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The dependence of the amplitude of forced oscillations of Bloch lines in an yttrium iron garnet on 
the frequency of the exciting field is investigated using a magneto-optic method. Local 
photometry and direct observation of the oscillating Bloch line permits the study of the 
characteristics of specific standing spin waves that occur at definite frequencies in the bending 
oscillations of the Bloch line. For the first time, the dispersion law of the oscillations is 
determined. It is shown that Bloch points are present at the nodes of the elliptically polarized 
standing waves that are being investigated. These arise near the wafer surface and have a 
significant influence on the characteristics of the bending of the whole Bloch line. 

INTRODUCTION 

As is well known, it has long since been rigorously 
proved' that in the basic thermodynamic equilibrium state 
of a real noninfinite crystal the distribution of the magneti- 
zation is spatially inhomogeneous. The minimum value of 
the total free energy, taking account of the demagnetizing 
field due to the presence of a magnetization component nor- 
mal to the body surface, is achieved in the majority of cases 
when there are stable ordered state defects formed in the 
sample-Bloch walls, lines, and even  point^.^ 

This fact has, however, still not received sufficient at- 
tention in the analysis of the excited state of an iron garnet. 
At present, the spectrum of spin waves in a homogeneously 
magnetized crystal has been well ~ t u d i e d , ~  and we already 
have a number of theoretical and experimental papers2."I4 
devoted to studying the magnon spectrum in a uniform do- 
main boundary. But the study of the spectrum of the spin 
waves that are localized on a Bloch line has practically still 
to begin. 

Meanwhile, analysis of this problem is of fundamental 
interest for solving both fundamental and practical prob- 
lems. It has been convincingly demonstrated in recent years 
that Bloch lines are characterized by singularities that are 
characteristic of vortex-like solitons. 15-'' They are not only 
essential elements of the structure of a strongly excited state 
of the domain boundary (and often of its ground state as 
well), but also determine its dynamical properties to a signif- 
icant extent. Without knowing the spectrum of the magnons 
localized on the Bloch line, it is impossible to develop a gen- 
eral theory of the elementary and nonlinear excitations in 
ferromagnetism, or to construct a microscopic theory of the 
processes for magnetizing it which are due to displacement 
of the domain boundaries, or to carry out rigorous calcula- 
tions concerning the operational reliability of new ultrahigh- 
capacity computer magnetic memory elements that use 
Bloch lines as information carriers. 

In this paper, we give the first experimental data con- 
cerning the spectrum of magnons localized on a Bloch line, 
these data being obtained using a method we have previously 
described.'' They are compared with the only theoretical 
treatment completed recently.I9 

EXPERIMENTAL METHODOLOGY 

~ 0 . 8  ~ 0 . 3 5  X0.025 mm. It contained five 180-degree. do- 
main boundaries, which divided bands magnetized along the 
(1 11) directions, parallel to the long edge and the (1 12) 
surface of the sample. In each boundary there was, as a rule, 
only one Bloch line in all (depending on the remagnetization 
conditions). Specific closed domains were observed on the 
ends of the wafer.20 The magnetic field associated with the 
magnetization vectors in a wall emerging onto the wafer sur- 
face caused the Bloch line to distort and deviate from the 
normal to the wafer (Fig. 1 ) . 

In a transmission polarizing microscope with crossed 
Nicol prisms, this Bloch line was visible on the xy represen- 
tation plane as a dark band between the bright subdomains 
in the wall that appeared as a result of Faraday effects of 
opposite sign in them (Fig. 2a). This enabled us to carry out 
direct observation of the change in the form of a line under 
the influence of external forces. Using a rectangular dia- 
phragm, whose dimensions were regulated micrometrically, 
it was possible to distinguish different parts of the black and 
white representation of the domain wall with the Bloch line 
that was directed into a photomultiplier for photometry, and 
thus study the oscillation characteristics of these parts. To 
measure the oscillations of the Bloch line along the wall 
(parallel to the x axis), the microscope Nicol prisms were 
slightly uncrossed so that neighboring subdomains were co- 
lored black and white on account of the Faraday effect 
(shown schematically in Fig. 3).  The motion (along the y 
axis) of the Bloch line together with the boundary was stud- 
ied using the displacement of the portion of the wall adjacent 
to it with crossed Nicol prisms and in a situation where the 
rectangular diaphragm was confined to half of the represen- 
tation of the domain wall and part of the neighboring do- 
main. In this case, we used black-white contrast on the 
boundary between the domain and the wall itself. 

The signal from the photomultiplier was recorded on 
the SK4-59 spectrum analyzer. For phase analysis of the 
magneto-optic signal, we used a MODEL 5202 selective am- 
plifier. The magnetic fields were created using Helmholtz 
coils of radius 6 mm. 

EXPERIMENTAL RESULTS 

The curves 1-3 in Fig. 3 show the frequency depen- 
dence of the intensity Jo f  the magneto-optic simal, which is - - 

The investigations were carried out on a single crystal proportional to the amplitudes of oscillation of different 
wafer of yttrium iron garnet with dimensions, parts of the Bloch line along the domain wall, the frequency 
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FIG. 1. Schematic diagram of the position of a domain boundary 
(ACDF) with a Bloch line (BE) in the sample and the magnetization 
distribution in it. FDC'A' and EB' are projections ofthe wall and the line, 
respectively, onto their representation plane in a polarizing microscope. 

v of the external magnetic field Hz that acts perpendicular to 
the sample surface, and the magnetization M in the domains. 
Curve 1 was recorded with photometry of the whole Bloch 
line, curve 2 was recorded with photometry of its lower half, 
and curve 3 was recorded with photometry of its upper half 
(see the schemes in Fig. 3). It can be seen that traces 2 and 3 
are different from 1 and have sharply marked peaks at the 
same frequencies. Photographs of a Bloch line performing 
forced oscillations at the resonance frequencies v, corre- 
sponding to these peaks are shown in Fig. 2b-d. The erosion 
of the line representation in these photographs is due to os- 
cillation of the whole line or separate parts of it to great 
distances along the wall. The black dots that appear in the 
Bloch line representation at v = 0.95 MHz and v = 1.8 MHz 
(Fig. 2b, c) ,  signify that their corresponding parts of the 
wall do not oscillate at these frequencies. As phase analysis 
demonstrates, the sections of the Bloch line that are separat- 
ed by these points oscillate along the x axis with a phase shift 
that differs from .rr by several degrees. 

At frequencies corresponding to the peaks described 
above, we also recorded displacement resonances of the 
Bloch line (or of parts of it) along they axis. Measuring the 
phase of the oscillations of the upper and lower halves of the 
domain wall near the line at the frequencies of the first two 
resonance peaks demonstrated that they oscillate with a 
phase shift of several degrees. 

All these data give evidence that, under the conditions 
of the experiment presented here, there appeared specific 
standing spin waves localized on the Bloch line. According 
to the photographs of Fig. 2b-d, at a frequency v, = 0.4 

I 
0 2 4 6 9, MHz 

FIG. 3. Magneto-optic signal J, proportional to the displacement of the 
Bloch line along the wall (curves 1-3) vs the frequency vof the magnetic 
field H z ,  measured by photometry of the whole line ( 1 ), and its upper ( 2 )  
and lower ( 3 )  halves. H :  = 225 mOe. Curve 4 is the magneto-optic sig- 
nal, reflecting the amplitude of the oscillation of a monopolar domain 
boundary, as a function of the H, field frequency (with amplitude Hj:  
= 15 mOe), parallel to themagnetization in thedomains. It was obtained 

from photometry of half of the width of the representation of the oscillat- 
ing boundary in an additional constant field Hz = 24 Oe, which stabilizes 
the state of the boundary. The parts undergoing photometry are bounded 
by a rectangle on the schematic diagrams given near each curve. The 
diagrams in the insert characterize the amplitudes of the oscillations of 
various parts of the Bloch line. 

MHz the first peak of the J (v)  dependence produces homo- 
geneous resonance oscillations of the Bloch line. At 
v, = 0.95 MHz, one half of the standing wave (n = I ) ,  
whose node is located at the middle of the Bloch line, lies 
along the oscillating line. The third peak in the J (v)  depen- 
dence corresponds to n = 2 ( v, = 1.8 MHz ) . Figure 4 gives 
a schematic representation of the trajectories of the motion 
of the Bloch line, where this motion forms a standing wave 
with one node, and the trajectories are constructed assuming 
that the Bloch line oscillations are elliptically polarized.The 
long axes of the strongly extended trajectories of opposing 
parts of the line are slightly inclined to the x axis on different 
sides. 

Curve 4 in Fig. 3 shows the frequency dependence of the 
intensity of the magneto-optic signal due to the forced oscil- 
lations of this same domain wall in a monopolar state. It is 
measured in the constant wall-magnetizing field Hz accord- 
ing to the method described in Ref. 14. The sharply pro- 
nounced peak on it are connected with the excitation of 
standing kink waves of the whole wall around an axis paral- 

r , u m  - .I q rnrn , 

FIG. 2. Representation in an optical polarizing mi- 
croscope of part of a domain wall with one Bloch 
line at H: = 0 (a,f) and H 1 = 225 mOe, v = 0.4 
MHz ( b ) ,  0.95 MHz ( c ) ,  1.8 MHz ( d ) ,  0.64 MHz 
(e);  f-Hy = 7.75 Oe. The Nicol prisms are 
crossed. The length of the representation of the wall 
is determined by the diameter of the laser beam in 
the focal plane. 
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FIG. 4. Trajectories of Bloch line motion 
(shown on the xy plane) at neighboring 
crests of a standing wave and spin polar- 
ization (arrows) in the core of the Bloch 
line. A Bloch point is located at the node 
of the wave. 

lel to the magnetization direction in the neighboring do- 
mains.14 Measurements have demonstrated that the upper 
and lower halves of the wall oscillate practically in antiphase 
at the frequency corresponding to the first peak in curve 4, 
and in phase at the frequency of the second peak of this 
curve. This bears witness to the fact that the first peak is 
determined by kink oscillations of the wall with n = 1, and 
the second peak corresponds to n = 2. We may assume that 
the following peaks in curve 4 also reflect the excitation of 
the following even and odd modes of the kink oscillations of 
the wall (when it is not attached to the sample surface). As 
can be seen from comparing the curves in Fig. 3, the reso- 
nance frequencies that correspond to pure oscillation modes 
of the Bloch line and of the monopolar wall are clearly dis- 
tinguished from each other. 

The standing waves on the Bloch lines manifested 
themselves as resonance peaks in the J (v)  dependences 
when the diaphragm was positioned so that complete com- 
pensation of the Faraday effect due to partial screening of 
neighboring subdomains along the light beam upon oscilla- 
tion of the Bloch line is not achieved. Therefore, as a rule, the 
standing waves did not all appear on the line at one position 
of the diaphragm confining the photometric light. In partic- 
ular, in curve 1 of Fig. 3, which was obtained from photome- 
try of the whole Bloch line, we observe the minimum value of 
J a t  the frequency corresponding ton = 1. At the same time, 
in this curve there appeared a peak corresponding to a wave 
with n = 3 (v, = 2.5 MHz). 

The insert in Fig. 3 gives curves 1-3 in a close-up view 
for a small frequency range and, in contrast to the curves in 
the main figure, they are not dispersed along the ordinate 
axis. Beneath them is a schematic representation of the am- 
plitudes with which various parts of the Bloch line deviate 
from the equilibrium position, determined from direct ob- 
servation of the line and phase analysis of the magneto-optic 
signal at various frequencies. In all the curves, another small 
peak is clearly visible at v,  = 0.64 MHz. The representation 
of the line in polarized light at this frequency shown in Fig. 
2d (see also the inset diagram at v = 0.64 MHz) gives evi- 
dence that one end of the line is fixed under these conditions. 
Therefore, the peak in the J (v)  dependence at v, = 0.64 
MHz may be determined by the quarter-wave resonance of 
the Bloch line, for which n = 1/2. 

As the frequency Hz of the field increased, the node that 
had formed moved into the interior of the crystal. It divided 
the line into parts that were oscillating almost in antiphase. 

Therefore, the total signal (curve 1 given by photometry of 
the whole Bloch line) fell to its minimum value, with the 
node located in the middle of the Bloch line, although the 
oscillation amplitude of its opposite parts reached the maxi- 
mum value (see curves 2 and 3 and the schematic diagram at 
v = 0.95 MHz). As v increased further, the nonoscillatory 
part of the oscillating line continued to change its position. A 
second node of the wave with n = 2 appeared near the same 
surface of the wafer where the first one was formed. As v 
decreased, the nonoscillatory part of the line moved in the 
opposite direction. 

Under the influence of an additional constant magnetic 
field Hy , perpendicular to the domain wall, the node of a 
standing wave on the Bloch line (with v = const) moved 
along the domain wall in one direction or the other, depend- 
ing on the polarity of Hy in the same way as a Bloch point on 
a Bloch line oscillating under the influence of gyrotropic 
 force^.^' When this nonoscillatory part had passed along the 
whole line (in the Hy field), the phase of its homogeneous 
oscillations along the wall excited by a magnetic field H,, 
parallel to the magnetization in the domains, changed by an 
amount z.rr. 

Under the influence of the field H,, "magnetization" 
(or "remagnetization") of the Bloch line occurred. There- 
fore, the result we have described gives evidence that a Bloch 
point is located in the node of a standing wave on the line, 
which divides it into quasidomains with an opposite spin 
polarization along they axis (Fig. 4).  In a constant field Hy 
(some oersteds in magnitude) the appearance of a Bloch 
point in the process of recording the J (v)  curves occurred 
near the upper or lower surface of the wafer, depending on 
the polarity of the Hy field. 

Figure 5 shows the position of the Bloch point on a line 
oscillating in a field as a function H, , of the field Hy magne- 
tizing the wall. Each value of Hy corresponding to a position 
z was obtained from a large number of measurements. The 
sizable scatter in the experimental results prevents us from 
distinguishing hysteresis phenomena. This dependence indi- 
cates that, practically speaking, in the absence of an external 
field Hy the Bloch line is magnetized in a single direction. 
Therefore, when a standing wave forms as the frequency is 
varied, the Bloch point "enters" from the same end of the 
Bloch line. Signs of a change in the structure of the Bloch line 
in the Hy field are also observed in its static representation in 
the absence of a variable field (Fig. 2e). 

FIG. 5. Position of the Bloch point in a Bloch line oscillating in a field H, 
(H: = 90 mOe, Y = 0.5 MHz), as a function of the magnetic field 
strength H, . 
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DISCUSSION 

Figure 6 displays the dependence of the resonance fre- 
quency v, ofa peak on its order n = 2d /A = ( d  /r) k (where 
d is the line length, and A and k are the wavelength and wave 
vector respectively) for an oscillating Bloch line (Fig. 1). 
Here is shown also the analogous dependence for kink oscil- 
lations of a monopolar wall (curve 2) constructed using 
curve 4 from Fig. 3. They characterize the dispersion laws of 
the kink waves of a Bloch line and domain boundary whose 
wave vectors are perpendicular to the wafer surface. It can 
be seen that the dispersion curve for the Bloch line is lower 
than the curve for the wall. Note that the character of the 
experimentally obtained dispersion dependence of the do- 
main boundary bending oscillations corresponds qualita- 
tively to that calculated in Ref. 2 for waves propagating per- 
pendicular to an axis of easy magnetization in the presence of 
an external gradient field that stabilizes the domain wall. 

The size of the gap in the Bloch line oscillation spec- 
trum is determined by the frequency of the translational res- 
onant oscillations of the line (w, = 2rvn = , ) and is equal to 
~ 2 . 5  MHz. From the width Av, =, of the resonance peak, 
we can estimate both the dissipation parameter a in the Lan- 
dau-Lifshits equation for the motion of the magnetic mo- 
ment, and also the viscosity coefficient p, in the equation of 
motion of the Bloch line2: 

a = A ~ , = ~ / 2 M y = 0 . 5 .  lo-', 
flZ=A~ax,/2nvn2=1.3. lo-' g/cm s. 

Here y is the gyromagnetic ratio. The coefficient x, charac- 
terizes the elastic force that restores the Bloch line towards 
its original position as it moves along the x axis. Its magni- 
tude (40 erg/cm3), as well as the value x, = 4.6 x 
erg/cm2 of the analogous coefficient that characterizes the 
elastic force acting on the line as it moves along they axis, 
were determined from measuring the dependence of the line 
displacement along the wall along with the strength of the 
static fields Hz and H, re~pectively.'~,'~ 

Curve 3 in Fig. 6 was calculated on the basis of the 
formula 

FIG. 6.  Dependence of v, , the resonance frequency of a peak, on its order 
n, determined from the data of Fig. 3 for a Bloch line (curve 1 )  and a 
monopolar wall (curve 2 ) .  Curve ( 3 )  is calculated according to ( 1 ). 

where w: = (y/2rM) 'x, 3, and w, = ~ T Y , ,  that was ob- 
tained in Ref. 19 and describes the bending oscillation spec- 
trum of a monopolar Bloch line. In calculating this curve, we 
assumed that the Bloch line strain components were 
a, = ax = 8 A Q  'I2. From comparing curve 1 with curve 3, 
it can be seen that the experimentally determined spectrum 
of the spin waves localized on the Bloch line differs from that 
constructed theoretically both in the character of the depen- 
dence of a, on n (that is, ofw on k )  and in the size of the gap. 
Taking account of the demagnetizing field that appears 
when x, is measured does not remove these differences. 

The basic cause of the differences that manifest them- 
selves apparently lies in the fact that the theoretical model19 
does not take account of the field of the magnetostatic 
charges that are associated with the crystal surface and are 
due to an inhomogeneous magnetization distribution along 
the Bloch line, and which also exist on it in the static state 
and appear due to kink oscillations. The inhomogeneity of 
the spin distribution along the Bloch line manifests itself in 
experiments to measure the effect of a constant field H, on 
the position of the Bloch point on it (see Fig. 5 ). The experi- 
mentally observed alteration in the structure of the Bloch 
line (formation and movement of Bloch points) as the fre- 
quency of the stimulated oscillations changes may also be 
explained quantitatively by taking account of the inhomoge- 
neity of the spin distribution along the line. It should be 
emphasized that the standing waves on a Bloch line (with 
n(4) that have been observed in the experimental situations 
described above always contained Bloch points at the nodes. 

In Ref. 19 an expression was also obtained for the fre- 
quency of the characteristic oscillations of a Bloch line at 
whose center there is a Bloch point that is oscillating with 
significantly smaller amplitudes than is the line. It has the 
form of ( 1 ) for n = 1, without the last term on the right hand 
side. The value of w ,  / 2 r  calculated from this is practically 
coincident with the second point on curve 3 of Fig. 6. Ac- 
cording to Ref. 19 the differences in the experimentally mea- 
sured and calculated magnitudes of the gap and the oscilla- 
tion eigenfrequencies of a line with a Bloch point cannot be 
explained by the influence of the aftereffect.I4 They may 
arise because the coefficients x, and x, differ from those 
determined experimentally in quasistatic conditions when 
the line is displaced to distances greater than the amplitude 
of its induced oscillations. Taking account of this fact leads 
to still greater contradictions with the experimental data. 
We note, finally, that the inhomogeneity of the spin distribu- 
tion along the Bloch line, as well as errors in determining x, 
and x,, which may be due to a difference between the theo- 
retical and experimental values of w,, may also be deter- 
mined by the peculiarities of the domain structure of a sam- 
ple that contains specific closed domains and several walls 
with single Bloch lines. 

CONCLUSION 

Thus, as a result of the experiment we have carried out, 
we have succeeded in determining for the first time the basic 
characteristics of the long-wavelength portion of the spec- 
trum of the spin waves localized on a Bloch line. We have 
observed that the standing wave nodes contain Bloch points. 
Their nucleation and motion along the Bloch line has an 
effect on the characteristics of the kink oscillations of the 
wall. We give data confirming that in order to describe the 
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dispersion law that was determined in the experiment it is 
necessary to take account of the inhomogeneity in the spin 
distribution along the Bloch line and the change in this dis- 
tribution under the influence of external magnetic fields. 
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