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An experimental study is made of the inhomogeneous rotation of the magnetization vectors in 
crystalline epitaxial iron garnet films in pulsed magnetic fields up to 2000 Oe. An equipmental 
configuration employing electron-optic chronography is developed, enabling real-time study of 
fast processes in thin magnetic films with a time resolution of - 60 psec. This complex has 
permitted a detailed study of the features of the inhomogeneous rotation of the magnetization 
vectors at arbitrary points in the sample and at different orientations and strengths of the external 
magnetic fields. It is shown that the magnetization-reversal (or "remagnetization") time can be 
determined at local points in magnetic films. It is found that local regions of the sample can be 
remagnetized in less than 1 nsec. It is established experimentally that because of the finite intrinsic 
relaxation times of the magnetic moments, the system under study is unable to follow changes in 
the external magnetic field if the characteristic times of these changes are of the order of nanose- 
conds. The rate of the inhomogeneous-rotation process depends strongly on the strength of the 
pulsed or static magnetic fields in the plane of the sample. The features of the formation and 
motion of magnetic-moment flip waves (MMFWs) are studied in detail. It is established that the 
velocity of the MMFWs is proportional to aHpul /at and to the spatial gradient of Hpu, , i.e., to 
aHpu, /ar. The width of the MMFWs ranges, as a rule, from tens to hundreds of microns depend- 
ing on the strength and orientation of the external magnetic fields. In multilayer iron garnet films, 
MMFWs can form successively, with a time interval -0.5-1 nsec, in the initial stage of the 
inhomogeneous rotation. It is found that a practically homogeneous rotation of the magnetiza- 
tion vectors is possible in one of the layers of a sample in a strong gradient field. 

1. INTRODUCTION 

Dynamical processes in magnetically ordered media 
have been the subject of many experimental and theoretical 
studies. Attention has focused primarily on the features of 
the domain-wall motion, particularly in highly anisotropic 
uniaxial ferromagnets and ferrimagnets.'-3 Pulsed remagne- 
tization of magnetic materials through inhomogeneous rota- 
tion of the magnetization vectors has been studied in detail 
only in polycrystalline thin magnetic films.4 In recent years 
the first experimental papers have appeared on the subject of 
the inhomogeneous rotation of magnetization vectors in thin 
crystalline iron garnet  film^.^-^ In Ref. 5 it was first shown 
that in a pulsed gradient magnetic field Hpu, the inhomogen- 
eous rotation of the magnetization vectors is accompanied 
by the formation of a magnetic-moment flip wave (MMFW), 
which moves into the region of weaker fields. The MMFW is 
initiated near the windings of the pulsed coil if the magnetic 
field acting on the sample, 

(where r is the distance from the center of the coil, R is the 
inside radius of the coil, and Hb is a static bias field) exceeds 
the effective uniaxial anisotropy field H :. In a first approxi- 
mation H ,* is defined as 

Ifk*=H.-4nM,, (2) 
where H, = 2K,/Ms is the uniaxial anisotropy field, K, is 

the uniaxial anisotropy constant, and 4% is the saturation 
magnetization. 

The remagnetization of iron garnet films in pulsed 
fields Hpul (r = 0) has been studied in Refs. 5-9 for the case 
when the effective field AH (r = 0) is somewhat lower than 
H z .  It was shown that if the iron garnet film had been grown 
on a substrate with the (1 11) crystallographic orientation, a 
strictly oriented triangular region would arise in the central 
part of the pulsed coil; in this region the remagnetization 
took place through the motion of domain walls. For conve- 
nience, this region was called a triangular magnetic domain. 
The bisectors of the angles of the triangular magnetic do- 
main lie in the directions of the easy axes in the plane of the 

In Refs. 7 and 8 we detected a layer-by-layer remagneti- 
zation through inhomogeneous rotation in iron garnet films 
and visually observed layers having different properties. In 
weakly varying fields AH(r-0) 2 H 2 the inhomogeneous 
rotation of the magnetization vectors had a pronounced 
"turbulent" character.' 

In fields A H  (r = 0) > H z the remagnetization of the 
sample over the entire area bounded by the pulsed coil took 
place through the motion of MMFWs. The velocity of the 
MMFWs could reach several tens of k m / ~ e c . ~  

Inhomogeneous rotation in iron garnet films having ex- 
tremely low damping was studied in Ref. 9. In that study 
"magnetic vortices" were observed and were interpreted as 

152 Sov. Phys. JETP 61 (I), January 1985 0038-5646/85/010152-07$04.00 @ 1985 American Institute of Physics 152 



Rossby solitons. Analysis of the MMFW dynamics in Ref. 9 
showed that the motion of MMFWs reflects a spatial dis- 
placement of the boundary at which the strength of the non- 
uniform field during the rise of the pulse reaches a critical 
value. 

The brief review given above shows that the inhomo- 
geneous rotation of the magnetization vectors in magnetical- 
ly ordered media has been insufficiently studied. In particu- 
lar, because of the lack of experimental studies with time 
resolutions of less than 1 nsec the features of the formation 
and motion of MMFW remain unclear. There have been no 
studies of the physical processes and characteristic times for 
remagnetization through inhomogeneous rotation in multi- 
layer iron garnet films in magnetic fields of different configu- 
rations and strengths. 

In the present study we use the method of electron-opti- 
cal chronography to make a detailed study of the features of 
the inhomogeneous rotation of the magnetization vectors in 
crystalline iron garnet films in the region of strong gradients 
of the pulsed magnetic fields. 

2. EXPERIMENTAL TECHNIQUES 

The domain structures were visualized with the aid of 
the Faraday effect. Depending on the particular experiment 
the sample was, as a rule, initially held in a static magnetic 
field of the required strength and configuration. Then a 
pulsed magnetic field H,,, produced by a planar, single-ply 
coil with inside diameter - 1.5 mm disrupted the equilibri- 
um of the domain structure. As in previous the 
axial symmetry and the nonuniform character of H,,, were 
taken into account in the experiments. The dynamical tran- 
sition of the magnetic system from one stable state to another 
was studied by two methods. 

I. Electron-optical high-speed photography. This meth- 
od, as described in detail in Ref. 8, was used in the present 
experiments without substantial modification to study dyna- 
mica1 processes with characteristic times > 10 nsec and to 
obtain scanning photographs of the dynamical processes 
over the entire area bounded by the pulsed coil. Its limited 
time resolution makes this technique practically unsuitable 
for studying certain features of the inhomogeneous rotation 
of the magnetization vector. Consequently, for studying 
nonrepetitive fast processes with characteristic times < 10 
nsec in magnetically ordered media (for example, the forma- 
tion and motion of MMFWs) one must use a technique for 
studying the domain structures that has a resolution of 1 
nsec or better. This problem can be solved in two fundamen- 
tally different ways. 

The first way involves the design and construction of an 
illumination source which produces one or several light 
pulses with a duration rP of not over 1 nsec. This source 
should satisfy a number of requirements: 

The energy of the light pulse should be of the order of 
J to permit observation of low-contrast domain struc- 

tures. 
The light pulse should be closely synchronized with the 

leading edge of the magnetic-field pulse. 
The wavelength of the light should give the required 

spatial resolution and lie in the transparency region of the 
samples (A -0.5 pm). 

With these requirements, the necessary time resolution 
can be realized using a Q-switched YAG:Nd3+ laser (7, - 8 
nsec, radiation power -0.57 MW) in three basic ways: 

1. Use an electrooptic deflector'' to form a short light 
pulse (7, - 50 psec). 

2. Apply the principle of distributed feedback (rP -90 
psec) to the laser illuminating the sample.'' 

3. Obtain a short pulse using the passive mode-locking 
effect1' (rp -40 psec). 

Analysis of these ways of improving the time resolution 
of the apparatus shows that meeting the requirements on the 
source would require putting together a complex radiophy- 
sical complex operating at the limits of many engineering 
and physical parameters. We therefore chose another way of 
getting the necessary time resolution. 

2. Electron-optical chronography. This method has been 
used often in recent decades for studying fast processes in the 
most diverse areas of physics and technology,13 but it has 
remained practically unused (with one exceptionI4) for 
studying fast processes in magnetically ordered media. 

As a rule, the method of electron-optical chronography 
is used to study the features of the dynamics of one-dimen- 
sional objects.I3 In our experiments the one-dimensional ob- 
ject of study (for example, a segment of a domain wall or 
MMFW) is formed by an optical slit. Under the action of 
H,,, the segment moves along the slit. Here the chronogram 
is a sweep of the motion of this object over time in the direc- 
tion perpendicular to the slit. 

In its overall form the experimental apparatus is analo- 
gous to that described earlier.8 The source of illumination 
was a Q-switched yttrium aluminum garnet (YAG:Nd3+) 
laser with frequency conversion of the fundamental radi- 
ation. The duration at half amplitude of the illumination 
pulse was r, - 8 nsec, the wavelength was A-0.53 pm, and 
the pulse energy was W- J. 

The laser light was projected onto the surface of the 
sample with the aid of an optical system. For the analyzer 
and polarizer we used Glan-Thompson prisms. An image of 
the magnetic object was projected through a Dove prism and 
a slit onto the photocathode of an electron-optical converter 
(EOC). The image of the slit on the screen of the EOC could 
be oriented in the required direction with the aid of the Dove 
prism. 

The detection unit was based on a controllable EOC of 
the UMI-93 type with a multislit photocathode, giving a 
time resolution of -10-" sec and a spatial resolution of - 10 pairs of lines per 1 mm and having a photocurrent gain 
of - lo5. The electrostatic system for deflecting the electron 
beam could make a linear sweep of the image. In the experi- 
ments the linear part of the sweep had a duration rP=: 12 
nsec and a length 1 on the EOC screen of 22 mm. At a pro- 
jected slit width d=: 100 p m  on the screen of the EOC, the 
time resolution of the apparatus was 

ZP N = - = 5 6  psec. 
l l d  

(3) 

The chronogram images were photographed from the 
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output screen of the EOC. 
To form pulsed magnetic fields we used a current-pulse 

generator made up of a TGI-100/8 thyratron. The ampli- 
tude of the square current pulses reached 50 A and the rise 
time .rf was not over - 10 nsec. The operation of all the pulse 
circuits was monitored with an S1-75 oscilloscope. In the 
experiments H, was varied from 0 to 400 Oe, and Hpu, from 
0 to 2000 Oe. The samples were iron garnet films grown by 
liquid-phase epitaxy on the (1 11) plane of Gd3Ga50,, sub- 
strates. Samples with different compositions and properties 
were studied (see, e.g., Refs. 5-8). Part of the results of this 
paper are given for a sample of composition (BiTm),(Fe 
Ga),O,, with a thickness h - 7.5 pm, a bubble collapse field 
H,z 13 1 Oe, a uniaxial anisotropy field Ha z 600 Oe, a satu- 
ration magnetization 4rMS ~ 2 3 6  Oe, and a stripe-domain 
period Po= 12.6 pm. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

In the present study we have carried out an experimen- 
tal investigation of the inhomogeneous rotation of the mag- 
netization vectors in crystalline iron garnet films. We have 
made a detailed study of the characteristic times for the oc- 
currence of this process in magnetic fields of different orien- 
tations and strengths. 

FIG. 1. Chronograms illustrating the remagnetization of iron garnet iilms 
through the motion of MMFWs in different pulsed fields H,,, (r = 0): a) 
720 Oe, b) 800 Oe, c) 1600 Oe, d) remagnetized sample in a field H,,, 
(r = 0) =: 1600 Oe in the presence of a field H,, = 100 Oe in the plane (H,, 
is directed along the slit from left to right). The origin of coordinates 
corresponds to the time at which the pulsed field is applied. The rise time 
of H,,, is rf=. 10 nsec, H, = 190 Oe. 

Pulsed remagnetization of iron garnet films in strong 
gradient magnetic fields 

Let us consider the inhomogeneous rotation in magneti- 
zation vectors in strong gradient magnetic fields, i.e., near 
the windings of the pulsed coil. It is well known5.' that near 
the windings of a coil the inhomogeneous rotation begins 
with the formation of an annular MMFW, which moves at 
high speed toward the center of the coil. Because of the fast 
rates at which these processes occur, we used the method of 
electron-optical chronography. Since we observed no anisot- 
ropy of the speed of the MMFW in the given region, we 
studied the motion of two MMFW segments cut out by the 
optical slit, which was placed along the diameter of the 
pulsed coil. The chronograms represented a time sweep of 
the motion of the two parts of the MMFW in the direction 
perpendicular to the slit (Fig. 1). The experiments, as a rule, 
were done in completely crossed polarizing sheets to give the 
highest contrast for visualizing those regions of the iron gar- 
net film in which the projection of the magnetization vectors 
onto the optic axis is minimum. The chronograms of the 
MMFWs, as a rule, were dark, bow-shaped regions which 
were protracted along the time axis (Fig. la-c) and divided 
the sample into regions which had been remagnetized 
through inhomogeneous rotation (outside the trajectories of 
the MMFWs) and regions which had not been remagnetized 
(between the trajectories). Figure 1 shows chronograms of 
the MMFWs for a sample that has been described in detail 
el~ewhere.~.' The dimension of the chronograms along the 
horizontal axis is limited by the inside diameter of the pulsed 
coil, and the vertical dimension is limited by the duration of 
the EOC sweep. 

The close synchronization (to within + 1.0 nsec) of the 
leading edge of the magnetic-field pulse Hpul with the start of 
the EOC sweep made it possible to determine the magnetic 
field acting on the sample at every instant after the start of 
Hpu,.  The markings on the time axis in Fig. 1 begin at the 
time when Hpu, reaches 0.1 times its maximum amplitude. 
Experiments have shown (Fig. 1) that the inhomogeneous 
rotation of the magnetization vectors and, consequently, the 
formation of the MMFW begin back at the leading edge of 
Hpu,. Here, as in Ref. 5, the MMFW formed at the leading 
edge of Hpu, continues to move even after the magnetic field 
has reached its maximum value. This suggests that the asser- 
tion9 that the motion of the MMFW is accomplished at the 
leading edge of Hpul,  i.e., reflects the spatial displacement of 
the boundary at which the strength of the nonuniform field 
reaches its critical value, is not general but depends on the 
conditions of the experiment. It can be correct only under 
the assumption that the intrinsic relaxation times of the 
magnetic moments are much shorter than the time required 
for the effect of the pulse to become established; we did not 
observe such a situation in our experiments. 

It is of interest to measure the velocity V,  of the 
MMFW in the established magnetic field, i.e., after the lead- 
ing edge of H,,, has passed. This is easily done from the data 
shown in the photographs in Fig. la-c. A calculation shows 
that in magnetic fields A H  (0) =: 530 Oe, A H  (0) z 6 10 Oe, and 
LW (0) z 1400 Oe the MMFW velocity reaches - 30.10' m/ 
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sec and remains substantially unchanged with increasing 
H,,,. These results are somewhat different from those pre- 
sented in Ref. 5. This is entirely natural, since the accuracy 
of the measurements in Ref. 5 was considerably poorer be- 
cause of the low time resolution of the apparatus and since 
that study did not investigate the MMFW velocity for in- 
creasing and established values of the field H,,, . 

Thus by employing the method of electron-optical 
chronography one can do a high-time-resolution, real-time 
study of the formation and motion of MMFWs. It becomes 
possible to determine the time over which the inhomogen- 
eous rotation of the magnetization vectors occurs at an arbi- 
trary point in the sample for different orientations and 
strengths of the external magnetic field. For a known geome- 
try of the pulsed coil, the magnetic field acting on the sample 
can be calculated very simply (see, e.g., Refs. 7 and 15). Fig. 2 
shows the normalized strength of the pulsed field H,,, as a 
function of the distance r to the center of the coil used in the 
experiment. Also shown here is the r-dependence of the an- 
gle of deviation of the vectors Hpul from the normal to the 
plane of the film. By shifting the coil and slit relative to the 
sample and then changing the external magnetic field, one 
can study the inhomogeneous rotation at any point in the 
sample. To determine the remagnetization time (due to inho- 
mogeneous rotation) of the iron garnet film at an arbitrary 
point with the aid of a chronogram, one must draw a line 
from the given point r in the direction of the image sweep 
(along the time axis) and determine the time interval at 
which the straight line intersects the trajectory of the 
MMFW. It is clearly seen in Figs. la-c that the inhomogen- 
eous rotation occurs most rapidly near the windings of the 
coil. In this region local areas of the sample can be remagne- 
tized over a time of the order of 1 nsec (Fig. la-c). It should 
be noted that in this case, as a rule, the pulsed magnetic field 
does not reach its full (amplitude) value. This means that the 
inhomogeneous rotation is affected largely by the gradient 
character and orientation of the external field. The deter- 
mining factor is apparently the field direction, since it is seen 
in Fig. 2 that it is at the windings of the coil that the planar 
component of Hpul is maximum. To check this assumption 

1, p m  
FIG. 2. Calculated curves of the normalized pulsed field H,,, (curve 2) and 
the angle of deviation of the field vector H,,, from the normal to the 
surface of the iron garnet film (curve 2) as functions of the distance r from 
the center of the coil. The calculation was done for a coil with the follow- 
ing parameters: inside radius R = 730 pm; wire diameter d = 70 pm; 
number of turns n = 5. The field was determined at a distance h = 120pm 
from the central plane of the coil. 

we applied a planar field H,, of from 0 to 100 Oe in various 
directions. The presence of Hpl leads to a substantial in- 
crease (by several times) in the rate of inhomogeneous rota- 
tion and in the anisotropy of the MMFW velocity (see Fig. 
Id). Evidence of this is the breaking of the symmetry of the 
MMFW chronograms with respect to the time axis and also 
the change in their steepness. Under certain conditions (see 
Ref. 15) this anisotropy of the MMFW velocity causes a dis- 
placement of the triangular magnetic domains with respect 
to the center of the coil. 

dM/dt=- y [MH], 
The influence of the planar component of the external 

fields on the rate of inhomogeneous rotation can be justified 
qualitatively by considering the Landau-Lifshitz equation 
(without dissipation) where y is the gyromagnetic ratio and 
H is the external magnetic field. It follows from (4) that the 
rate of motion of the magnetic moments M is directly pro- 
portional to the torque T = MXH. In our experiments the 
magnitude of this moment under otherwise equal conditions 
(IMI and IHI) is maximum near the coil windings (see the 
orientation of H,,, in Fig. 2, since the angle between M and 
H is maximum). Therefore, near the pulsed coil, and also in 
the presence of a static field H,,, we also observed a higher 
rate of rotation of the magnetic moments, i.e., in regions 
where Hpl is maximum the areas of the sample were remag- 
netized in the minimum time. 

Let us ask qualitatively which external conditions have 
the main influence on the MMFW velocity. It has been 
pointed out5.8 that the inhomogeneous rotation of the mag- 
netization vectors begins when the external fields AH(r) 
reach the value of the effective uniaxial anisotropy field H 2. 
Because of the finite rise time 7,. of the leading edge of Hpul 
the inhomogeneous rotation begins back at the front of the 
pulse. However, by virtue of the finite relaxation times of 
processes in iron garnet films and the complex configuration 
of the pulsed field the sample in a real experiment is practi- 
cally never remagnetized in the time T,.. Therefore, it is use- 
ful to distinguish the MMFW velocity in a varying and con- 
stant pulsed field. Depending on the rise time and the 
strength ofH,,, the path traveled by a MMFW over the time 
.rf will be different. It is entirely natural that for a given rise 
time of H,,, , the higher the amplitude of the pulse the faster 
the critical field H X is reached at every point. Consequently, 
in a changing field the MMFW velocity will be proportional 
to dH,,, /at. This assertion is well illustrated by the chrono- 
grams shown in Figs. la-c. These figures show that the 
MMFW slows down as it moves toward the center of the 
coil. This means that over the entire time that H,,, acts, the 
MMFW velocity is directly proportional to the spatial gradi- 
ent of H,,, , which is determined by the geometry of the coil, 
i.e., V,  -dHpu, /dr. This assumption is confirmed by the fact 
that even if the effective field A H  (r  = 0)  in the central region 
of the coil (where dH,,,/ar-tO) is greater than H z ,  the 
MMFW velocity is found to decrease in the experiments (see 
Fig. lc). We therefore believe that the assertion16 that V, is 
inversely proportional to the spatial gradient of the field is 
clearly in error. 
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In considering the relationship of V,  and dH,,, /dr, it is 
evidently useful to consider separately the gradients of the 
normal (H,,,, ) and planar (Hpulli ) components of H,,, . This is 
because, as we have shown above, it is the planar component 
of H,,, that has the important influence on the rate of rota- 
tion of the magnetic moments. However, to determine even 
qualitatively the relationship between the MMFW velocity 
and dH,,,, /dr and dHpUlII /dr will require additional experi- 
ments. 

Some features of the formation of MMFWs 

Experiments have shown that upon any changes in 
H,,,, Hb,  and H,,, the formation of MMFWs begins at the 
leading edge of H,,, . This is due first to the finite rise time .rf, 
since if the amplitude of AH (0) is greater than H ;: the mag- 
netic moments begin to turn even as H,,, is becoming estab- 
lished. Let us discuss the most interesting features of 
MMFW formation that emerge from our detailed study of 
the sample described in this paper (see Fig. 3). The MMFW, 
as the entire entity considered above (see Fig. I ) ,  is generally 
not formed right away. In the early moments the inhomo- 
geneous rotation is characterized by a complex and extreme- 
ly rapid interaction of the magnetic moments at different 
points in the sample. Here one can observe in the experiment 
a specific "sawtooth" pattern of the MMFW trajectory, 
which in time transforms to the typical (without fine struc- 
ture) trajectory. 

Let us consider some features of the MMFW formation 
at a fixed bias field Hb = 200 Oe. We shall give the values of 
the field H,,, (r = 0) at the center of the pulsed coil. From 
these values and the functional forms shown in Fig. 2 it is 
extremely easy to calculate the strength and orientation of 
the field at an arbitrary point in the sample. In fields H,,, 
(0) -- 300 Oe a single MMFW forms near the coil windings, 
and then, after - 1 nsec, a second MMFW forms (see Fig. 
3a). For a certain time (t, - 4-6 nsec) these waves move inde- 
pendently, and then, at a distance r, - 300pm from the edge 
of the coil, they flow together to form a combined MMFW. 
As H,,, is increased from 300 to 2000 Oe the trajectories of 
the MMFW become noticeably steeper with respect to the 
time axis, and the characteristic time t, for the confluence of 
the separate MMFWs decreases from - 6 nsec to - 3.5 nsec 
(see Figs. 3a,b). 

On changes in the initial conditions-the bias field Hb 
-the above picture of the MMFW formation remained basi- 
cally the same. Experiments were done at H, > H,, since for 
Hb < H, the presence of domain structure substantially com- 
plicates observation of the MMFW formation. Increasing 
Hb all the way to 400 Oe in fields H,,, > 1000 Oe makes it 
possible to detect the appearance of the contours of the third, 
fourth, and even the fifth MMFW, which were formed, as 
before, with a time interval 0.5-1 nsec (see Fig. 3c). Here the 
time of formation of the united MMFW is somewhat longer. 

It must be stressed that the formation of the combined 
MMFW for the actual geometry of the coil is accomplished 
at a distance r, = 300-350pm from the edge of the coil. In 
this region (Fig. 2) H,,, has the largest planar component. 

We note that the MMFW can be characterized by a 
definite width A,, i.e., the minimum distance at which a 
180-degree rotation of the magnetic moment occurs. From 
Figs. 1 and 3 it is plain that as the wave moves toward the 
center of the coil (i.e., into the region of weak gradients of 
H,,, ), A, increases from tens of microns to hundreds of mi- 
crons. 

Turning now to the nature of the formation of com- 
bined MMFW, we must point out that it is not due to tran- 
sients in the formation of H,,, . In particular, an increase in 
the rise time of H,,, from 10 to 50 nsec has no substantial 
effect on the dynamical process in the sample. It is natural to 
assume that the features of the formation of the united 
MMFW are due to the characteristics of the sample itself, 
the most important of which are apparently the intrinsic re- 
laxation times of the magnetic moments. 

In the course of the experiments it was found that de- 
pending on the relative orientation of the polarizer and ana- 
lyzer, the greatest visual contrast was seen at different parts 
of the trajectories of the MMFWs prior to their confluence. 
The position of the polarizing sheets determines the number 
of observable MMFW trajectories and also the features of 
the confluence of the MMFWs-the formation of the "saw- 
tooth" pattern (Fig. 3b-d). We note that the anglea by which 
the polarizing sheets were uncrossed was not more than 1-2". 
In particular, the photographs shown in Fig. 3 were taken at 

FIG. 3. Chronograms characterizing the formation of a MMFW extend- 
ing through the thickness of the sample in a multilayer sample in different 
pulsed fields: a) Hb = 190 Oe, H,,, ( r  = 0) =. 500 Oe; b) Hb = 190 Oe, H,,, 
(r  = 0) = 1600 Oe; c, d) H, = 300 Oe, H,,, (r = 0) =. 850 Oe. The polarizer 
and analyzer are uncrossed by an angle a<30', and rf=. 10 nsec. 
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a (30'. 
A qualitative analysis of the Faraday effect shows that 

the greatest contrast for domain walls and MMFWs which 
extend all the way through the film and separate regions of 
the sample which are magnetized in opposite directions can 
be obtained in completely crossed polarizing sheets. If the 
sample is layered, on the other hand, to obtain the greatest 
visual contrast for a MMFW propagating in one of the layers 
the polarizer and analyzer should be slightly uncrossed. 

The experiments described above give direct proof that 
in iron garnet films the inhomogeneous rotation in layers 
having different properties can begin at different times after 
the application of Hpul . The presence of layers in the sample 
was established by the method described in Ref. 7. 

The data in Fig. 3 imply that local points in a particular 
layer of the sample can be remagnetized in substantially less 
than 1 nsec. An interesting feature of the inhomogeneous 
rotation in the layered sample is captured in Fig. 3d. It is 
plainly seen that the trajectory of the MMFW propagating 
in one of the layers is practically perpendicular to the time 
axis. This means that in the strong gradient field near the coil 
windings in one of the layers of the sample the magnetic 
moments can flip practically instantaneously, as is charac- 
teristic of inhomogeneous rotation. The observed effect is 
apparently directly related to the presence of the adjacent 
layer, which is already remagnetized through the motion of 
the MMFW. It can be assumed that the development of a 
process similar to inhomogeneous rotation in a bounded area 
of the sample is due to the absolute instability of the magnet- 
ic moments in the given layer and to the presence of end 
domain walls separating it from a remagnetized layer. 

An important feature of the inhomogeneous rotation is 
the presence of a critical configuration of the pulsed field 
such that the interaction of the flip waves propagating in an 
individual layer in the sample gives rise to a united MMFW 
which extends through the entire thickness of the film. Here 
the planar component of H,,, plays an important role. Of 
course, the critical conditions for the formation of a MMFW 
extending through the thickness of the sample can vary de- 
pending on the properties of the sample, its position with 
respect to the coil, the coil geometry, etc. 

These experiments suggest that the independent forma- 
tion of MMFWs in layers with different properties is possi- 
ble when the interaction between layers is small and the 
characteristic relaxation times in them are less than 1 nsec. 
In fact, in a first sample which was known to be layered we 
were unable to observe MMFWs in individual layers (Fig. 1). 
At the same time, the existence of such MMFWs was clearly 
evident in a study of the dynamical behavior of another sam- 
ple (Fig. 3a,b). The reason for this difference may be a shorter 
relaxation time of the magnetic moments in the second sam- 
ple. It is not ruled out that the observed differences are due to 
a weaker interaction of the magnetic moments in different 
layers in the second sample in comparison with the first. 
However, in experiments analogous to those described in 
Ref. 7, both samples had equally visible layers. It can there- 
fore be assumed that the governing influence on the inhomo- 
geneous rotation in layered samples is the characteristic re- 

laxation time of the magnetic moments. 
It follows from Fig. 3 that the width A, of the wave in 

each of the layers of the sample is substantially narrower 
than A, for a MMFW that extends through the thickness of 
the film. On the other hand, if the combined MMFW in an 
iron garnet film of thickness h is formed from several waves, 
then by virtue of the different relaxation times in the layers 
and, consequently, the complicated interaction between the 
magnetic moments of different layers the combined MMFW 
extending through the thickness of the sample should be 
wider than the analogous wave in a single-layer sample of the 
same thickness. This confirms the results of the experiments 
described above. 

4. CONCLUSION 

The main results of this study boil down to the follow- 
ing: 

An experimental setup employing electron-optical 
chronography was assembled, permitting real-time study of 
fast dynamical processes in thin magnetic films with a time 
resolution - 60 psec. The use of this arrangement permitted 
detailed study of a number of fundamentally new physical 
phenomena associated with the inhomogeneous rotation of 
the magnetization vectors in crystalline iron garnet films. 

It was found that the magnetic moments have intrinsic 
relaxation times on the order of a few nanoseconds (the val- 
ues can differ substantially even for samples of the same 
composition). Because of this, the magnetic system cannot 
instantaneously follow changes in the external magnetic 
fields if these changes occur over characteristic times of the 
order of nanoseconds. 

Experimental studies of the inhomogeneous rotation of 
the magnetization vectors at arbitrary points in the sample 
were carried out for different orientations and strengths of 
the external magnetic fields. It was found that local regions 
of the sample can be remagnetized in less than 1 nsec. It was 
shown that the rate of the inhomogeneous-rotation process 
depends strongly on the strengths of the pulsed or static 
magnetic fields in the plane of the sample. For example, at a 
static field H,, -- 100 Oe the entire region of the sample in- 
side the pulsed coil could be remagnetized in several nanose- 
conds. 

The features of the formation and motion of MMFWs 
were studied in detail. It was found that the MMFW velocity 
is proportional to dHp,,/dt and to the spatial gradient of 
Hpu,, i.e., dH,,, /dr. Therefore, it is useful to distinguish the 
MMFW velocity in changing and static magnetic fields. In 
an established external field the MMFW susceptibilities can 
reach tens of km/sec. It was shown that the width of the 
MMFW could can appreciably depending on the strengths 
and orientations of the external magnetic fields and, as a 
rule, ranges from tens to hundreds of microns. 

We studied the features of the formation of MMFWs in 
multilayer iron garnet films. It was found that in the initial 
stage of the process the inhomogeneous rotation, MMFWs 
can form successively with time intervals -0.5-1 nsec in 
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different layers of the sample. It was shown that regardless 
of the strengths of the external magnetic fields there exists a 
definite field configuration for which several MMFWs in 
different layers combine to form a united MMFW which 
extends through the entire thickness of the sample. It was 
shown that in one of the layers of the sample in a strong field 
gradient the magnetization vectors in a large area (0.9 mm2) 
can execute a practically homogeneous rotation character- 
ized by a rapid ( -  1 nsec) flip of the magnetic moments over 
the entire area. 

In conclusion, it should be noted that the investigated 
features of the inhomogeneous rotation of magnetization 
vectors can find wide application in a number of fast magne- 
tooptic devices, such as light modulators, for example. 
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