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Summary Dynamics of the domain wall between opposite circularly magnetized domains in amorphous cylindrical sample
with circular easy direction is theoretically studied. The wall is driven by DC current. Various mechanisms which influence
the wall velocity were taken into account: current magnitude, deformation of the mowing wall, Hall effect, axially
magnetized domain in the middle of the wire. Theoretical results obtained are in a good agreement with experiments on Co-

based amorphous ferromagnetic wires.

1. INTRODUCTION

Amorphous ferromagnetic wires have been
investigated during the last 15 years with a view to
understanding both the basic behavior and to the
potential for application (especially in new computer
technologies). The absence of magnetocrystalline
anisotropy gives some new possibilities in forming
magnetic properties of these materials.

Stress annealed Co-based amorphous wire with
circular easy direction provides possibility to create
conditions for study of circular domain wall (CDW)
- boundary between circularly magnetized domains
[1]. Some results of the theoretical study of CDW
dynamics are reviewed in this paper.

CDW is driven by the “external” circular
magnetic field created by DC electric current
flowing through the sample. Conductivity of
amorphous wires is high and consequently eddy
currents around the moving CDW can be a dominant
mechanism responsible for damping CDW motion.
In accordance with experiments, we assume that a
single wall moves along the wire with a constant

velocity and the radius of the sample is big enough
for existence of eddy currents. Various kinds of
influences were taken into account in the study of
the CDW velocity:

a) The fields in the place of a moving wall
(circular field and eddy currents field) are so
inhomogeneous, that it is necessary to take into
account the wall deformation [2].

b) The abrupt reversal of the internal magnetic
field across the wall and corresponding reversal of
the Hall electric field causes additional non-
uniformity in the wall vicinity not only due to the
eddy currents. This creates additional net force
“domain-drag effect“ (DDE). Experimental data
shows that the mobility of the wall moving in the
current direction differs (of order of several percent
for a low current) from the mobility of the wall
moving in the direction opposite to the current
direction [3].

¢) Due to exchange interaction, a non-circularly
magnetized core in the middle of a cylindrical
sample exists. The CDW velocity was studied also
in the presence of the axially magnetized core [4].

rA
N \
1o \
v R 5 e wo i 1‘92 !
o ; 1
/ » LT By domain 3 N
v Ld 0 10! e [t ;
v : 1
Voo : Ap ]‘93 !
Vo y [H1 1

v 7 domain 1

domain?2 %!

Fig. 1. The model of a sample with a single CDW moving at constant velocity v,, along z axis

2. MODEL

We consider a single CDW moving in z direction
along a long cylindrical sample as shown in Fig.1.
We ignore the thickness of the CDW (it is small in
comparison with the radius R of the cylinder) and
capacitive effect (div;‘l: 0). The magnetization

inside  domains: Mpl = —Aylz =(0,M,,0) and

AV[}:((),(),MS), where M, is the saturation
magnetization. For ferromagnetic wires é’zﬂoﬁ,

where u, 1is permeability of vacuum. The
calculations were done in a cylindrical coordinate
system with the origin 0 in the wall symmetry
center. Subscripts 1, 2, and 3 refer to domains 1, 2
and 3, respectively (Fig.1).
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The velocity of the CDW can be estimated by
two procedures [2,5]. In the Method I the wall
velocity is obtained by equating the losses due to
eddy currents around the wall to the power supplied
by applied field acting on the wall. In the Method I,
the velocity is calculated as that for which the mean
total field over the wall area (eddy current field plus
applied field), which is proportional to the force
acting on CDW, is equal to zero. Due to the
symmetry of the sample we assume that components
of current density

Jp =04, = J(r 2 j. = j(r2)- M

. . [
Under these assumptions, the electric field £ and
the current density ;’ satisfy the following

Maxwell’s equations for all points not located on the
wall

rotE=0,divi=0£= 3%, ©)

where p is the resistivity tensor. Solution for the

current density has to satisfy the following boundary
conditions

. . 1 .
J (2= Fe0) =0, j (2 — Fe0) P S ©)

J,r=R)=j,(r=0)=0.

3. RESULTS

a) We estimated the degree of CDW distortion and
its influence on the wall mobility [6] for model,
where the thin inner domain was ignored (a=0)
and the Hall’s effect was not taken into account (the
resistivity p is scalar). For a flexible wall the
equation of motion is

Ce—ty(H,,cp M, —M,) =0, )

where C is the wall curvature and ¢ is the wall
energy per unit area. All terms in this equation refer
to the forces normal to the wall. The CDW profile
can be obtained as one for which variations of the
inhomogeneous field on the wall are balanced by
variations of its curvature. The boundary conditions
on CDW are

4 4
PJI = g]z +2u,M vy 1 p, (3)

P (Y
g]l :gjz

where ¥} are tangential and normal unit vectors to

s

the wall in the zr plane, Vy is a normal component

(to the wall) of the wall velocity v,. Using these
conditions, the current density was obtained from
Maxwell’s equations. This is a function of v,, and the
shape z,, of the CDW. On the other hand, v,, and z,
can be calculated if the components of current
density are known. An iteration procedure was used

to solve this problem up to the first order
approximation. In the zero order approximation for a
planar CDW the current density ;'1(0) and velocity

v were obtained. Then the profile of the wall in
first order approximation 7z (r) was calculated, and
velocity in the first order approximation 1!’ was

determined. The formula for critical current I, above
which the curvature of CDW can no longer
compensate field variations was derived in this
approximation. This value is close to the upper limit
for single CDW experiments. The obtained results
are depicted in Figs. 2,3. Taking into account wall
distortion the velocity versus current (circular field)
dependence deviates from the linear one. For higher
currents (i.e. for higher degrees of wall distortion)
the velocity is higher than for planar CDW.
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Fig. 2. CDW profiles for different values
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Fig. 3. v\"(a) - velocity of planar CDW,
v\’ (@) - velocity of distorted CDW:
+ refers to Method I, X refers to Method 11

b) Full understanding of experimental data requires
to take into account also DDE, i. e., the contribution
of non-diagonal components of resistivity tensor [7].
Then electric field is
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E=(pj +pBiM,IM,, 0, pj.—pBjM,IM,), (6)

where i = 1,2 and f is tangent of Hall angle. We
ignore thin inner domain (a = 0). Problem is solved
for planar CDW (low current /). The boundary
conditions on CDW are E =E _, +2u,Mv, and

S w
Jz1= jp. Then the current density from Maxwell’s
equations can be obtained. Then using Method II
velocity of CDW can be expressed

M l(i 1~+ﬁj, )
Y p M R\ 3nQ

where 1/(31:2{2): 1.5. For small £ and I, the Qvalues
are practically the same. Experimental results for
£ =0.02 are in good agreement with this v,. For
B =0 expression is the same as ,” in a).

¢) An influence of an axially magnetized core on
the CDW velocity was studied for the planar shape
of CDW and =0 [4]. The radius a of inner
domain 3 is assumed to be constant in the stress
annealed sample. The radial component of current
density on CDW has discontinuity
Ju =Je F2uMv, I p- Solving Maxwell’s
equation and using Method II the CDW velocity
v, =v,(a) was obtained.
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Fig. 4. Dependence v, / VSJ) on normalized

core radius a/R

In Fig. 4 we can see that for small core radii, the
increase of the CDW velocity can be comparable
with other studied phenomena.

4. CONCLUSION

The linear dependence of the wall velocity on
current was obtained for a low current value, for
higher current values the dependence deviates from
the linear one due to the increasing distortion of the
moving wall. The expression for the critical current
value for existence of a single wall was obtained.
The expression for the wall velocity influenced by
the Hall effect in a low current region was obtained.
It was shown that the wall velocity differs if the wall

propagation is parallel and anti-parallel with respect
to the current flow. Presence of an axially
magnetized inner domain also increases the wall
mobility. For small core radii, the increase of the
CDW velocity is comparable with other studied
phenomena. All theoretically obtained results are in
good agreement with experiments on Co-based
amorphous ferromagnetic wires.

Acknowledgement

Presented research work has been supported by
S.G.A. projects No. 1/8128/01 and 1/1013/04.

REFERENCES
[1] ZIMAN, J., ZAGY], B.: Circular
Magnetization Measuremen in Soft

Ferromagnetic Materials, J. E. Electr. Eng. 50
(7-8) (1999) 217

[2] CARR, W. I. J.: Magnetic domain wall bowing
in a perfect mettalic crystal, Appl. Phys. 76
(1976), 4176

[31 BERGER, L.: Prediction of a domain-drag
effect in uniaxial, non-compensated
ferromagnetic metals, J. Phys. Chem. Solids 35
(1974) 947

[4] KLADIVOVA, M., ZIMAN, J.: Effect of the
axially magnetized core on domain wall
mobility in ferromagnetic wires, The 7" Small
Triangle Meeting Snina, September 2005, 16

[5] WILLIAMS, H. J., SHOCKLEY, W,
KITTEL, C.: Studies of the propagation
velocity of a ferromagnetic domain boundary,
Phys. Rev. 80 (6) (1950) 1090

[6] KLADIVOVA, M., ZIMAN, J.: Velocity and
profile of the boundary between circular
domains in cylindrical ferromagnetic samples,
J. Magn. Magn. Mater. 299 (2006) 459

[71 KLADIVOVA, M., ZIMAN, J.: Domain wall
mobility and Hall effect in cylindrical
ferromagnetic sample, Czech. J. Phys., Vol. 54
(2004) Suppl. D35



