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The paper investigates the influence of an external magnetic field on the structure and
properties of a 0° domain wall in an infinite cubic ferromagnet with uniaxial anisotropy
induced along the [001] axis. In the case when the field is perpendicular to the plane of
spin rotation (transverse fields), its presence results in the magnetization vector leaving
the domain wall plane and its rotation relative to the crystallographic axes. Numerical
and approximated analytical solutions have been found that correspond to magnetic inho-
mogeneities with such a structure.

B pabore uccaenyercs BAMAHNE BHEINTHETO MATHUTHOTO TOJA Ha CTPYKTYPY U cBoiicTBa 0°
MTOMEHHO! TpaHUWIBI B HEOTPAHWUYEHHOM KYOMUEeCKOM (eppoMATHETUKE C HaBeJeHHOIT BIOJD
ocu [001] ommoocHoli anmsorpomueii. B ciyuae, Korga Tojie TEePNeHIUKYIAPHO TIOCKOCTHU
BpAIeHNs CIUHOB (MOTepPeUYHEIe TOJIA), ero HaJnulMe TPUBOAUT K BBIXOAY BeKTOpa HaMaTHU-
YEeHHOCTU U3 IIJIOCKOCTU JOMEHHOI IrpaHuIbl 1 K ee TMOBOPOTY OTHOCHUTEJILHO KPHCTAJIOTPa-
¢rueckux oceii. Haiifensr yncieHHble 1 TPUOAMIKeHHBIE aHATUTUUECKNE DPEITeHUsI, COOTBET-
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CTBYIOIIIVIE MATHUTHBIM HEOJHOPOTHOCTAM C TaKOH CTPYKTYpPOii.

The mechanism of magnetic momentum
non-coherent rotation is known to make the
principal contribution to magnetization re-
versal of real magnets [1, 2]. In view of
this, acquiring topicality is the study of
structure, origination conditions and fur-
ther evolution of the magnetization reversal
nuclei which are formed on defects of the
crystal and which play a dominating role in
the processes under study. Investigations
show that the most suitable model presenta-
tion of such formations are the magnetic
inhomogeneities corresponding to O-degree
domain walls (0°DW) of the Bloch type [3].
In spite of the good agreement of the re-
sults obtained with the known theoretical
calculations [4, 5] and with the experimen-
tal data [5, 6], the model presented in [3] is
of a limited nature. One of the significant
drawbacks of the model is its limited appli-
cation. In particular, when studying the
magnetization reversal processes, the model
works efficiently only for those orientations
of the magnetic field H which do not change
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the Bloch distribution of magnetic momen-
tums in the DW, i.e. it works for those
fields H that are parallel to the plane of
0°DW (longitudinal fields). Obviously, for
further continuation of the research in this
field it is necessary to investigate an influ-
ence of transverse magnetic fields on the
structure and properties of 0°DW.

We will consider a finite sample of cubic
ferromagnet in the form of a slab which
features uniaxial anisotropy induced along
the [001] axis ((001) slab). The energy of
magnetic inhomogeneities (thermodynamic
potential) of such magnet will be taken with
due account of the exchange interaction
(characterized by parameter A), induced
uniaxial (K,) and cubic (K;) anisotropies,
Zeeman interaction, as well as magneto-
static energy of volume charges localized in
the DW, in other words as [3]:

E=DL, [ JAIC2 + sin20(22)2] +
3 dy oy
+K,5in20 + K[sin%0sin?( + y)cos(o + v) +
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Fig. 1. Geometry of the problem.

(1)
+ sin20cos20] +
+2nM?2(sinfsing — sin®,,sing,,)? - HM}dy,

where 0 and ¢ are polar and azimuth angles
of magnetization vector M, 0,, and ¢, are
values of these angles in the domains (with
y — to0), M, is magnetization of saturation,
L, is the slab size along OX axis. The coor-
dinate system in this case has been selected
(Fig. 1) so that OZ || [001], while OY axis is
perpendicular to the DW plane and makes
angle y with axis [010]. The slab is re-
garded as sufficiently thick and thus the
influence of demagnetizing fields of surface
charges is neglected.

Euler-Lagrange equations corresponding
to the minimum conditions of (1) are re-
duced to the equations of the form:

88 o, E_yo, 1m L9 @

56 6([) y — oo SW

if the following inequality holds, this in-
equality determining the stability of solu-

tions
82E(6,9,y) > 0. (3)

It follows from an analysis of equations (2)
that in zero field at 0 <g¢g <1 (¢ = Ku/|K1|)
there exist solutions of the kind [7]

tgh, = achl, ¢q = 0,m; yy=nn/4,ne Z

& =by/Aa=g/(1-q), 4
b=V1-gq,A; =VNA/k;
corresponding to which is 0°DW with M| [
[100], [010] in the domains (0°DW(I)). Be-
sides, in the area K, < 0 (-1 < g < 0) there

takes place a similar solution

ctgfy = achl, ¢y = 0,m;y, = nn/4,n € Z (5)

E=by/Aj,a=\—q/(1+q),b=V\N1+gq
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corresponding to which is 0°DW with M, | [001]
in the domains (0°DW(II)). These inhomo-
geneities are a certain perturbation of the
homogeneous state which corresponds to the
metastable phase. They are characterized by
a bell-shaped form of the distribution of
magnetic momentums in the DW. From the
point of view of their structure and origina-
tion conditions they are nuclei of a new
phase which allows using them for modeling
the nucleation processes under spin reorien-
tation phase transitions of the first kind in
defect-containing finite magnets [7].

When the field is present (H # 0), solu-
tion of equations (2) of the kind (4) or (5) in
the case of random orientation of H, cannot
be obtained through the known functions.
However, in the case when H lies in the DW
plane equations (2) are considerably simpli-
fied (0 = O(y), @9 = 0, m; Yo =71n/2, n € 2).
Nevertheless, it does not seem possible to
express O(y) through the known functions.
At the same time, it follows from an analy-
sis of the phase portrait of these equations
that cumulative curves exist on the phase
plane (0/, 0), these curves being separatrixes
in the form of closed loops with self-cross-
ing. As was shown in [3], 0°DWs of the
Bloch type correspond to them though the
dependence 0 = 0(y) is different from (4)
and (5).

Obviously, the problem becomes more
complicated when the magnet is influenced
by magnetic field whose direction is perpen-
dicular to the plane of spin rotation in
0°DW (transverse fields). This case is still
to be investigated but its analysis can yield
nontrivial results. We will study it in
greater detail.

As an example, we will consider 0°DW
(I) and will regard that H | [010]. Then the
energy density of Zeeman interaction will
take the form

ey = -HM = —~HM sinfsin(@ + ).  (6)

Assuming the contribution of (6) to (1) to be
small (i.e. for small fields: A = M H /2K, <<|1),
we will apply the perturbation theory to the
system of equations (2) expanding them in
power series in terms of parameter A accu-
rate to the linear terms

6=60+}\-61, (P=}"(101, W=}\'w1a (7)

where ¢y = 0, Yy = 0 while 0, is determined
from (4). In this case, in a first approxima-
tion system (2) changes into
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Fig. 2. Graphs of the numerical (solid line)
and the approximated (dashed line) solutions
for varying values of ¢ with constant @ = 3:
Curve 1 corresponds to ¢ =1.5, 2 —q =1.3,
3 —¢g=1.1.

b20,” — 0,(q cos20, + cos46, = 0 8)
b2¢,” + 2b%ctg0,0y’ 9" — (sin?0y + @ 1)p; -
- sin?0py; + (sinfy)1 =0
lim (sin460((p1 - yy) — sinBy) = 0.

£ — too

Without going into details of the investi-
gation of the first equation of system (8), it
can be stated that its solution does not
qualitatively change the dependence 6 = 6(y)
determined in zero order approximation by
expression (4). Evidently, such changes of
0°DW structure can be expected when solv-
ing the other equations of system (8). In
particular, from them (as well as bearing in
mind that lim sinf, = 1) it follows

£ e
(1 + @ YHlime,) =1 — vy, (9)
£ e
£ e

Since Q! # 0 the solution of system (9)
will be

limg; = 0,y = 1. (10)

£

It follows from here that under the influ-
ence of the transverse magnetic field H ||
[010] there takes place a departure of mag-
netization from the DW plane, the angle
value of such departure being determined
by the second equation in (8). Besides, there
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Fig. 3. Graphs of the numerical (solid line)
and the analytical (dotted line) solutions ¢,({)
for varying values of @ with constant g = 0.9:
1—-—@=02,2—-Q=01,3— @ =0.05.

takes place a change of 0°DW orientation
relative to the crystallographic axes by the
angle Ay ~ Ay; = HM /2K which is propor-
tional to the field magnitude.

It does not seem possible to find analyti-
cally a solution of the second equation of
system (8) (this equation determines the
qualitative change of 0°DW structure). In
view of this a solution is tried by numerical
integration. The solution thus obtained has
bell-shaped form (Fig. 2), the characteristics
(width and amplitude ¢;(0)) depend substan-
tially on material parameters ¢ and Q.

It is notable that the second equation of

system (2) also allows for approximate solu-
tions under certain conditions. In particu-
lar, let us consider 0°DW (I) in the vicinity
of the upper of its existence area. For this
we will assume that 1 — g = ¢ > 0 consider-
ing that € << 1 and, besides, in the initial
equation for ¢(§) we will switch to the new
variable { =Vef. The equation will then
take the form

Expanding the solution ¢;({) as well as
0p(0) in series in small € and substituting
them into (11), after unsophisticated calcu-
lations we obtain

00 =210 (2
1 2(1 + @ Vyeh2l
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As seen from Fig. 2 the obtained dependency
¢1(0) is also bell-shaped which at € =0.1
(g = 0.9) agrees satisfactorily with the re-
sults of numerical calculations. However,
even at € > 0.2, the discrepancy between the
approximate solution and the numerical one
becomes pronounced.

Let us also consider the case of small
values of @: @ << 1. Then, disregarding all
the terms in the left side of equation (11)
that are not proportional to @1, we obtain

91(0) = Q[sin?0,, — (sinBy)1]. (13)

The solution thus obtained possesses the
same graphical pattern (Fig. 3) as those ob-
tained earlier (Fig. 2). However, the dis-
crepancy with the numerical solution be-
comes pronounced only at ¢ > 0.5.

It therefore follows from the above calcu-
lations that the effect of external magnetic
field which is perpendicular to 0°DW plane
results in magnetization vector departing
from this plane, i.e. 0°DW of the Bloch type
transforms into 0°DW with a non-circular
trajectory of the magnetization vector. Be-

sides, there takes place a change of 0°DW
orientation on the angle which is propor-
tional to the field magnitude. The results
obtained allow one to build a more compre-
hensive model presentation of magnetic in-
homogeneities which are formed upon de-
fects for analyzing the processes of mag-
netization and magnetization reversal of
real crystals [3—5].
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Tpauncopmania TomoJjorii O-rpagycHUX JOMEHHUX MeEK
y HONMEepevYHOMY MATHIiTHOMY IOJIi

P.M.Baxumog, A.C.3aiinynanina, O.P.Paxoéa

JlocmipKeHo BIJIME 30BHINIHLOTO MATHITHOTO TOJSA HA CTPYKTYPY i Baactusocti 0° qomen-
HOI MeXi y HeoOMerkeHOMY KyOiuHOMY (hepoMarHeTuky 3 HaBeaeHol ymomor:x oci [001]
OHOOCHOIO aHizoTpomieto. ¥ pasi, KoJu mojie MePNeHANKYAAPHE TIIOMNHI 00epTaHHA CTUHIB
(romepeuni moss), foro HAABHICTL MPUBOAUTHL A0 BUXOAY BEKTOpPA HAMATHIUEHOCTI 3 TLJIOIIU-
HU JoMeHHOI Meski 1 mo il momBopoTy miozo Kpucrtamorpadiunmx oceil. 3HalifeHo ymMceabHi i
HaOMVMIKEeH] aHaTITUYHI pillleHHa, BiATOBIAHI MArHITHUM HEOJHOPIAHOCTAM 3 TaKOIO CTPYKTYPOIO.
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