(A2 + A3)m? a) for Y3Fes5012, b) (Y Bi)s(FeGa)sO12 c) (Y Pr)s(FeGa)sOn2
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The dichroic axes rotation is shown in Fig. 6a at the different light frequencies,
that is for different values of parameter a in the (100) film of iron garnet compound
(Y Pr)s(FeGe)5012. Growing dichroism in the film was absent and in accordance with
the relation (11) the dependences () had 90-periodicity. The calculated curves describe
the observed experimental dependences in good agreement.
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Figure 6. Dependences of dichroic axes rotation on magnetization position: a) in (100) plane in
(Y Py)3(FeGa)s012,a = 0 (dots) and v = 19690cm ™", a = 0, 1 (crossed) and v = 20600cm ™', a =
0,2 (light circles) and v = 21700ecm™*; b) in (110) plane in (Y Bi)3(FeGa)s012,a = 1, K/M =
7 (light circles) and v = 20700cm™*,a = 2, K/M = 1,5 (dots) and v = 21900cm™'; c) in
(110) plane in Y3Fe5012,a = 5,5,2K/M = 0,87 (dots) and v = 20690cm™~'. Solid curves are
calculated according to the formulae for the (110) plane (4) and the (100) plane (5)

The dependences 6(¢p) for the (100) film of (Y Bi)3(FeGa);012 iron garnet are given
in Fig. 6b. Great growing elastic dichroism occurred in the film. The principal dichroism
directions have been coincided with the crystallographic [110] axes. This circumstance
has caused the 180-periodicity of the dependence 6(y). In the film the experimental
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results are successfully described by curves obtained according to formula (10) at the
corresponding values of parameter a and relation K/M.

In the film of compound Y3Fe5012 grown in the (110) plane the principal growing
dichroism directions did not coincide with crystallographic axes. Dichroism axes motion
in this film is shown in Fig. 6¢c. Here, the dependence 6(y) has the 180-periodicity and
oscillates around the position corresponding to one of the principal growing dichroism
directions. This dependence is described successfully by formula (11) for the (110) plane.
It should be noted, that parameters a, M, K and ¢ involved in relations (10) and (11) can
be found from independent experiments and can be used to calculate the dichroism axes
motion.

4. Discussion on Results

The GOD in the substituted rare-earth iron garnet films can obviously appear for two
reasons:

1. Inaccurable coupling of the substrate and the film, since the last one might be in the
stressed state. In literature on the experimental data base the model of homogeneously
deformed (stretched or compressed) on the film thickness and strongly distorted transition
small thickness layer has been proposed [16]. If we neglect the influence of the thin
transition layer on the optical properties [26, 27] the GOD would not appear in this model
in the (111) or (100) plates. The appearance of this dichroism in the experiment can be
related to both the transition layer influence and inaccurate substrate plane orientation.
In principle, the separation of the two mechanisms is possible by studying the GOD value
dependence on the film thickness for a gradual decrease of this thickness. In the present
case, if the reason for the destroyed is the destructed thin layer, the thickness decrease did
not influence on the effect quantity, otherwise the effect depended on the film thickness
linearly.

2. The GOD source can be, in principle, a mechanism as proposed by Sturge and Van
der Ziel [13], according to which a REIG displaced compound rising in a specific plane
the rare-earth ions exhibit a tendency to occupy the specific dodecahedron positions.
As result, the rare-earth ions are inhomogeneously distributed on dodecahedrons and it
denatures the crystal symmetry below the cubic one. However, such mechanism leads,
first, to the optical dichroism on the transitions in the rare-earth ions, and at minimum,
to influence the transitions of iron ions which, nevertheless, have substrates with cubic
symmetry. Observation of the maximums corresponding to the frequency in the OD
and MLD spectra in YIG gives evidence that the iron ion transitions exist in the GOD
films of substituted above. In contrast to the YIG, in the Bi-substituted garnet, as
we have mentioned, the OD spectrum is resolved worse and the OD monotonic rise is
observed. The features of corresponding transitions in iron ions are displayed in the as
feebly marked bends. The picture can concerned with the long "tail” position in the
spectrum from the more high energy states. Substitution by Bi in the garnet lattice
influences essentially on the garnet electronic structure, as the data on absorption and
the MCD (magnetic crystallographic dichroism) spectra have shown [29-31]. Evidently,
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it is displayed in the OD spectral dependence of the Bi-substituted films. Now, this
results can be considered as a qualitative, but, obviously, such method can be used to
study and to interpretate the electronic levels in the films for specific deformation values.
Moreover, a separation by contribution in the OD films of the destructed layer effect and
the homogeneous deformation is seemed to be of interest.

b) Substitution of Y ions in Y3Fe;012 by Bi and Pr ions leads to an increase of
Faraday Rotation (FR) in the infrared spectral region (where the transparency window
is observed). It then suggests that the materials may be used in a different type of magne
tooptical apparatus. Besides the FR increase, in the Bi- and Pr-substituted garnets, the
rotation sign is observed to change in comparison with Y3Fe5015. In work [28] we have
shown that FR sign change in the transparency region is involved with the negative MCD
(16000 — 26000cm 1) region and, primarily, to the strong rising of the 22000cm ! line in
the region.

Investigations of the MLD quadratic effect on magnetization in Bi- and Pr-substituted
iron garnets in the above mentioned spectral region have shown that, as for other mag-
netooptical effects, the Bi and Pr substitution in the Y3Fe5012 leads to the strong MLD
spectrum changes in comparison with the MLD spectrum in Y3 Fe5015. Indeed, compar-
ing the MLD spectra in the pure YIG and Bi- and Pr-substituted YIG we can find the
following main features (see Fig. 5):

1. In all of the garnets the MLD spectrum is observed both substitutions (except
some particular cases, for example, 22400cm ™! in the Pr-substituted garnet).

2. In the range of 20000 — 24000cm~! the Bi- and Pr-substituted garnets MLD
spectrum is characterized by the octahedral component predomonation that, in principle,
can give evidence of the primary reinforcement of magnetooptical activity and octahedral
transitions.

3. In contrast to YIG, which has few sign changes in the region, on a frequency, the
MLD sign in the Bi- and Pr-substituted garnet is not changed in the investigated region.

4. In the MLD spectra of all garnets the features are observed approximately at the
same frequencies. So, we can establish, that Bi- and Pr-ions substitution in the garnet
lattice changes strongly the MLD anisotropy in the same spectral region, where F'e ion
transitions in the octahedral and tetrahedral surroundings are observed. It is logical to
propose the ion influence is displayed primarily by the Fe ions, which are closer to them.
It should be taken into account, that the influence is rather strong and, particularly, the
strong variation of the MCD spectra, FR and etc. caused by even small Bi- and Pr- ions
additions in the YIG exposes the phenomenon [35, 36].

To explain the anomalous activity in Bi- and Pr-substituted garnets a number of
mechanisms have been proposed [32, 35]. An increase of spin-orbital splitting of the ex-
cited state (due to the great spin-orbital constant of Bi) and an increase of exchange
interaction between the iron sublattices are the most probable explorations. The tem-
perature, Tk, rising in Bi-substituted iron garnets gives evidence of the latter interaction
[35, 36].

However, the concrete exchange interaction reinforcement mechanism between the
iron sublattices at substitution of the Y ions by the Bi ions is still unclear.
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In the Pr-substituted garnets the exchange interaction increase between the sublat-
tices might be effective because of substitution of the Y ions by the Pr ions that have a
greater size. It can lead to the angle increase between the iron sublattices.

The influence of Pr3*-ions on magnetooptical transitions activity in Fe3* ions might
occur, first by means of exchange reinforcement between the iron sublattices (having
substitution of ¥**-ions, which have a greater side the angel in [Fe’)] — 02 — [Fe}lt]
might be increased), second, by means of the splitting increase Aw, evidently, as in the
Bi substituted iron garnets is affected by the mixing of Pr3+-ions wavefunctions and iron
wave functions [37].

So, in the Bi**- and Pr3*-substituted IG the abnormal FR is induced by the rein-
forcement and optical transitions character change in Fe3* ions.

The changes are displayed not only in MCD spectra [33], but strong MLD spectral
changes also occur. To make clear the concrete microscopic mechanism of Bi and Pr
influence on optical transitions in the garnets a detailed theoretical investigation be very
desirable.

So, our investigations and calculations testify to the necessity of taking into account
the growing optical anisotropy, where it occurs with magnetooptical second order effect
analysis, such as the magnetic linear dichroism and the magnetic linear birefringence
(MLB). The growing optical anisotropy can influence the angular dependences and the
observed effect magnitude. The growing elastooptical anisotropy can be present not
only in the epitaxial films, but in the iron garnet monocrystal, as it has been observed in
works [7, 38]. In our opinion, a sufficient criterion for the absence of growing elastooptical
anisotropy in cubic crystal occurs under the following condition for the magnetic linear
dichroism, Ac«, measured, for example, in the monocrystal plate or the epitaxial (110)
film:

Aoaq1o = 1/2(Aai00) + Aaiii), (13)

where the lower index points out the magnetization direction in the sample plane. The
analogous relationship is correct for magnetic linear birefringence Anj19. These condi-
tions are the direct consequence of a phenomenologica analysis of second order magne-
tooptical effects in cubic crystals [39]. Nonfulfilment of these conditions gives evidence
of the growing optical anisotropy and it should be taken into account when analizing
experimental results.

Obviously, the growing optical anisotropy has occured in erbium iron garnet crystals,
in which magnetic linear birefringence has been studied [20]. From Fig. 1 and 2 in the
work it follows that Ani19 > Anjgo > Anqqp for the (110) plate. But it contradicts the
above mentioned criterion for the cubic crystals. In the work the mistaken conclusion on
non-usage of simple phenomenologica analysis to multisublattice magnetics with motion
analysis of principal indicatrix and optical axe directions has been made. In our opin-
ion, the mistake of the authors consists in confusion of ideas as the principal indicatrix
direction and the optical indicatrix axis. As it follows from their investigation method de-
scription [20], the principal directions positions has been studied and with the analysis the
conclusions of the work [21] for optical axes have been used. In connection with this, the
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conclusions on the difference of results with the calculations based on phenomenologica
theory [20] are considered by us as possibly incorrect.

It is important to note, that at the analysis of the dichroic axes orientation depen-
dences in the cubic crystals it is necessity to take into account the probable CLD (crystal-
lographic linear dichroism) contribution arising due to the crystal imperfection (internal
stress, dislocation and etc.). In particular, evidently, these circumstances explain the
different character of such dependences obtained in the works [21, 22] for Sn- and Sb-
doped YIG in the impure absorption region caused by Fe (1-2, 6 wm). In fact, taking
into account the CLD contribution the experimental results obtained in works [21, 22]
are described successfully by expression (10). The experimental results obtained in works
[21, 22] and our calculated curves obtained by means of formula (10) are given in Fig.
Ta, b, c.

5. Conclusions

Summing up the above mentioned we may draw the following conclusions:

1. Tt is necessary to take into account the possibility of the influences of growing
optical birefringence and dichroism with investigations of quadratic and magnetooptic
effects of the second order MLB and MLD in REIG crystals and epitaxial films, since
their activities can essentially influence the anisotropy observed in the experiment and
lead to incorrect conclusions.

2. The expressions for description of the principal indicatrix directions position for
the magnetization rotation in the cubic crystal with the GOD and its principal axes
random directions are obtained. It is shown, that obtained formulae describe well the
experimental dependencies of principal dichroic directions in the REIG films. It gives
evidence of correctness of quadratic magnetooptical effect phenomenologic description in
the absorption region.

3. Investigations of the GOD spectra in YIG have shown that observed features in the
spectrum are in the same wavelength range as in the absorption and the MLD spectra
that is in the F'e ion transitions. In Bi-substituted IG in the studied spectral region the
GOD is displayed as the monotonous ”tails” arising, apparently, from the high energy
states.
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Figure 7. Dependences of dichroic axes rotation on magnetization position in (110) plane in
the works [21, 22]. Solid and dashed curves are calculated
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