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The dynamics of vertical Bloch line (VBL) clusters in domain walls of yttrium iron garnet films
with uniaxial anisotropy perpendicular to the film plane is investigated by a two-photograph
method. It is shown that a VBL cluster on a moving domain wall is accompanied by a solitary
flexural wave of the wall. It is established that in the presence of large dissipation the solitary wave
is asymmetric, viz., its leading front is steeper and its trailing edge is elongated. With an increase
in the number of VBL in the cluster the amplitude of the solitary flexural wave slope of its leading
frontincreases, and starting with a certain amplitude it becomes similar in shape to the profile of a
shock wave. The cluster velocity decreases when the number of BFL in it increases. It is shown
that the cluster is set in motion by a gyroscopic force. The profiles of the isolated flexural waves of
the domain wall are calculated for large and small amplitudes. The calculated and experimentally
observed profiles of these waves are compared. The number of BFL in the clusters is estimated. It
is shown that for an adequate description of the profiles of the solitary flexural waves
accompanying the moving BFL clusters account must be taken of the curvature and of the
nonlinear dependence of the azimuthal angle of the magnetization at the center of the domain

wall.

1.INTRODUCTION

Vertical Bloch lines (VBL) demarcate sections with
different magnetic-moment rotation directions in Bloch do-
main walls (DW) of ferromagnets.' Under static conditions,
these lines were observed by transmission electron micros-
copy’ and by the Kerr effect.® Necking (Néel sections of
Bloch DW) was observed in Ref. 4. Resonant VBL oscilla-
tions and the connection between the dynamics of broad DW
and VBL in yttrium iron garnet slabs having low cubic ani-
sotropy were investigated in Ref. 5. The frequency spectrum
of DW with VBL in epitaxial iron-garnet films were investi-
gated in Ref. 8. A method of rocking DW by a high-frequen-
cy field to find the positions of VBL was used in Ref. 7.

The dynamic properties of VBL in epitaxial iron-garnet
film having large uniaxial anisotropy are of undisputed in-
terest, especially in connection with plans to produce super-
dense (10%-10° bit/cm?) magnetic memories.® It is known
that as VBL move along a DW flexure of the latter can result
from the action of the gyrotropic force. It follows from the
theory that a VBL is accompanied by a solitary flexural
wave.”"" Such a flexural wave makes it possible, in particu-
lar, to observe and investigate the dynamics of VBL. Note
that the amplitude of a flexure produced by a single VBL is
small in typical iron garnets (less than 0.5 um according to
calculations), and this is one of the difficulties encountered
in experimental investigations of VBL dynamics. The ampli-
tude of the DW flexure can be increased by decreasing the
degree of spin “twisting.” It is possible to produce artificially
on DW formations (see below) with the spin twisted by N,
where N is an integer. Such a formation is called a VBL
cluster, bearing it in mind that under certain conditions
moving VBL tend to be bunched. Obviously, a moving clus-
ter produces, other conditions being equal, a larger flexure
and influences more strongly the DW dynamics. A similar
procedure was used in experiments'*'* on VBL clusters in
epitaxial iron-garnet films.
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An important manifestation of DW flexure is a contri-
bution, nonlinear in the velocity, to the VBL retarding
force.'! The presence of this additional damping is impor-
tant also for isolated VBL. Its manifestation is even stronger
in the dynamics of the clusters.

In the present paper, which is a continuation of Ref. 13,
we investigate theoretically and experimentally the dynam-
ics of VBL clusters in epitaxial iron-garnet films with large
uniaxial anisotropy, and in particular the dependence of the
cluster velocity on the DW velocity and on the number of
VBL in the cluster.

2.EXPERIMENT

A high-speed two-photograph method!*!* was used to
record the DW dynamic profiles and to determine the VBL
cluster velocity in real time. The only straight wall in the
investigated (BiLaTm);(FeGa),0,, iron garnet sample

‘was produced by a magnetic field perpendicular to the sam-

ple surface and having a gradient 1500 Oe/cm in a direction
perpendicular.to the DW. An epitaxial film 7 um thick, with
domain size 47 pm, quality parameter Q = 45, saturation
magnetization 47M, =100 G, and a single statically
straight wall was placed in a pulsed magnetic field perpen-
dicular to the film plane; this field set the DW in motion.
Light pulses from two LGI-21 lasers triggered by two
pulse generators at an adjustable delay between them were
used for optical pumping of the dye rhodamine 6G. This
resulted in pulses of yellow light of 8 ns duration. These
pulses were applied through an optical system to the sample,
which was located on the object stage of a microscope, and
from there to a photographic camera with high-sensitivity
film. The optical resolution of the system was not worse than
0.5 um, owing to the use of an objective with 60 X magnifica-
tion. The need for high magnification required the micro-
scope objective to be close to the surface of the investigated
iron-garnet film. A gradient magnetic field was therefore
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produced by two permanent magnets placed directly below
the substrate on which the investigated film was grown, with
opposite poles in contact with the substrate. This produced a
planar magnetic-field component in the investigated sam-
ples, and made the Slonczewski peak '® observable on the
v(H) plot of the DW velocity vs the field. Clusters contain-
ing various numbers of VBL could be produced by making
current pulses of duration 20 to 100 ns and amplitude up to
hundreds of milliamperes flow through a conductor parallel
to the sample and making an angle with the DW, or through
a thin loop deposited by photolithography on the sample in a
direction perpendicular to the DW.

3.EXPERIMENTAL RESULTS

We investigated the non-one-dimensional dynamics of
a DW in iron-garnet films whose anisotropy was perpendic-
ular to the film plane. Figure 1 shows sets of paired high-

' 50 um

FIG. 1. Series of double high-speed photographs of dynamic domain
structures in an epitaxial iron-garnet film for different amplitudes of soli-
tary waves moving along a domain wall; time delay ¢ = 0.5 us (a,b,c) and
0.35 us (d).
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speed domain-contrast photographs of the dynamic domain
structure in the investigated samples. Each pair (Figs. 1a—d)
shows clearly two positions of the downward moving DW,
separated by a time interval Az. The dark stripe is the region
traversed by the DW during the time between the two light
pulses. The photographs show clearly non-one-dimensional
asymmetric formations that lag the DW and move along it.
These are the solitary flexural waves of the wall, which ac-
company the VBL clusters moving along the dynamic DW.
The profile of the solitary wave is asymmetric: the leading
front is steeper and the trailing one is elongated. The slope of
the solitary-wave leading front increases with increase of the
wave amplitude and of the DW velocity.The amplitude of
the solitary wave on Fig. lais 1.5 um and its velocity is three
times that of the DW.

When the solitary-wave amplitude is increased, the dis-
continuity of the spatial derivative on the leading front be-
comes distinctly visible (Figs. 1b and 1c). With further in-
crease of its amplitude, the solitary wave profile changes
substantially: the leading front acquires a region with a verti-
cal tangent, which becomes more stongly pronounced with
increase of the DW velocity (Fig. 1d). In Figs. la-1c the
DW velocity is v = 20 m/s and the Slonczewski peak veloc-
ity is v, = 30 m/s, while in Fig. 1d v=30m/sand v, =55
m/s. Behind the leading front is a plateau which is particu-
larly noticeable at large amplitudes of the solitary wave. As
the amplitude of the solitary wave increases, the size of the
DW flexure decreases. The solitary-wave profile is then sim-
ilar to that of a shock wave. The small change of the shape of
the dynamic profile of the solitary wave in the second (low-
er, see Fig. 1d) position of the dynamic DW, is due to the
existence of a gradient magnetic field that stabilizes the iso-
lated DW in the sample.

The profiles of solitary waves at DW velocities from 3 to
20 m/s are similar. Solitary waves with amplitudes up to 10
pm are stationary, and are observed in the experiment dur-
ing the entire time of their motion of the DW. The direction
of asolitary wave along a DW depends on the direction of the
velocity vector of the latter. This confirms that the VBL
cluster is set in motion by the gyroscopic force.

Figure 2 shows experimental and theoretical (see Sec.
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FIG. 2. Velocities of solitary flexural DW waves accompanying a VBL
cluster vs their amplitudes. The experimental data were obtained at DW
velocities 11 m/s (@), 15 m/s (A), and 20 m/s (O); a,b,c—respective
theoretical dependences at the same DW velocities. The numbers on the
theoretical curves are the numbers, corresponding to the given DW flex-
ure amplitude, of Bloch lines in the cluster.
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FIG. 3. DW velocity vs the magnetic field.

4) dependences of the VBL cluster velocities on the solitary-
wave amplitude, for DW having velocities 11, 15, and 20
m/s. The minimum solitary-wave amplitude observed in our
experiment was 0.8 um. In this case, at a DW velocity 20
m/s, the VBL cluster had a maximum velocity 80 m/s.This
is much lower than the limit calculated for one VBL, but on
the other hand several times higher than the maximum ve-
locity observed in Ref. 14 for one VBL, as stated there.
Neither the DW flexure size nor photographs similar to
Fig. 1 are contained in Ref.14. It seems that the experiment
was performed there with a cluster of several VBL, and the
cluster velocity limit is substantially lower than for a single
VBL. When the amplitude of a solitary wave is increased, its
velocity, as seen from Fig. 2, approaches the DW velocity.

Figure 3 shows the dependence of the DW velocity on
the pulsed field H in the investigated sample. The Slonc-
zewski peak'® is distinctly observed at H = 20 Oe. The peak
is due to the appearance of horizontal Bloch lines (HBL)
and of VBL in the moving DW, and this decreases substan-
tially the DW mobility. We have determined the VBL clus-
ter velocity on the linear section of the v(H) plot for DW at
velocities lower then v,. When the magnetic field is in-
creased above 20 Oe, VBL clusters are produced in the entire
DW, and structures are formed in it.'” The latter interact
with one another and with the clusters produced with the aid
of the current loop, making their identification and a deter-
mination of their velocity difficult. The v(H) dependence
yields for the investigated sample a DW mobility x = 140
cm/s'Oe and damping parameter a = 0.38; the latter is
needed for the theoretical analysis.

Keeping constant the current and the pulse duration in
the loop that creates the VBL cluster, we were'able to obtain
the dependence of the velocity of the isolated wave accompa-
nying this VBL cluster on the magnetic field that moves the
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FIG. 4. Velocity of solitary wave accompanying a VBL cluster as a func-
tion of the magnetic field.
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DW. This dependence is shown for a solitary wave of mini-
mum size in Fig. 4. It can be seen that at = 16 Oe the VBL
cluster velocity # does not reach its limiting value, and the
VBL cluster mobility pg; = 600 cm/s*Oe is much higher
than the DW mobility. To determine the VBL cluster veloc-
ity limit one must use stronger magnetic fields, in which it is
difficult to prevent creation of additional VBL along the en-
tire DW past the Slonczewski peak.

We were unable to determine directly from experiment
the number of VBL in the cluster. This calls for invoking the
results of a theoretical analysis and for interpreting on its
basis the dependence of the VBL cluster velocity on the am-
plitude of the accompanying solitary wave.

4.DISCUSSION OF RESULTS

In the discussion of the experimental data we proceed
from Ref. 11, where the nonlinear dynamics of a solitary
VBL is described in terms of the coordinate of its center and
of the momentum, i.e., as a material point. To extend this
description to include a cluster, we present the basic equa-
tion of stationary motion of a VBL in a notation that differs
somewhat from that used in Ref. 11. The gyroscopic force f,
(Ref. 16) causing the VBL motion is

2M,

fﬂ = Vhﬁ\l?,

where 4 is the film thickness, ¥ the gyromagnetic ratio,
6Y =1Y(x) — ¥( — ») and the total increase of the angle
on going through the VBL (cluster). For VBL we have
&Y = 7 and for a cluster 6y = N. There are two dissipative
forces. The first is due to the energy lost by spin precession in
the VBL itself. For a VBL it is equal to

2M, 2M, 0 2
fd(”= v uhalA J. ( _117) dz,
WaL bt c. ox

where g, is the VBL mobility, a is the dimensionless damp-
ing constant in the Landau-Lifshitz equations (in the Gil-
bert form), A = (4 /K, )'/? is the DW thickness ( A is the
exchange interaction constant and X, is the uniaxial anisot-
ropy constant). On going from a VBL to a cluster this equa-
tion remains in force on substitution of the appropriate func-
tion y(x) that describe the VBL cluster. The source of the
second dissipative force f,;® is the DW “moving flexure”
q(x,t). It can be calculated in the following manner. A mov-
ing-DW area element 46q is acted upon by a viscous retard-
ing force

M, 2M, dq  dq

2 .
héq (gx°) = u——h——dz, 1)
Ww M dx Oz

whereu,, = ¥A/a is the DW mobility, and x°is a unit vector
along the x axis. Integrating (1), we obtain

©

M,oh dg \?
o e [ (71)°
Y z

— e

For stationary VBL motion, the gyroscopic moving
force is balanced by the viscous retardation forces

o co

U6¢=ocAu[J.(%?;—)zdz+—i~z— (Z—Z)zdx] (2)

—
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The flexure function g(x) is defined by the expression !

0
1@ =] ee-pSta, 3

where the Green’s function is given by

(1A

A exp (— AL x), >0
G(z)=—— ,
Ay — A eXp(lA,;lz) 2<0
) 5 e

As=—au/25+[ (au/28)*+b*]".

Here b2 = H'A/47M_,H  is the magnetic-field gradient,
A, =(A/27M?)"? is the VBL thickness, and
S =y(8wA)"2.

We call attention to the fact that if dissipation is taken
into account the leading front of the flexure wave g(x — ut)
is steeper (with a slope 1/|A_|) than the trailing edge (with
slope 1/|A , |), as is clear from experiment (Fig. 1). Thus,
to calculate the velocity of a VBL (or a cluster) it suffices to
specify the function 3 (x). This function is determined joint-
ly with g(x) by the Slonczewski equations. Reference 11
contains a consistent procedure for calculating ¥(x) and
q(x) for asolitary VBL. We have no such solution fora VBL
cluster. We confine ourselves here therefore to the use of the
trial ¥(x) function usually employed to describe rigid mag-
netic bubble domains'®

{1/131,, |§|<TLNAL/2 4
= 4)
0, |&|>nNAL2
Substituting (4) in (3) and (2) we get
20 8AY (by +b_) 2Nb,
1—exp(—nNb-)
—_——— — —(exp(—nNb_
SND. (exp(—nNNb.)
—exp(—aNb,))/aN (b, —b-) J), (5)

where
b.=(b*+ (au)?/32ndy?) "+au/y(32n4)".

If u<y(87A4)"? and N<(wb_ ) ™' Eq. (5) goes over into
the known relation obtained by Slonczewski. '®

With increase of the number N of lines in the cluster, the
u(v) dependence becomes nonlinear. Figure 5 shows plots of

0 20
Y, m/s
FIG. S. Dependences of VBL cluster velocity on the DW velocity, calcu-

lated for N =1 (1), 2 (2), 10 (3), and 50 (4); O—experimental values of
minimum-amplitude clusters.
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FIG. 6. Profiles of solitary waves propagating along DW, calculated for
N=2(1),10 (2), 50 (3), 100 (4); Q =45, 47M, = 100 G, H' = 1500
Oe/cm, A=25'10"7 erg/cm, h=7 um, b=001, a=0.4, and
y=18-10"s""0Oe~ .

u(v), based on Eq (5), for different N. The following materi-
al parameters were used in the calculation: 47M, = 100 G,
Q=45y=1810"s""0e"',4=2.510""erg/cm, H
= 1500 Oe/cm, and a = 0.4 (these are the values for one of
the investigated samples). Figure 5 shows also Slonczews-
ki’s result'® for N = 1. It has been found that as N increases
the deviation- of #(v) from linearity first increases up to
N =60, and begins to decrease for N > 60. The cause of this
behavior of (v, N) is that initially the increase of the num-
ber of VBL in the cluster leads to a rapid increase of the
amplitude of the isolated wave (Fig.6) and of dg/dx on the
leading front. For N> 2/7b the amplitude begins to stabi-
lize, dq/0x decreases, and the relative contribution to the
dissipative processes connected with the term (dg/dx)? in
(2) again decreases. This may explain the results of Lian and
Humphrey,'? who state that larger clusters have higher ve-
locities. It must be noted here, to be sure, that they did not
determine directly the cluster velocities.
Figure 5 shows also the experimental values of u(v) for

minimum-N clusters observed in a dynamic experiment.

These values of u(v) were obtained from the data of Figs. 3
and 4. Comparing the theoretical and experimental u (v) de-
pendences we can conclude that experiment yields N~ 10
(especially at a DW velocity v = 20 m/s). It is of interest to
compare the solitary wave profiles and amplitudes obtained
from the theory (Figs. 6 and 7) and from experiment
(Fig. 1). It follows from this experiment that the derivative

g, um
19+

a0 90 N

FIG. 7. Theoretical dependence of the amplitude of a solitary DW flexural
wave on the number of VBL in a cluster.
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dg/0x on the leading front is several times larger in experi-
ment than in theory even at low amplitudes of the solitary
waves. At high amplitudes this difference increases. It is pos-
sible that for a more adequate description of the leading
front of a solitary wave it is necessary to take magnetostatic
interactions into account.

The cause of the disparity of the forms of larger ampli-
tude solitary waves may be that expression (2) and the ensu-
ing (5) are valid only for large deviations of the DW form
from planar, i.e., for (dg/dx)*><1, which is correct if
N<2y(4K,)"?/7 M u. For u~10 m/s this condition is
violated when N is more than several times ten. From a com-
parison of the minimum solitary-wave amplitude observed
in experiment (Fig. 2) with its calculated values (Fig. 7) it
follows that N =2 in this case. The estimate of the number of
VBL in a cluster, obtained by us by two methods, yields thus
a mean value N~4 or 6.

Figure 2 shows theoretical plots of u(gq) for different
DW velocities. Comparing them with experimental data in
the same figure we see that they are in qualitative agreement
if it is assumed that the number of VBL in the clusters ranges
from 2 to 60 (see Fig. 7). The experimental curves lie lower,
by a factor 2-3, than the theoretical, and the decrease of u
with increase of g is stronger in experiment than in theory.
This may be again due to the strong increase of (dg/dx)*on
the leading front of the solitary wave, which increases the
contribution to the dissipation in accordance with (2).

The theory linear in ¢ is no longer valid if (dg/dx) R 1.
It can be consistently generalized in this case on the basis of
solutions of the nonlinear equations of DW motion:

4nII1MA [1+(6§/6x)2]"‘ =%Sin(2<‘p“ar°tg(§_:)))

A 0 { o/ oz }+ oy
[1+4(0g/02)*]" 9z [1+(9q/0z)*]" )~ dmMy’
Ay a q
baMy  4nMy [1+(8q/02)%]"
a{ dq/dx } H.A
A AT [V T
9z U1+ (ag/02)21% 3 77 Thgm

These equations generalize the known Slonczewski
equations, since they take into account the change of the DW
area as it moves. It is particularly important to take this
effect into account in an analysis of the form of the front of a
moving VBL cluster (see Fig. 1). Profiles of the solitary
waves accompanying VBL clusters, calculated with the aid
of (7) under the assumption that ¥(x) = Bx*> + Cx + D,
(Fig. 8) have slopes close to the vertical “plateau’” on which
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FIG. 8. Solitary DW flexural wave profiles numerically cal-
culated from (6) and (7) for @ =0.2,4 = 10~ erg/cm,
4mM; = 60 G, Q = 30, H' = 1500 Oe/cm, and v = 20 m/s.
a) N=35,u=50m/s;b) N=50, u = 40 m/s.

dq/dx <1 and whose length increases with increase of the
number of lines in the cluster.

5.CONCLUSION

1. A cluster moving along a domain-wall, containing
from several up to some tens of vertical Bloch lines, is stable
and is accompanied by a solitary flexural domain-wall wave.
If the dimensionless damping parameter is large, the solitary
wave is asymmetric with a steep leading front and an elon-
gated trailing edge.

2. For large clusters and domain-wall velocities, the
profile of the solitary wave is reminiscent of a shock wave.

3. The velocity of a cluster of vertical Bloch lines de-
creases with increase of the number of lines in it and tends
then to reach the domain-wall velocity.

4. The experimental dependences of a VBL cluster ve-
locity on the amplitude of the accompanying DW flexure
solitary wave are qualitatively described by the Slonczewski
equations with a linear dependence of the azimuthal magne- -
tization angle at the DW center.

5. We have proposed for the Slonczewski equations a
nonlinear generalization that is valid for large curvatures of
the domain wall. This generalization describes qualitatively
the profiles of the solitary waves that accompany a VBL
cluster with a large number of lines.
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