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The variation of the period of the domain structure of a ferromagnet in alternating magnetic 
fields of large amplitude is investigated. The magnetic-susceptibility spectra and the 
amplitudes of the oscillations of the domain walls are measured, and their dependence on the 
variations of the number of domain walls is exhibited. The effect of constant magnetizing fields 
on the phenomenon is analyzed. It is assumed that the dynamical rearrangements of the 
domain structure are determined by the generation of nonlinear excitations at the walls under 
the action of the alternating fields. 

The behavior of the spin system of magnetically ordered 
crystals in weak alternating fields, when the dynamics of the 
magnetic moments can be described by linear equations, is 
currently being studied in detail. The response of the magne- 
tization to a harmonic external force has singularities at fre- 
quencies corresponding to intrinsic spin and magnetoelastic 
excitations, the spectra of which have been calculated for 
practically all classes of magnetic crystals and agree well 
with experiment.Is2 Here the spectra of the proper excita- 
tions are found to be dependent on the presence of the do- 
main structure in the magnet. On the one hand, the bound- 
ary conditions imposed by the presence of the domain walls 
lead to displacement of the spectra of the bulk spin waves in 
comparison with the dispersion curves for the single-domain 
crystal.2 On the other hand, specific modes appear that are 
associated with oscillations of the magnetic moments at the 
walls them~elves.~ In particular, both theory and experiment 
display resonances in the displacement and in the flexural 
oscillations of the domain walls."4 

In turn, the behavior of the domain structure has singu- 
larities when the frequency of the alternating field coincides 
with the frequency of the intrinsic modes. For example, at 
the frequencies of the natural FMR the domains change in 
size and rotate relative to the polarization of the microwave 

At the frequencies of the domain-wall resonances 
the amplitude of the forced oscillations of the walls increases 
and flexural modes are excited.'s4 

In the general case the dynamics of the magnetization is 
essentially nonlinear, and this nonlinearity manifests itself in 
an alternating field both in changes in the response of the 
magnetic moments inside the domains and in the behavior of 
the domain walls at large field amplitudes. In particular, 
spin waves are excited under the action of a microwave field 
parallel to the magnetization (longitudinal pumping), 
which is forbidden in the linear approximation,1° and as the 
field amplitude increases self-oscillations of the power ab- 
sorbed by the crystal The resonance frequencies of 
the oscillations of the walls begin to depend on the field am- 
plitude,I3 and the form of the oscillations becomes nonhar- 
monic,I4 while with increase of the field the forced oscilla- 

tions of the walls become chaotic and the structure of the 
domain walls changes cyclically." At the FMR frequencies 
in high-power fields the nonlinearity gives rise to the forma- 
tions of domains; this has been observed in films of ferromag- 
netic and subsequently explained as a local magne- 
tization switching induced by the high-frequency field." 

Recently a further nonlinear phenomenon has been de- 
tected in magnetic insulators-change of the period of the 
domain structure under the action of an alternating field at 
frequencies much lower than f ,,, (Refs. 16,17). The possi- 
bility of changing the number of domain walls upon remag- 
netization of ferromagnets in an alternating field was postu- 
lated earlier (without an analysis of the reasons) by Pry and 
Bean" in order to explain the dependence of the power loss 
on the amplitude h, and frequency f of the field in metallic 
ferromagnets. Subsequently, the increase of the number of 
domains under the action of an alternating field was demon- 
strated by direct observation of the domain structure in Fe- 
Si  crystal^.'^-^' An analysis of the phenomenon using ideas 
from the theory of irreversible processes showed that the 
domain structure in metals are broken up by eddy currents 
excited by the oscillating domain walls.20 With increase of 
the number N of walls the losses W, to eddy currents de- 
crease, and SON tends to increase. The power w,, expended 
in the creation of new domain walls hinders the increase of 
N.  As a result, the domain-structure period that is estab- 
lished in the alternating field should be proportional to the 
amplitude of the field and to the square root of the frequency 
of the field, in accordance with the condition 6(  W ,  
+ W,,  ) = 0 for minimizing the entropy-production func- 

tion. The experimentally obtained energy 6 W,,  necessary 
for the creation of one domain wall was found to be an order 
of magnitude greater than the surface-tension energy of the 
boundary, and this raises doubt as to the correctness of the 
calculations in Ref. 20. Nevertheless, the dependences 
N (  f, h,) that have been observed in metals do agree qualita- 
tively with the calculation. We note that the changes of the 
period of the domain structure in metals have been studied at 
low field frequencies, since as f increases the flexing (asso- 
ciated with the skin effect) of the walls through the thickness 
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of the crystal becomes a determining factor in the behavior 
of the domain structure.22 

It might be supposed that the phenomenon, discovered 
in insulators, of dynamical transformations of the domain- 
structure is determined by the same mechanism 
as the change of the number of domain walls in metals. Here 
it is necessary to take into account that, in an insulator, the 
dissipation of energy by oscillating domain walls is not due 
to Foucault currents but has a different origin.z3 Then the 
dissipative function, which is proportional in the first ap- 
proximation to the square of the velocity of the domain 
walls, should, in accordance with Ref. 20, decrease as the 
number of walls increases ( W, a NV;, ,  V,,  a 1/N, and 
W, a 1/N), and this would determine the increase of N 
with f and h,. However, it was found that the changes of the 
period of the domain structure in yttrium iron garnet are not 
described within the framework of the simple treatment of 
Ref. 20, but are essentially nonmonotonic functions of the 
frequency and amplitude of the field. Moreover, variations 
of N have been observed in a field perpendicular to the do- 
main walls, which should not induce motion of the walls." 
An of calculations of the change of the effective 
energy of domains and walls in an alternating field that 
ought to be able to predict the variation of the period of the 
domain structure showed that these calculations also do not 
describe the effect. 

It has been postulated that the phenomenon is deter- 
mined by the creation under the action of the alternating 
field, of nonlinear magnetic excitations that lead, on the one 
hand, to the generation of Bloch lines in the domain walls, 
and, on the other hand, to the formation and growth of new 
domains. In the present paper we report the results of further 
experimental study of dynamical rearrangements of the do- 
main structure in yttrium iron garnet in a wide range of fre- 
quencies and amplitudes of the alternating magnetic field, 
and these results confirm the latter conjecture. The influence 
of magnetizing fields of different orientations on the change 
of the domain-structure period is investigated. Results are 
also given of a study of the influence of the variation of the 
number of walls on the magnetic-susceptibility spectra of 
yttrium iron garnet wafers and on the spectra of the domain- 
wall oscillations. 

EXPERIMENTAL METHOD 

We investigated (1 12) wafers, cut from yttrium iron 
garnet single crystals. The wafers were 50-100pm thick, and 
contained the easy-magnetization axis ( 1 1 1 ) in the plane. 
The transverse dimension of the wafers were a few millime- 
ters. Crystals of irregular shape were chosen, since in rectan- 
gular plates, at the frequencies f,, of the intrinsic elastic 
resonances, a qualitative rearrangement of the domain 
structure occursz4 and leads to strong changes in the number 
of domain walls in the vicinity off,, . The domain structure 
of the samples consisted mainly of domains abutting at 180°, 
with the magnetization vectors (and walls) lying along 
(1 11). The wafers were oriented with a slight inclination 
with respect to the light axis in a polarization microscope, 
and the domains in them were exhibited and analyzed by 

means of the Faraday effect. The alternating field was pro- 
duced by solenoidal coils, which had been prepared by wind- 
ing 50-pm wire onto rectangular plates whose thickness and 
width were twice the corresponding dimensions of the sam- 
ples. The coils were supplied from an ac generator, and the 
field in them was determined by the current amplitude, 
which could be measured from the voltage across an induc- 
tionless resistor connected in series. The coils were calibra- 
ted in dc current by canceling their field with large Helm- 
holtz coils. For the zero reading we used a long narrow 
sample of yttrium iron garnet, with one 180" domain wall, 
the presence of a field being determined from the position of 
this wall. Taking into account that the resonance frequencies 
(associated with the presence of stray capacitance) of the 
coils were substantially above the frequencies used in the 
experiment, we can assume that the dc calibration is suffi- 
ciently accurate for determination of the amplitude of the 
alternating field in the coils. 

The changes in the number of domain walls in the wa- 
fers were determined by direct visual observation and by 
photography in continuous light or with pulsed-laser illumi- 
nation. For observation of the domain structure in the mid- 
dle of the coils a narrow gap was left in the winding. The 
sample was oriented relative to the field direction by select- 
ing the angle between the image of the domain wall and the 
reference line (parallel to the axis of the coil) in the eyepiece 
of the microscope. 

The magnetic-susceptibility spectra were determined 
by the standard induction technique using balanced secon- 
dary coils. The amplitude of the signal, in phase with the 
field and with a phase shift of ~ / 2 ,  was measured by means of 
selective synchrodetectors. Then, from values obtained for 
the susceptibility X ,  of the body, the susceptibility X, of the 
substance was calculated: X, = X ,  /( 1 - 4 7 ~  kx, ) . Here k is 
the demagnetizing factor, which was measured from the 
slope of the linear dependence of the displacement of the 
walls on the magnitude of the external field. In addition, by 
means of magneto-optical apparatus that makes it possible 
to determine changes in the intensity of the image of differ- 
ent parts of the sample, which are proportional to changes in 
the volumes of the domains of the different phases, the spec- 
tra of the oscillations of the domain walls were measured. 
Below we give experimental data obtained by means of the 
techniques described. 

RESULTS AND DISCUSSION 

The initial domain structure of the samples was a lattice 
of 180" domain walls. In addition, at the edges of the wafers 
were domains of closure of small volume, of the type consid- 
ered in Ref. 25. The period of the 180" domain walls was 
substantially dependent on the method of obtaining the de- 
magnetized state. In the course of the experiment we chose a 
method of demagnetization by a low-frequency alternating 
field of decreasing amplitude-a method which leads to an 
equilibrium static domain structure. It gives a result that can 
be reproduced well in the range of frequencies up to several 
tens of kHz. Here the period of the domain structure is found 
to be greater than that obtained when the sample is heated 
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FIG. 1. Critical alternating-field amplitudes at which the nucleation of 
Bloch lines (H,,  ) and new domains ( H ,  ) begins, as a function of the 
frequency of a field h ( 1  EA ( E A ~ e a s y  axis). The spread of H,, corre- 
sponds to the variation of the Bloch-line-nucleation field through the 
crystal. 

above the Curie point and then cooled. 
A strong alternating field gives rise to dynamical rear- 

rangements of the domain structure that are in accord with 
those discovered earlier.16~17 The quantitative characteris- 
tics of the rearrangements are found to depend on the fre- 
quency and amplitude of the field, and on its orientation 
with respect to the domain walls. The structure of the do- 
main walls is found to be most sensitive to the action of an 
alternating field: As the amplitude of the field increases the 
first changes occur in the behavior of the Bloch lines separat- 
ing subdomains of opposite polarity in the domain walls.26 
In small fields, when the walls have not yet been set in mo- 
tion, and also at low frequencies, when the domain walls 
oscillate in the field parallel to the easy axis, the Bloch lines 
execute oscillations, along the domain walls, about their 
static equilibrium positions. When the first critical ampli- 
tude H,, is reached, generation and directed displacement of 
the Bloch lines in the walls begin, so that the image of the 
Bloch lines in continuous illumination is smeared out. This 
amplitude decreases with increasing frequency of the field, 
and for f> 200 kHz changes nonmonotonically while re- 
maining small. The value of H,, varies slightly through the 
crystal, this being due to the nonuniform distribution of 
point defects (i.e., to growth bands), which is practically 
always present in garnets grown from solution in the melt.25 
In Fig. 1 the spread of H,, over the crystal is depicted by bar 
lines parallel to the ordinate axis. The quantity Hcl also de- 
pends on the orientation of the alternating field h. 

When the field amplitude reaches the second critical 
value H,, , changes appear in the period of the domain struc- 
ture, i.e., in the number Nof domain walls in the sample. We 
note that here, in certain domain walls, the generation of 
Bloch lines may not yet have started, if the upper limit of the 
spread of H,, lies above Hc2 . Both Hc, and Hc2 decrease at 
first with frequency (up to - 100 kHz), and then vary non- 
monotonically (Fig. 1 ). It was established that quantity Hc2 
depends on the initial state of the domain structure. Obvi- 
ously, this depends on how strongly the period of the initial 

domain structure differs from the period established at 
h, > Hc2. The dependence Hc2 ( f) shown in Fig. 1 was ob- 
tained by increasing the amplitude of the field at each fre- 
quency for the same initial domain structure, which each 
time is established by demagnetization. 

In fields close to Hc2 the number of domains in the sam- 
ples changes only slightly at first. However, further increase 
of the amplitude leads to substantial changes of N. New do- 
mains appear in the crystal suddenly on account of the 
growth of wedge-shaped domains with one or two edges of 
the lattice of 180" walls (more rarely, in the middle). The 
remaining domains are displaced in such a way that the peri- 
od of the domain structure through the crystal is equalized 
and decreases. When N decreases, as a rule, the outer do- 
mains "emerge" from the crystal (and, more rarely, in the 
middle of the crystal). The process of the growth of new 
domains and the displacement of already existing walls was 
observed in conditions when the alternating field was ap- 
plied in the wave-train regime with a sufficiently low-duty 
factor of the field trains. Here the change that occurs in the 
domain structure during a radio-frequency pulse of the field 
is preserved, on account of the coercivity, over the period of 
absence of the field. By selecting the pulse length and duty 
factor, we can extend the rearrangement process in time and 
thereby study its details. It should be noted that an alternat- 
ing field in the pulse regime gives changes in the period of the 
structure that are quantitatively substantially different from 
those obtained in the continuous regime. This, evidently, is 
connected with the different harmonic composition of the 
field in these two cases, which, by virtue of the frequency 
dependence of the effect, should lead to the indicated differ- 
ences. In this connection we note that the quantitative char- 
acteristics of the effect are also found to be different for dif- 
ferent forms of the current in the ac coil-sinusoidal, pulsed, 
and sawtooth. However, the qualitative features of the phe- 
nomenon are the same. 

In fields of moderate amplitude (less than H,, ) the do- 
main structure in an alternating field is found to be stable 
(after the corresponding changes of N).  A sharp, stable pat- 
tern of domains is observed, and only the image of the Bloch 
lines in the walls is smeared out; to given f and h,  there 
corresponds a strictly determined domain-structure period. 

Upon further increase of the field amplitude the domain 
structure becomes unstable. Domains begin to be generated 
continuously at one of the edges of the crystal and to be 
displaced along the normal to the easy axis in the direction of 
the opposite edge, where the outer domains "emerge" from 
the crystal. The velocity of this directed displacement of do- 
mains depends on the frequency and amplitude of the field. 
Here, in the conditions of instability, as in the case of dynam- 
ical stability of the domain structure, the number of domains 
that corresponds to the given frequency and amplitude of the 
field is preserved. This was established by photographing the 
domain structure under pulsed-laser illumination (with 
light-pulse duration -20 nsec). In continuous light, on the 
other hand, the image of the domain structure is fully 
smeared out. When the alternating field is switched off, some 
of the domains collapse if the number of walls existing in the 
field is much greater than in the static equilibrium configu- 
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FIG. 2. Variation of the number of walls in the crystal with 
the frequency of an alternating field h ( 1  EA. The field am- 
plitude h, = 2.15 Oe: 0 )  points taken directly in the field, 
0) points taken after the field is switched off. Field ampli- 
tude h, = 3.1 Oe: V) points taken in the field. 

I 1 1 1 1 1  1 1 1 1  1 I I 1 1  1 1 1 1  1 
lo-' 1 10 f, MHz 

ration. Conversely, new domains appear in the crystal if the 
domain structure in the field has a larger period than in the 
static case. Nevertheless, when the field is switched off the 
dynamical domain structure is largely "frozen." This means 
that the difficult procedure of determining the number of 
boundaries existing during the instability by photographing 
the domain structure in pulsed illumination could be re- 
placed by direct counting ofNafter h was switched off. As an 
illustration of the error involved in this method, the values of 
N obtained during the action of the field and after it was 
switched off are combined in Fig. 2. 

In Figs. 2-5 we present typical dependences of the num- 
ber of domain walls on the frequency of the alternating field 
(for h, = const) and on the amplitude of h (for f = const). 
Curves obtained in a field parallel and normal to the easy 
axis (EA) are given, since with these orientations we ob- 
served the strongest changes of the period of the domain 

structure. There is no qualitative difference in the patterns of 
the changes of the domain-structure period for different ori- 
entations of the field. However, for h (1 EA we observe syn- 
chronous (with h)  oscillations of the walls about their dy- 
namical equilibrium positions, while for h 1 EA these 
oscillations are absent. Only for large amplitudes of the field 
h 1 EA are oscillations of the domain walls exhibited, these 
oscillations being associated with displacement of the do- 
mains of closure at the edges of the crystal. We note that the 
change of the number of domains in a field normal to the easy 
axis was not observed earlier in the work of other authors. In 
a field normal to the surface of the wafer it was not possible 
to reach amplitudes sufficient for rearrangement of the do- 
main structure (only changes in the domain-wall structure 
that were associated with the generation of Bloch lines were 
exhibited). 

The nonmonotonic behavior of the dependences N (  f) 

l l l l ! : i l  I , 1 1 1  , lj , ! , , , , I \ ,  I  I  I  I I I  I I I l l  I I I U L ;  

lo-' 1 10 f ,  MHz 

FIG. 3. Dependence of the number of domain walls in 
the crystal on the frequency of a field h 1 EA: V) 
h, = 2.8 Oe; 0) h, = 3.1 Oe; 0 )  h, = 3.4 Oe. 
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FIG. 4. Dependence of the number of walls on the amplitude of an 
alternating field h 11 EA. For f = 0.6 MHz the points are taken in the 
field during the increase (V) and decrease (A) of the field amplitude, 
and also after the field is switched off ( V ), while for f = 3 MHz (0) and 
f = 10 MHz (0 )  the points are taken after the field is switched off. 

and N(h,), which differ from those measured in metallic 
f e r r o m a g n e t ~ , ~ ~ ~ ~ '  is noteworthy. Here it turns out that the 
maxima of the frequency dependences for different orienta- 
tions of the field occur at different values o f j  It is necessary 
also to note the existence of a small hysteresis of the frequen- 
cy and amplitude dependences. It is shown in Fig. 4 for 
N(h,) with f  = 0.6 MHz; the hysteresis is displayed on the 
other plots, in order not to encumber the figures. 

To elucidate the reasons for the dynamical changes of 
the domain-structure period we also studied the rearrange- 
ments of the domain structure under the action of constant 
fields H  of different orientations. Below we give a brief de- 
scription of the principal regularities revealed. 

A field parallel to the easy axis leads to growth of the 
domains magnetized along H, at the expense of their neigh- 
bors, without change of the total number of walls. Then the 
domains magnetized against the field collapse in the middle 
of the crystal (at H  > 10 Oe), and each pair of wedge-shaped 
domains formed decreases with increasing H. We note that 
the coercivity for the displacement of the walls in the sam- 
ples investigated is ,< 0.01 Oe. 

In a field perpendicular to the domain walls, at fairly 
large values H >  4.5 Oe, a rearrangement occurs from do- 
mains abutting at 180" and magnetized in the plane to a 
structure of 7 lo domains with magnetization along easy axes 
of the (1 11) type that have a component along the normal to 
the wafer and along the direction of the external field. At the 
surface these domains are closed by triangular prismatic do- 
mains magnetized parallel to the plane of the wafer. The 
regions occupied by 71" domains grow from the edges of the 
crystal to the middle of the crystal as the field increases. As 

FIG. 5. Amplitude dependence of the number of walls in a field h 1 EA 
for f = 1 MHz (01, f = 2 MHz ( 0 1 ,  f = 4 MHz (v), f = 10 MHz 
(x) ,  and f = 15 MHz ( A )  (the points are taken after the field is 
switched off). 

in the case H ( 1  EA, for H 1 EA the number of initial 180" 
domains remains unchanged up to considerable values of H, 
much greater than the alternating-field amplitudes at which 
the generation of domains begins. 

Thus, the analysis of the behavior of the domain struc- 
ture in a constant field shows that the variations of the period 
of the domain structure in an alternating field are an essen- 
tially dynamical effect. These variations can be due to sever- 
al causes. First of all, as was shown in Refs. 5 and 6, in an 
alternating field the effective energy of the domains and 
walls should change, and this can lead to a change of N. 
Unfortunately, the theoretical analysis developed for this ef- 
fect turns out to be inapplicable to our case. In the linear 
approximation5 with the field oriented along and perpendic- 
ular to the easy axis the field should not affect the domain 
structure. It is necessary to note, however, that the linear 
calculation of Ref. 5, based on analysis of the time-averaged 
energy (E ), of the magnet, is not justified. As was pointed 
out in Ref. 6, the dynamical state of the magnetization is 
determined not by (E  ), but by the effective potential energy 
E,, obtained by direct averaging of the equations of motion 
of the magnetic moments. It is possible to calculate the quan- 
tity E,, for f > f ,,, , when the variations of the magnetiza- 
tion can be divided into fast and slow variatiom6 Here it was 
found that (E ), coincides with twice the value of E,, . It is 
this equality which accounts for the success of the theory of 
Ref. 5 in explaining experiments's8 carried out at FMR fre- 
quencies. However, it would not be justified to use the results 
of Ref. 5 forf4 f,,,. A nonlinear calculation of the vari- 
ation of the wall energy E :;, performed for f > f F M R ,  gives 
the following result: In a field h 11  EA the energy 
E :; = 4(AKe, ) '" for Bloch walls (K,, = K + nM 'a2, in 
which a = yh,/w, where y is the gyromagnetic ratio and h, 
and w are the amplitude and frequency of the field) de- 
creases as a function of the frequency of the field (and in- 
creases as a function of the amplitude), while the energy E 2 
for NCel domain walls (K, = K + 277.M2 - nM 'a2) in- 
creases with f (decreases with h,). Correspondingly, the 
number of Bloch domain walls should increase with f (de- 
crease with h,), while the number of NCel domain walls 
should decrease with f (increase with h,). In the case when h 
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is perpendicular to the domain walls, K,, = K( 1 - a') for 
Bloch domain walls and K,, = K + 277M - ~ a ' / 2  for NCel 
domain walls, i.e., the number of both NCel and Bloch do- 
main walls should decrease with f (increase with h,). The 
FMR frequencies for yttrium iron garnet lie above the value 
yH, /277= 160 MHz (HA = 4K /3M) ,  i.e., are an order of 
magnitude higher than the frequencies used in the experi- 
ment. Nevertheless, for frequencies f < f ,,, we can also ex- 
pect variations of E :; as a function of the frequency and 
amplitude of the field, although it is doubtful whether it is 
possible to explain the observed nonmonotonicity of N( f) 
on the basis of the mechanism discussed. 

In the framework of another approach, based on the 
premises of the theory of irreversible processes,20 one can 
attempt to relate the maxima of N( f )  to the dispersion of 
the magnetic susceptibility. If at the corresponding frequen- 
cies there were peaks in the absorption x", the decrease of 
the period of the domain structure could be explained by the 
increase of the damping coefficient P appearing in the dissi- 
pative function W ,  = ( f l  Viw/2)N. We recall that W, , 
which is regarded in Ref. 20 as the entropy-production func- 
tion, determines the increase of N. 

On the other hand, if in the frequency region of the 
maximum of N( f ) there is a resonance of the domain walls 
or Bloch lines (domain-wall resonances at f 5 1 MHz have 
been observed in polycrystals of yttrium iron garnet," and 
resonance oscillations of Bloch lines in 180" domain walls in 
yttrium iron garnet have been detected at fSO.5 MHz in 
Ref. 28), this should also increase W,.  At the frequency of 
the domain-wall resonance there would be a maximum of 
V,, . But at the frequencies of the Bloch-line resonances one 
may expect, on the one hand, the amplitude of the domain- 
wall oscillations to increase on account of gyroscopic forces, 
and, on the other hand, the damping coefficient P for the 
motion of the walls to increase as a result of losses at the 
Bloch lines. In all cases we can expect susceptibility anoma- 

lies near the frequencies at the maximum of N( f ) . To check 
this conjecture we measured the susceptibility spectrax( f ) 
of the wafers, and also the spectra of the amplitudes A ( f ) of 
the domain-wall oscillations. The measurements were per- 
formed at field amplitudes smaller than H,, , when the num- 
ber of walls in the crystal is not yet changing, since variations 
of N at ho > H,, lead to discontinuous changes o fx  and A at 
f > 10 kHz, and this prevents one from displaying the disper- 
sion of,y and A associated with the microscopic mechanisms. 
Examples of the spectra of x( f ) and A( f ) for different 
numbers of walls in the crystal are given in Figs. 6 and 7. The 
spectra have a typical relaxation character (the step in the 
dependence A( f ) near f- 1 kHz is connected with the fact 
that the measurements of the total amplitude of the domain- 
wall oscillations are carried out in the central part of the 
crystal, and for f < 1 kHz there are appreciable oscillations of 
the wedge-shaped domains that are situated at the ends of 
the crystal and partially screen the action of the external 
field). The increase of the susceptibility and of the total am- 
plitude of the domain-wall oscillations with increase of the 
number of walls at f > 10-30 kHz are worthy of note. Here 
the changes of x and A with N begin at lower frequencies 
with increase of the field amplitude. In the region f- 1-4 
MHz the susceptibility is found to be proportional to the 
number of walls. As a function of N the relaxation frequency 
also increases. 

An important point is that the dependences X (  f ) and 
A( f )  are not observed to have any special features at the 
frequencies of the maxima displayed by N( f )  at large field 
amplitudes. There are also no anomalies associated with the 
Bloch-line resonances that were observed earlier in an analo- 
gous experimental situation but with smaller values of ho 
(Ref. 28). Obviously, the latter circumstance is connected 
with the generation of Bloch lines, which suppresses the re- 
sonances at the rather large field amplitudes that were used 
for the measurements of x and A. 

I0 
f, MHz 

FIG. 6. Magnetic-susceptibility spectra of a wafer of yttrium iron garnet for two different numbers of domain walls ( h  ) I  EA, h, = 0.4 Oe): X' (e), 
X' (A), 1x1 ( 7 )  (all for N=4);x1 ( 0 1 , ~ "  (A), 1x1 (v) (allforN= 8) .  
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The observed increase of x and A as functions of the 
number of domain walls at f > 10 kHz is interesting. It may 
be evidence in favor of a decrease of losses to the motion of 
the walls as their number increases in accordance with the 
dissipative mechanism described above. Here the displace- 
ment of the relaxation frequency, i.e., of the loss maximum, 
into the region of higher frequencies with increase of N 
points to the possibility of self-regulation of the period of the 
domain structure at h,  > H,, , when the increase in the num- 
ber of boundaries raisesf,,, and creates the conditions for a 
further increase of N at higher frequencies, and so on. How- 
ever, the shift off,,, should be bounded, since X" should 
decrease at high frequencies, and this will give rise to a de- 
crease of N with increase off. The arguments given could 
explain the presence of the first maximum in the dependence 
N( f )  for h 1 1  EA. 

We note one further fact, which follows from compari- 
son ofx  ( f ) and A ( f ) : The amplitude of the oscillations of 
the walls decreases faster than the modulus IX I of the suscep- 
tibility at high frequencies, reflecting the increase of the con- 
tribution to x from processes involving the rotation of the 
magnetization at f > 1 MHz. Taking into account that 1x1 
here is proportional to N, we can assume that rotation pro- 
cesses in the domain walls, associated with the change of the 
domain-wall structure and, in particular, with the genera- 
tion and motion of Bloch lines, are the determining pro- 
cesses. Here, the dissipation associated with the creation and 
motion of the lines can be the main loss mechanism. Thus, on 
the one hand, the Bloch lines can affect the changes of the 
number of walls by a dissipative mechanism (losses to the 
creation and motion of Bloch lines). On the other hand, they 
can determine the variations of N through the dependence of 
the effective energy of the domain walls on the density of 
Bloch lines, and also on the nonlinear perturbations of the 
wall structure that lead to the nucleation of the lines. In this 
case the frequencies of the maxima of N( f ) can be deter- 
mined by the inverse generation times of the Bloch lines. 

To confirm that the dynamical changes of the domain- 
structure period are connected with processes of generation 
and motion of Bloch lines in the domain walls we studied the 
influence of constant magnetizing fields on the phenome- 
non. First of all, we investigated the variations of N in the 
presence of a field He normal to the plane of the wafer. This 
field, which causes polarization of the walls, i.e., suppresses 
the Bloch lines, should reduce the effect, if the latter is deter- 
mined by the presence of lines in the domain walls. 

It was found that a constant field - 50 Oe, which in the 

FIG. 7. Total amplitude of the domain-wall oscilla- 
tions as a function of the frequency of the field 
(hIIEA, h, = 0.4Oe) forN= 4 (0 )  andN= 8 (0). 

% 
f ,  MHz I0 

absence of an alternating field establishes a uniform polar- 
ization of all the domain walls, does indeed decrease the vari- 
ation of N for one of the two possible polarizations of He. 
However, reversing the polarity of the constant field led to 
an unexpected enhancement of the effect: The number of 
walls in the alternating field increased when He was 
switched on. This effect of a vertical remagnetizing field is 
illustrated in Fig. 8, which shows dependences N( f )  with- 
out He and with He = * 43 Oe. Similar asymmetric action 
of He also occurs at lower values of H e .  The appreciable 
difference in the dependence N (  f ) for opposite directions of 
He is observed up to fields - 120 Oe, at which qualitative 
rearrangements of the domain structure occur. 

A constant field H, in the plane of the wafer and normal 
to the domain wall also affects the dynamical changes of the 
period in an asymmetric manner. For both polarizations of 
H, the variation ofN decreases, but to different degrees (see 
Fig. 9).  Up to fields H z  6 Oe, at which appreciable rearran- 
gement of the domain structure from domains abutting at 
180" to 7 lo domains begins (as described above), the differ- 
ences of the curves of N( f ) for different polarities of H, 
remain considerable. 

Finally, a magnetizing field HI\ parallel to the easy axis, 
like H,, decreases the changes of N in an asymmetric man- 
ner (Fig. 10). However, the asymmetry is weaker than for 
H, , and in a field H ,, 2 10 Oe the curves of N( f ) for the two 
polarizations of HII are practically the same. Evidently, HII 
directly suppresses processes of formation of new domains. 

I I J J I I l l /  I I 1 1 1  1 1 1 1  
1 10 

f ,  MHz 

FIG. 8. Effect of a constant field, normal to the plane of the sample, on 
the changes of the number of domain walls in an alternating field 
(hl(EA, h, = 2.5 Oe): He = 0 (0); He = 43 Oe ( A ) ;  He = - 43 Oe 
(V ). 
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I I I I I I I I ~ ~  1 1 l r i l l l l  I  I  

10-' I 70 30 
f ,  MHz 

FIG. 9. Dynamical changes of the number of walls in the presence of a 
constant field in the plane of the wafer and normal to the walls; (h(lEA, 
h , =  2.2Oe): H, = O  ( 0 ) ;  H, = 2.8Oe ( A ) ;  H = - 2.8 Oe ( v ) .  

The results presented (above all, the enhancement of 
the dynamical changes of the domain-structure period in a 
field He that suppresses Bloch lines in the static situation) 
indicate that the variations of N in an alternating field are 
determined not by changes of the density of Bloch lines but 
directly by features of the process of generation (and subse- 
quent annihilation) of Bloch lines-a process connected 
with nonlinear excitations of the structure of the walls. Here 
the asymmetry of the influence of magnetizing fields can be 
attributed to the nonduality of the magnetic excitations, an 
example of which is given by the unidirectionality of the 
motion of Bloch lines in domain walls under the action of a 
uniform alternating field,29 and also by the directed motion 
(described in the present paper) of domains in h. The possi- 
bility of nondual phenomena in a magnet, even in the case of 
linear normal modes, is demonstrated by the well known 
examples of surface magnetostatic waves3' and spin waves in 
domain walls.31 

It appears that the changes of the domain-structure pe- 
riod in an alternating field correspond to the establishment 
of dynamical stationary states of the magnetic structure of 
the crystal under the action of a sufficiently large alternating 
external force. The magnetic moments in the domain walls 
are found to be the most sensitive to the alternating field. 
Nonlinear perturbations of the structure of the domain 
walls, as the experiment shows, begin at field amplitudes 
much smaller than those necessary for a change in the num- 
ber of domains. Therefore, it is precisely in the walls that 
stationary nonlinear oscillatory processes should be estab- 
lished first. These can be self-excited waves of large ampli- 
tude, of the type obtained in computer modeling of the be- 
havior of a chain of spins in a microwave field.12 The 
establishment of self-wave processes, which, for a sufficient- 
ly large field amplitude, should be manifested in the form of 
a stationary process of nucleation of Bloch lines, evidently 
determines the dynamical changes of the domain-structure 
period as a result of losses to the generation of Bloch lines 

20 
I  I 1 1 1 1 1 1 1  I I l l l l l t l  I  I 

I 10 90 
f ,  MHz 

FIG. 10. Effect of a constant field, parallel to the easy axis, on the dy- 
namical changes of the number of walls (hllEA, h, = 2.3 Oe): H I I  = 0 
( 0 ) ;  H l l  = 5.5 Oe ( A ) ;  H i l  = - 5.5 Oe ( V ) .  

and as a result of changes of the effective energy of the do- 
main walls (similar to the changes ofE,, of one-dimensional 
boundaries when f > f ,,, ), as was discussed above. We note 
that self-oscillations in a three-dimensional system of spins 
are observed in the form of periodic generation of domains at 
large field amplitudes. The results of a study of this process 
will be presented in a subsequent publication. 

This scenario of nonlinear processes by which a dynam- 
ical structure is established do not have a theoretical descrip- 
tion applying directly to our experimental situation. How- 
ever, in support of the likelihood of the proposed mechanism 
we may note that there are a large number of theoretical and 
experimental investigations that demonstrate a universal 
tendency to the formation of spatial and temporal structures 
(and, in particular, display periodic generation of solitons) 
in nonlinear systems (including magnets) under the action 
of harmonic external forces of large amplit~de12,32*33 and 
under the action of light.34 

In conclusion the authors express their gratitude to V. I. 
Nikitenko for stimulating discussions of the results of the 
paper. 
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