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Theoretical energy calculation has been carried out for domain walls (DW) of several
types with different gyration angles of the magnetization vector in ferrite-garnet crystals
with mixed anisotropy (presence of the uniaxial E; and cubic anisotropy Ej ). The DW
orientations satisfying to the energy minimum have been determined. It is shown that at
parameter v = K;;/K;, the 1-st type DW (the magnetization vector in the neighboring
domains have the same positive projection onto the axis [111], the normal to the film
surface) are transformed into the 2-nd type DW (the projections of opposite signs, the
angle between magnetization vectors being distinct from 180°).

IIpoBenen TeopermuecKkuii pacuer sHeprum goMeHHbIX rpamul () HECKONBKHX THUIIOB C
Pa3HBIMHU YIJIAMH IIOBOPOTA BEKTOPA HAMArHUYEHHOCTH B KpPHCTaNIaX (DeppUTOB-TPAHATOB,
obnazamux CMeIlaHHOl aHmsoTponuell (Hammume ogHOOCHOH Ejp u Kybmueckoil aHmM30TpPO-

U
nun Ey ). Onpenenensr opuenranuu [T, ynosnersopsaioniue MUHEUMYMY 9Hepruu. Ilokasamo,
1

uTO IpH 3HAaYeHHHu napamerpa v = K;;/K, npoucxoxut npeobpasosanue [II' 1-ro Tuma (Bek-
TOPHI HAMACHMYEHHOCTH B COCEIHMX JOMEHAX MMEIOT OJNHAKOBYIO IIOJOMKHUTEJIbHYIO IIPOEK-
muio Ha och [111] — Hopmanb K moBepxHocTu miaeHKu) B AI' 2-ro tTuma (mpoexkmuu pasHOro
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3HAKAa; YroJ MeKJy BEeKTOpaMU HaMarHUYeHHOCTH oTjaudeH ot 180°).

A characteristic feature of ferrite-garnet
films is the mixed anisotropy character,
that is, the presence of cubic EKU and
uniaxial anisotropy EKl [1, 2]. The anisot-
ropy energy density normalized to K for
films with the mixed anisotropy of (111)
orientation in coordinate system (CS) where
the axes x, y, 2 coincide with axes (110),
(112), (111), respectively, is defined as [3]:
Ea = vsin20 + )
K,

+ Loosto + Lsinto - ﬂcos@ sin30 sin3o,

3 4 3
where 6, ¢ are polar and azimuth angles of
magnetization vector m, v = Ky;/K¢. In [3],
stable directions of m in domains have been
determined by minimization (1) with respect
to 6 and ¢, and the phase diagram (PD) have
been built. In the PD, three areas can be dis-
tinguished. Area I (v > 0.762, area of axial
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phase existence) and area II(0.66 <v < 0.762,
area of a metastability) were considered in
[3, 5]. Area III (v < 0.75), being that of an-
gular phases where domain walls (DW) can be
of different types with different magnetiza-
tion vector gyration angles therein: Type 1
DW corresponding to rotational displace-
ments 1 -2 (2 >3, 3—>1) and to similar
rotational displacements under the film
plane; Type 2 DW, 1 - 2 (2 > 3, 3 > 1; and
3 type, or 180°DW, 1 > 1 (2 > 2,3 > 3. In
what follows, the DW energy is calculated
for different DW types and the most favor-
able DW orientations with respect to the
film plane are determined.

The calculation will be done assuming
that the domain wall is an isolated Bloch
type DW. The requirement of absence of
magnetic fields in Bloch DW implies that
when passing from one domain to another,
the rotational displacement of magnetiza-
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tion vector will occur along the side surface
of a cone. Thus, the normal to DW should
be co-planar with the bisector between mag-
netization vectors in the neighboring do-
mains, as well as perpendicular to the plane
containing two magnetization vectors.
When calculating the DW energy, we shall
use a new CS my;, Ng;, Mg; associated with
the flat DW. The axis ng; is oriented along
the normal to DW. Orientation of the vector
m with respect to the new CS will be given
by polar and azimuthal angles 6, and o;,
respectively (i =1, 2, 3 being the index
which specifies the DW type). Then it is
easy to calculate the DW energy and its
orientation, making use of the formula

o (2)
v = 2VA,K; [NE,, - B, sinf,dg;,
(1)
¢;

where E_ is the anisotropy energy density in
the domain; ¢,\1), ¢,(2) angles of the magneti-
zation vectors in the neighboring domains;
E,;, the anisotropy energy density written in
the coordinate system my;, 12, M3;-

To explain more clearly theoretical re-
sults, let the transitions 1 —> 2, 1 — 2,
1 > 1 be considered, i.e. one of three
equivalent transitions of each type. Then let
the angles characterizing geometry of the
problem be described in more detail as well
as connection between those (Fig. 1): 2a; is
the angle between vectors m in the neigh-
boring domains in the plane A; containing
these two vectors (in our case, in the plane
1 2 1 plane) (sino; = sinn/3 sind, 2(oy + og) =
205 = m; B, the angle of the plane 121 to the
axis [111] (cosP = cos6/(1 — 8/4 sin20)1/2;
y;, the angle describing a deviation of the
perpendicular n; to DW of i type out of the
plane A;. The angle y; varies within limits
-n/2; n/2. The value y; = 0 means that the
DW plane is perpendicular to plane A; while
y; = =n/2 shows that the rotational displace-
ment of m from one domain to another oc-
curs in a plane parallel to the DW plane.
That is, as y; varies from 0 up to wn/2,
opening 6; of the gyration cone increases
(cosO; = cosy; cosa; tge; = tga,/siny;). Let
us put y; > 0 if the normal is above the
plane 121 and y; < 0 if the normal is under
that plane. Let us distinguish also gyration
of m in the DW along the "lower” and
"upper” surface of the cone, i.e. under and
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Fig. 1. Geometry of the problem.

above the plane 121, respectively. This is
necessary to calculate the DW energy at dif-
ferent gyration directions of m, because a
shorter path does not mean an energy gain.

Now the obtained theoretical results will
be explained. The dependences v, = f(y;)
have been determined from the formula (2)
by numerical calculations at various v val-
ues. Hence, it is easy to define the DW
orientation with respect to the plane (111)
as well as the dependence y; = f(v) (Figs. 2,
3). In the case of the 1-st type Bloch DW,
there are 4 different paths for vector m
gyration from the state 1 into the state 2:
v;21  and y;22 are DW energies in the case
of gyration along the upper and lower cone
surface, when y,; < 0; y112 and ylll, the
same when y; > 0. At v > 0, the minimal
energy value is attained in the diagram y,21
at a certain value of the angle y; < 0. This
can be explained as follows: at a given value
of the angle y; (different for different v),
the gyration will pass through the inflec-
tion in the diagram of anisotropy energy in
polar coordinate system (PCS). At y; =0, a
nonequivalence of gyration along the lower
and upper cone arc is observed: for this y;
value, the DW energy y;!! coincides with
v,22, and y;12, with v,21; the gyration arc
lengths are equal to one another. Neverthe-
less, it is favorable to make gyration on a
upper cone face near to the inflection in the
diagram in the PCS. Only at a certain posi-
tive value of the angle y; energy y112 and
v;11 become equal. As the parameter v at-
tains v =0, we have only cubic anisotropy
(Fig. 1,d). The gyration goes immediately in
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Fig. 2. Dependence of the angle y; between
DW of various types and the axis [111] on
parameter v: I — DW of 1-st type; 2 — DW of
1-st type with account of DW area; 3 — DW
of 2-nd type; 4 — DW of 2-nd type with
account of DW area; 5 — DW of 3-d type; 6 —

the plane A; containing magnetization vec-
tors in the neighboring domains, and in-
cludes an axis of <110> type, a difficult
axis of cubic anisotropy (inflection). Thus,
the opening of the gyration cone (i.e. the
angle 6;) increases as the v parameter de-
creases, and at v =0, it attains 6; = 90°.

The minimal DW energy value increases
as the v parameter decreases (Fig. 3). This
can be explained by the fact that, in accord-
ance with the increase of the angle 6 (and,
hence, the angle o) the gyration arc length
grows. At v=20, Y121min = \/XK_V thus coin-
ciding with the 90° DW energy in magnetics
with a cubic anisotropy, the magnetostriction
being not taken into account (c; = oy = w/4).

In Fig. 2, dependence of the angle y; be-
tween the DW plane and the [111] axis on
the parameter v is shown. Here, the positive
x1 values characterize the state when the
plane A; and the DW plane are at different
sides with respect to the [111] axis while the
negative ones specify the presence of these
two planes at the same hand from [111].

As the parameter v < 0 (when the influ-
ence of uniaxial anisotropy is reduced to
presence of a light plane, and cubic one, to
presence of light axes of [100] type), it is
favorable for the 1-st type domain walls to
be oriented so that the magnetization vector
gyration occurs along the "lower” surface
of a cone near to the light plane (y; > 0).
That is, the minimum of DW energy is now
attained not at y;21 but at y;1!, and the
gyration will pass the inflection in the an-
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Fig. 3. Dependence of energy on parameter v
for various types DW: I — DW of 1-st type;
1 — DW of 1l-st type; 2 — DW of 1l-st type
with account of DW area; 3 — DW of 2-nd
type; 4 — DW of 2-nd type with account of
DW area; 5 — DW of 3-d type; 6 — DW of 3-d
type with account of DW area.

isotropy energy diagram in PCS. At v =—
0.5, as the inflection disappears, gyration
starts to occur below the plane (111). At
negative v values, the gyration nonequiva-
lence at the "upper” and "lower"” cone sur-
faces is observed again at y; =0 (at the
same gyration path).

Thus, as only the anisotropy energy and
exchange energy are taken into account, the
1-st type DW tend to be oriented so that
the magnetization vector gyration from one
domain to another occurs along the path
with minimal anisotropy energy.

Similar calculations have been carried
out under condition of a competition be-
tween the DW area and the minimal anisot-
ropy energy. If without taking into account
DW area at change of the parameter v sign,
the minimum of DW energy showed the
transition y;21 — y;11 (and DW area gradu-
ally increased with dimitution of y), now
such transformation occurs through an in-
termediate value, i.e. y12l - y122 - ylll.
Due to that intermediate value, the mag-
netization vector gyration direction varies
gradually, while the DW orientation (and
hence the DW area) remaining unchanged.

Similar calculations have been carried
out for the 2-nd type DW. The DW energy
and DW orientation in unlimited magnetic
have been found, as well as taking into con-
sideration the DW area. At v > 0, the 2-nd
type DW energy is higher as compared to
the 1-st type DW energy (Fig. 3), since the
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gyration arc in this case is longer. However,
as the parameter v decreases, the 2-nd type
DW energy decreases and at v =0 is equal-
ized with the 1-st type DW one. At negative
v values, it is just the 2-nd type DW that
has lower value energy. That is, for v=10, a
transition of the 1-st type DW into the 2-nd
type one can be stated: the gyration arc
lengths for DW of different type become
equal, also different type DW take the same
spatial orientations.

In Fig. 2, the dependence of angle ¥4 be-
tween the DW plane and the axis [111] on
the v parameter is shown. As the tempera-
ture drops, the angle y, is increased, the
DW plane tilts more and more to the film
surface, and at a sufficiently negative value
of parameter v becomes parallel to the film
plane. Thus, under account only for anisot-
ropy energy and exchange energy, the 2-nd
type DW are oriented so that the magneti-
zation vector gyration in DW occurs
through the inflection in the PCS diagram.
At a competition only between path length
and the anisotropy energy value in this
path, the DW orientation may be arbitrary,
including the position parallel to the film
plane, that results in an unbounded growth
of the DW area in case of a single crystal
plate cut in parallel to the plane (111). The
account for 2-nd type DW area makes the
following corrections to the DW energy and
DW orientation. At v >0.2, the minimal
DW energy is attained for y,=m/2; at
v<0.2, yy <m/2 and the magnetization vec-
tor gyration occurs along the cone surface,
instead of in a plane as it was earlier. In
such a way, a diminution of the domain
wall area is provided though the anisotropy
energy is increased. Disappearance of the
inflection for 1-st type DW of at v=-0.5
does not influence in any way the inflection
for 2-nd type DW. The character of of 2-nd
type DW energy dependence on parameter
v under account for the area is similar to
that for 2-nd type DW in a unlimited crys-
tal: as the parameter v decreases, the DW
energy drops monotonously. At some
nonzero value of parameter v, the domain
wall type is observed to change: the 2-nd
type domain walls become more favorable in
energy than the 1-st type ones (Fig. 3).
However, in this case, the DW of different
types take different orientations with re-
spect to the film plane.

The 180° domain walls in magnetics with
mixed anisotropy have the highest energy
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as compared to DW of other types at any v
values. This evidences not only that the
magnetization vector gyration arc length is
the greatest, but also that the domain wall
tends to occupy some equilibrium position
between two inflections in the PCS diagram
of anisotropy energy, since the plane of 3-rd
type DW cannot simultaneously contain two
inflections (for 1-st and 2-nd DW types). As
a consequence, the inequality vy ., *
Yomin?¥smin 1S Not valid at any values of
parameter v (except for v =0 when, in case
of unlimited crystal, DW planes of all three
types coincide and the magnetization vector
gyration occurs in the DW plane). The orien-
tation of 3-rd type DW also is selected basing
on path length competition with anisotropy
energy on this path.

Thus, the calculations allow for the fol-
lowing conclusions. In magnetics with
mixed anisotropy, three types of domain
walls may be realized. Calculation of DW
energy and DW orientation in unlimited
crystal has shown that the domain walls
tend to be arranged so that gyration occurs
along a path with minimal anisotropy en-
ergy (through different sorts of inflections
in the anisotropy energy diagram in polar
coordinates) at simultaneous shortening of
the rotation path. The DW may take quite
different orientations with respect to the
plane (111) which is the surface plane of
the films under study. Under account for
the area, the domain walls are oriented not
quite favorably as to anisotropy energy
(there is a competition between the path
length, anisotropy energy in this path and
DW area): the gyration occurs near to an
inflection, but not immediately through it.
Such a situation can result in that in real
magnetics with mixed anisotropy, the do-
main walls of a complex structure will be
realized, when it is favorable for magnetiza-
tion vector to form magnetic field strengths
at the DW surface (i.e., the DW will not be
of exactly Bloch or Neel type), but to rotate
through the inflection, thus simultaneously
reducing the DW area. In fact, the experi-
ments described in [4, 6] specify such com-
plex character of magnetization vector gy-
ration in the DW plane. For an unlimited
crystal and a single crystal plate, the theo-
retical model indicates the transformation
of a 1-st type DW into 2-nd type one at a
particular value of parameter v. Unfortu-
nately, the presented simple enough theo-
retical model taking into account only the
anisotropy energy and exchange energy does
not feature the magnetization vector rota-
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tional displacement process itself at the DW
type change. However, according to the ex-
perimental results described in [6], such
transformation occurs by turning of the
magnetization vector in one of domains at
insignificant alteration in DW orientation.
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Enepria Ta opi€HTalligd JOMEeHHHX rpaHulb THny Biaoxa
Yy MarHeTHKaXx 3i 3MilIaHOI0 aHi30TPOIi€l0

A.I.I'panoscvruii, A.0.Jleonos, 10.0.Mamanyii, I0.A.Ciprok

IIpoBeneno TeopeTnuHuUil po3paxyHOK eHeprii momenunux rpanunp (') ximpkox Tumis 3
pPidHMMM KyTaMM PO3BOPOTY BEKTOpa HaMarHiueHHs y Kpucrajax (epuriB-rpaHartis, Mo
MaTh 3Mimany axisorpomito (masBHicTE oxHOBicHOI Ejp Ta KybGiumoi amisorpomii Ejy ).

U 1

Busnaueno opienrarii [I', mio sagoBosbHAIOTh MiHiMymy eHeprii. IlokasaHo, mo npu ymoBi
v = K;;/K, BinOysaersca mepersoperHs [I' 1-ro Tumy (BeKTopm HaMarHiueHHA y cycigmix
IOMEHaxX MalOTh OJZHAKOBY IIOSUTHUBHY IIpOeKIlifo Ha Bich [111] — Hopmasb g0 mOBEepxHi
maiku) B OI' 2-ro tumy (mpoekiii pisHOoro smarky, KyT MiK BeKTOpaMH HaMarHiueHHs

Bizpisusgernsca Bixg 180°).

530

Functional materials, 13, 3, 2006



