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Iron, yttrium orthoferrite, and hematite single crystals were investigated using magneto-optic apparatus
capable of micron resolution. A magneto-optic domain wall signal was obtained for iron and hematite

and a study was made of the distribution of the magnetization in the volume occupied by a domain wall.
The processes of magnetization and of magnetization switching in a domain wall were investigated, i.e., a
study was made of the dimensions and polarity of subdomains in a domain wall in an iron whisker. The
domain structure of different faces of orthoferrite and hematite single crystals was investigated and
displacements of domain walls and domains as a whole were studied. A characteristic domain structure,
due to the appearance of a uniaxial surface magnetism, was observed on nonbasal faces of hematite. The

presence of surface magnetism was confirmed by measuring the anisotropy of the magneto-optic effect

when a sample and an external magnetic field were rotated.

1. INTRODUCTION

In an earlier paper,!'! we described magnetooptic ap-
paratus for the investigation of the distribution of mag-
netization on microscopic surface regions of the order
of one square micron and we demonstrated'? the suita-
bility of this method in studies of real magnetic micro-
structure elements in ferromagnetic metals. We ob-
tained magnetooptic signals from a domain wall in iron
and nickel single crystals and from separate micron-
size domains in Permalloy films with the stripe struc-
ture.

The present paper reports the results of an investi-
gation of various elements of the magnetic structure of
magnetically ordered crystals, obtained using an im-
proved version of the micron-resolution magnetooptic
apparatus described earlier. The improvements in the
apparatus and method consisted of an increase in the
gain and reduction in the pass band of a selective am-
plifier, use of a synchronous detector which made it
possible to increase the sensitivity and analyze the
phase of the magnetooptic signal, use of microdrives
for continuous and independent movement of the entry
slit of a photomultiplier in the vertical and horizontal
directions in the focal plane of the microscope, use of
a device with microdrives for moving a sample above
the objective in two perpendicular directions and for
rotating the sample about its vertical axis, increase in
the light source stability, and use of a low-noise photo-
multiplier. Moreover, the strong magnetooptic reflec-
tion effects exhibited by ferroelectric insulators, in-
cluding weak ferromagnets,!®! made it possible to em-
ploy the proposed method in a study of the magnetic
structures not only of ferromagnetic metals but also of
magnetically ordered insulator crystals.

The principle of the operation of the micron-resolu-
tion magnetooptic apparatus, described in detail inl*?!,
was the determination of the change in the intensity of
light which reached the image plane of the microscope
from a micron-size surface area of an investigated
sample. The magnetooptic effect determined experi-
mentally was a measure of the change in the magnetiza-
tion of the illuminated surface region due to periodic
variation of an external magnetic field. The transition
from one magnetooptic effect to another by a change in
the orientation of the sample as well as the plane and
angle of incidence of light and the introduction of an
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analyzer made it possible, at least in principle, to de-
termine the contributions of all the components of the
magnetization. Important information was also obtained
when the amplitude of the external magnetic field was
varied.

The capabilities of the method can best be illustrated
by giving examples of operations which can give a par-
ticular component of the magnetization in a micro-
region of the surface of a magnetic crystal.

1. When an ordinary objective is used, we obtain a
symmetric beam in the sense that, for each ray of light
with a positive angle of incidence, there is a ray with
a negative angle which destroys the equatorial and
meridional Kerr effects that are odd in respect of the
angle of incidence and depend linearly on the tangential
(i.e., parallel to the sample surface) components of the
magnetization.

a) The introduction of an analyzer makes it possible
to determine the polar Kerr effect, i.e., the change in
the normal component of the magnetization.

b) In the absence of an analyzer, we can record the
orientational magnetooptic effect, i.e., the change in the
intensity of the reflected light proportional to the change
in the square of the tangential component of the mag-
netization which is perpendicular to the plane of inci-
dence of light.!*]

2. The introduction of an obliquely illuminated prism
fixes the plane and angle of incidence of light and this
makes it possible to measure the magnetooptic effects
which are related linearly to the change in the tangen-
tial components of the magnetization.

a) In the absence of an analyzer, we can record the
equatorial Kerr effect representing the change in the
reflected light intensity proportional to the change in
the magnetization component perpendicular to the plane
of incidence of light. If the electric vector of the light
wave is perpendicular to the plane of incidence (S wave),
the equatorial Kerr effect vanishes.

b) In the absence of an analyzer, we can determine
the normal component of the magnetization from the
change in the intensity of light reflected from a ferro-
magnet with polar magnetization.[®) In this case, we
have to set the plane of polarization of a polarizer in
such a way that it differs from S and P, for example,
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we can use a 45% orientation of the plane of polariza-
tion.

c¢) Proceeding as described above, we can record
the presence of the horizontal component of the mag-
netization, which is parallel to the plane of incidence
of light, from the change in the light intensity reflected
from a meridionally magnetized ferromagnet.! *!

d) In the presence of an analyzer, we can record the
meridional Kerr effect representing the rotation of the
plane of polarization of light proportional to the change
in the component of the magnetization parallel to the
plane of incidence. The meridional Kerr effect is non-
zero for the P and S waves.

Summarizing the method as a whole, we can say that,
in respect of the magnetic properties, the apparatus
is a magnetooptic micromagnetometer,'® since it makes
it possible to measure the magnetic properties of sam-
ples whose volume is of the order of 10"*° cm® (when
the illuminated area is 1 4 and the penetration depth of
light is 1 1) and, in respect of the optical properties,
the apparatus allows us to examine an object with a
very high resolution (~0.2 ) when the contrast is very
low (the reflection coefficients of parts of the surface
with different magnetizations differ by less than 0.1%).
Moreover, since the method is dynamic, magnetic ele-
ments in motion can be distinguished clearly from opti-
cal inhomogeneities of the surface.

2. DETERMINATION OF THE STRUCTURE OF
DOMAIN WALLS IN IRON SINGLE CRYSTALS

The question of the structure of domain walls
emerging on the surface of a bulk ferromagnet has not
yet been solved fully theoretically but most of the
papers predict that the walls should become thinner on
approach to the surface. A direct method for investi-
gating the structure of a domain wall on the surface of
a ferromagnet is the magnetooptic method,l’! which
makes it possible to determine the distribution of the
magnetization directly in the volume occupied by the
transition layer between the domains. As pointed out in
the Introduction, a magnetooptic signal from an oscil-
lating domain wall was observed some time ago.”” How-
ever, Efimov and Turpanov!®! reported that no magneto-
optic signal was produced by an oscillating domain wall
and an attempt made by Kranz and Buchenau!®! to
photograph a domain wall was also unsuccessful. We
are hoping that the experimental results reported below
will shed some light on the subject of domain walls.

We investigated domain walls in bulk silicon-iron
single crystals and on the (001) crystallographic plane
of whiskers. These were 180° domain walls oriented
along the [100] axis. The axis perpendicular to the
sample’s surface was denoted by z, that lying in the
plane of the sample and perpendicular to the domain
wall by x, and the one lying in the plane of the sample
and directed along the domain wall by y. Then, the
magnetization in two neighboring domains was +Jg,
i.e., it was directed along the y and -y axes. All the
curves discussed in the presence section were the de-
pendences on x, i.e., the measurements were carried
out by moving the photomultiplier slit in the focal plane
of the microscope across a domain wall, keeping the
amplitude of the wall oscillations constant.

Figure 1 shows curves of this type obtained under
different conditions. The curves on the left of Fig. 1
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FIG. 1. Variation of the intensity of the reflected light from a region
of 0.35 X 3.0 u in area on the surface of an iron whisker (a—e) and of a
silicon-iron single crystal (f—j) obtained in the case of periodic oscillations
of a domain wall. The curves with a reversal of the sign (open circles) re-
present the orientational effect §or due to a domain wall. The equatorial
Kerr effect due to domains deq is represented by crosses (c, d, j). The x
axis lies in the plane of the sample at right-angles to the domain wall.

were obtained for whiskers and those on the right for

a silicon-iron single crystal. The measurements were
carried out with the photomultiplier slit adjusted to a
width corresponding to the illuminated part of the sam-
ple surface (0.35 x 3 u), which was parallel to a domain
wall. The crosses in Figs. 1c, 1d, and 1j represent the
‘‘domain effect.’”’ This effect was obtained in the pres-
ence of an obliquely illuminated prism and for the
perpendicular orientation of the wall relative to the
plane of incidence of light (transverse orientation). In
this way, we recorded the equatorial Kerr effect of a
domain (case 2a in Sec. 1). The range of the nonzero
equatorial effect 5¢q was governed by the volume in
the ferromagnet whose magnetization was reversed by
the motion of the domain wall.

In this case, the effect should not have changed its
sign when the slit crossed the initial position of the
domain wall x,. Let us consider, for example, the situ-
ation when the slit was located to the right of x, and
the effect was § > 0 when the wall moved to the right.
Then, at intervals of odd half-periods, the reflected
light intensity should increase by § and at intervals of
even half-periods it should remain constant. However,
when the slit was located to the left of x,, the intensity
of the reflected light should not have changed for the
odd half-periods but should have changed by § for the
even half-periods. Obviously, the effects recorded in
these two cases should be equal because there should
be no change in the phase of the signal.

Open circles in Figs. la-1j represent the quadratic
magnetooptic effect directly due to the oscillations of a
domain wall. This domain effect could be eliminated by
altering the situation described as case 1b in Sec. 1 by
taking out the obliquely illuminated prism. Following
the reasoning given above, we could show that the ef-
fect of a domain wall should change the sign at the
point x, because the reflected light intensity should in-
crease when the slit was located to the right or left of
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Xo but, in the former case, the increase should occur

at odd half-periods, whereas, in the latter case, it
should occur at even half-periods. Thus, the change of
the sign of the effect exhibited by the dependences §(x)
provided the first proof that we were dealing with the
magnetooptic signal produced by a domain wall. When
the amplitude of the wall oscillations exceeded the wall
thickness, the separation between the positive and
negative maxima of the dependence §(x)became equal
to the oscillation amplitude. However, when this ampli-
tude was less than the domain wall thickness, the same
separation § should have been independent of the oscil-
lation amplitude because the positive and negative
maxima of the dependence §5(x) were governed by a
differential effect which appeared because of the pres-
ence of regions of maximum variation of the magnetiza-
tion in the domain wall. Thus, the separation between
the maxima d = d,, independent of the wall oscillation
magnitude, was governed by the structure of the domain
wall and it was natural to regard it as the effective
domain wall thickness.

Examples of such dependences d(H) obtained for
whiskers were given in!'°), Figure 2 shows the depend-
ence d(H) for a 180° wall in a silicon-iron single
crystal (curve 2) and the dependence d(H) for a domain
wall in whiskers (curve 1) showing the linear depend-
ence of the oscillation amplitude on the magnetic field
in the range of stronger magnetic fields. The results
obtained for different samples indicated that the thick-
ness of a 180° domain wall in silicon-iron single
crystals ranged from 0.6 to 0.8 .

The field dependence of the effect provided an addi-
tional support for the conclusion that the dependences
8(x) with an alternating sign were due to domain walls.
For example, it is clear from Figs. le and 1j that a
considerable reduction in the oscillation amplitude re-
sulted, as expected, in a strong fall of the wall effect
because this effect was due to a pulse signal resulting
from a brief transit of a wall across the photomultiplier
slit. However, the domain effect was large throughout
the magnetization reversal region and reached a value
8g corresponding to the total magnetization reversal in

FIG. 2.

FIG. 3

FIG. 2. Dependences of the separation between the positive and nega-
tive maxima of § (x) (Fig. 1) on the field causing wall oscillations. Curve 1
represents a domain wall in a whisker and curve 2 a domain wall in a sili-
con-iron single crystal. The initial part of curve 1 is given in [!°].

FIG. 3. Field dependences of the domain and wall effects at the posi-
tive and negative maxima obtained for a silicon-iron single crystal. The
open circles and crosses represent the domain effect obtained for illumi-
nated regions of 0.35 X 3.0 and 1.0 X 3.0 u, whereas the black dots repre-
sent the wall effect obtained for an illuminated area of 0.7 X 3.0 u.
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the sample from +Jg to -Jg. This was supported by
the dependences of the domain and wall effects at the
positive and negative maxima on the amplitude of the
applied alternating magnetic field.

Additional information on the structure of a domain
wall could be obtained by investigating other magneto-
optic effects. Figures 4a and 4b show the equatorial
Kerr effect of a domain wall in a whisker obtained for
the parallel orientation of the wall relative to the plane
of incidence of light and measured in different parts of
the wall, i.e., for different values of y. The amplitudes
of the positive and negative maxima were found to be
governed by the transverse Neel component of the
magnetization in the domain wall and the change in the
sequence of the signs of the maxima of the effect shown
in Fig. 4b, compared with Fig. 4a, indicated a reorienta-
tion of the wall in respect of the transverse component
or, in other words, it indicated the splitting of the wall
into subdomains. This was confirmed by the curves in
Figs. 4d and 4e, which give the results of the simultane-
ous recording of the quadratic magnetooptic effect and
equatorial Kerr effect in different parts of a domain
wall. As expected, the sign of the quadratic effect did
not change but the linear effect changed in sign between
one subdomain and another.

Information on the normal component of the mag-
netization of a wall could be obtained by measuring the
polar Kerr effect ¢ K (case la in Sec. 1). The depend-
ence akK(x) is plotted in Fig. 4c. The maximum value
of @ K was approximately an order of magnitude
smaller than the value agg of iron in the visible
range,!*!) which indicated a strong fall of the normal
(Bloch) component of J on approach to the surface. -
The horizontal component of J could be estimated as
follows. The maximum value of the equatorial effect
due to domains was 9.6 x 107° (Figs. le and 1j, and
Fig. 2). The corresponding effect due to a wall should
be 20% smaller because the domain effect should give
rise to a nearly rectangular signal, whereas the wall
effect should produce a sinusoidal signal. Next, the
value obtained should be halved because of the reversal
of the magnetization from +Jg to —Jg in the domain

FIG. 4. a), b) Equatorial effect due to the transverse Néel component
of a domain wall in two different regions; d), e) orientational and equato-
rial effects for two parts of a domain wall; ¢) polar Kerr effect <k due to
a domain wall; f) equatorial Kerr effect due to a domain wall and the meri-
dional effect due to a domain in the same region.
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effect and then it should be nearly halved again because
of the continuous rotation of the magnetization vector
toward a domain wall.

Thus, the maximum expected value for the trans-
verse component of the magnetization for a pure Néel
surface layer should be about 2 x 10", In different
cases, we obtained similar although smaller values
within the range (1.5—1.7) x 10”® (Fig. 4). In the case of
a pure Bloch wall, the transverse component should
have been completely absent and the normal component
should have reached its maximum value Jg. In fact, the
maximum theoretical thickness of a 180° Bloch wall
should be 0.16 . Summarizing all the results given
above, we concluded that the thickness of a 180° domain
wall in iron increased by a factor of 4 on approach to
the surface; at the same time, the normal component of
the magnetization decreased strongly and a transverse
component close to Js was observed. The surface
change in the wall structure was asymmetric, i.e., the
wall was bent to the right or left (which changed the
polarity of different subdomains) because, in the case
of a symmetric distortion of a domain wall (for exam-
ple, in the case of its doubling), the average value of
the transverse component, represented by the equa-
torial Kerr effect, should be zero. The best description
of the observed results was given by a model of the
change in the structure of a domain wall on the surface,
put forward by Hubert!*?] for thick ferromagnetic films.
According to this model, a wall should become broader
on approach to the surface and not narrower—as pre-
dicted by other calculations—and although the increase
in the wall thickness estimated by Hubert was only a
few tens of percent, his theory predicted a further
linear increase in wall thickness on the surface with
increasing film thickness.

The curves in Fig. 4f represent the wall effect with
an alternating sign, deduced from the equatorial Kerr
effect (case 2a in Sec. 1), and the domain effect deduced
from the meridional Kerr effect (case 2d in Sec. 1), in
the same part of a domain wall. The transition from
case 2a to the case 2d was made by introducing an
analyzer.

It is worth noting the considerably asymmetry of the
5(x) curves corresponding to high oscillation ampli-
tudes. For example, in Figs. le and 1i, the effect
changed its sign relatively far from the middle of the
interval between the positive and negative maxima. This
asymmetry was systematic for large oscillation ampli-
tudes and, therefore, it was likely to be a manifesta-
tion of a change in the structure of a moving domain
wall, compared with the structure of a wall at rest.
This explained the appearance of the first-harmonic
signal in the vicinity of the point x, because a wall
moving to the right differed from a wall moving to the
left; it also explained the considerable asymmetry,
which appeared at high oscillation amplitudes, i.e.,
when the velocity of a domain wall in the vicinity of xo
became sufficiently large.

3. SUBDOMAIN MAGNETIZATION SWITCHING IN
AWALL

As shown in the preceding section, a domain wall on
a ferromagnet surface splits into subdomains which
differ by the orientation of the transverse component of
the magnetization. The splitting results from the
tendency to reduce the magnetostatic energy.
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We altered the subdomain structure of a wall by an
external magnetic field, i.e., we studied the processes
of magnetization and of switching in a domain wall. In
this case, a photomultiplier slit was moved longitud-
inally, i.e., along the y axis. For a given value of y,
we recorded the amplitude and sign of the first and
second maxima of the dependence 5(x). The subdomains
could then be distinguished on the basis of the sequence
of positive and negative maxima. Figure 5a shows a
subdomain structure obtained in this way in an arbi-
trarily selected part of a domain wall in some random
initial state. In a 300-p long region, we observed two
wide (~100 p) and two narrow (~10 u) subdomains.
Figure 5b shows a change in the subdomain structure
resulting from the application of a static magnetic field
along the x axis: this field gave rise to an inequiva-
lence of the subdomain energies because the field was
directed along the transverse component J in the wall
but did not cause motion of the wall as a whole since it
was directed at right-angles to the domain magnetiza-
tion. It should be pointed out that the effect of the field
was irreversible, i.e., the subdomain size did not
change when the static field was switched off. Figure 5c
shows the effects of a demagnetizing alternating field
with an amplitude gradually decreasing to zero. The
application of this field increased the number of sub-
domains and reduced their dimensions.

We also carried out experiments in which a wall was
subjected to a stronger static magnetic field Hx = +50
and -50 Oe. In this way, it was possible to achieve a
preferential magnetization of a wall in the direction of
the applied field but we were unable to reach saturation
magnetization in such fields.

4. DISPLACEMENTS OF DOMAIN WALLS IN
ORTHOFERRITE SINGLE CRYSTALS

The domain effect described in Sec. 2 can be used

to study the domain structure on the surface of bulk
single crystals and the motion of domains in external
magnetic fields. If the amplitude of the oscillations of

a domain wall is sufficiently small, the appearance of
the domain effect in the vicinity of a point x indicates
that the photomultiplier slit has intersected a domain
wall at this point. Examples of topographs of the domain

Sog 107
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FIG. 5. Structure of subdomains in a 180° domain wall in a whisker.
The open circles represent the amplitudes of the first maxima, whereas
the black dots are the amplitudes of the second maxima of the dependen-
ces 8 (x) : a) initial state; b) after application of a static magnetic field
H = 8 Oe along the x axis; c) after application of a demagnetizing alter-
nating magnetic field H = 30 Oe.
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structure on natural faces of a bulk yttrium ortho-
ferrite single crystal are given inl*®l, In the present
paper, we shall consider only the characteristic fea-
tures of the magnetization processes of orthoferrite
single crystals in stronger fields.

Figure 6a shows the domain effect curve obtained
from the equatorial Kerr effect on the (100) face when
the photomultiplier slit was moved along the [010]
direction, i.e., at right-angles to the easy magnetiza-
tion axis c. In this case, the slit produced a circular
illuminated region of 5 p in diameter. The range where
the effect differed from zero was limited to the volume
of the parts of the domains in which magnetization was
reversed and the simple form of the curve in Fig. 6a
could be explained by the uniaxial nature of the crystal,
i.e., by the fact that the domain magnetization could be
directed only along the ¢ axis ([001]). Somewhat more
complex curves, obtained for a natural (101) face, are
plotted in Fig. 6b. In some regions the domain effect
exhibited a reversal of the sign. This could be explained
by assuming that, apart from the displacement of do-
main walls, the magnetic field could also displace do-
mains as a whole and this should result in the reversal
of the magnetization in a certain volume in the ortho-
ferrite, where the magnetization became opposed to the
magnetic field, i.e., the reversal of the sign of the ef-
fect should be observed. One of the curves in Fig. 6b
was recorded using the 45° polar Kerr effect, i.e., using
the normal component of the magnetization; the other
curve in Fig. 6b was obtained using the equatorial Kerr
effect, i.e., using the tangential component of the mag-
netization. This was possible because the (101) face was
inclined with respect to the c axis and, on this face,
the vertical and horizontal components of the magneti-
zation coexisted.

5. DOMAIN STRUCTURE AND SURFACE MAGNETISM
OF HEMATITE

The domain structure on the surface of hematite
single crystals was investigated using the method de-
scribed in the preceding section. Our samples were
crystals with different natural faces. Figure 7 shows
the domain effect curves obtained using the equatorial
Kerr effect on the (111) basal face of hematite (the
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FIG. 6. Curves of the domain effect on the surface of orthoferrite
(YFe®,) and hematite single crystals: a) equatorial effect on a (100) face
of YFe?; ; by equatorial 45° effects on an inclined (101) face of YFeOs;
¢) equatorial effect on a (100) face of hematite obtained for different
values of the magnetic field.
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FIG. 7. Curves of the domain effect on a (111) basal face of a hematite
(a-Fe,05) single crystal: a), ¢) magnetic field (H = 7 Oe) perpendicular to
the plane of incidence of light; b), d) magnetic field (H = 2 Oe) parallel to
the plane of incidence.

designation of the axes was the same as in[**]), The
curves in Figs. 7a and 7c were obtained in an external
field perpendicular to the plane of incidence of light;

the curves in Figs. Tb and 7d were obtained in a mag-
netic field parallel to the plane of incidence. The transi-
tion from a to b and from ¢ to d was produced by
rotating a sample and the magnet by 90°. All four
curves were obtained by moving the photomultiplier

slit along the same direction and on the same part of
the surface.

Figure 7 demonstrates the complexity of the initial
domain structure and of the magnetization and switch-
ing processes in hematite. The dimensions of the
regions in which the magnetization switching occurred
and the form of the curve §(x) differed greatly from
one region to another: the magnetization varied not
only in the direction of the magnetic field but also at
right-angles to this field, as indicated by the presence
of a nonzero effect when the magnetic field was parallel
to the plane of incidence of light (Figs. 7b and 7d);
moreover, the change in sign of the domain effect in
some regions indicated that the magnetization switching
resulted not only from the displacement of domain walls
and rotation of the magnetization vector in some do-
mains but also from the displacement of domains as a
whole. When the magnetic field was increased, the
magnetization of the sample reached saturation, i.e., it
reached a state in which the effect was independent of
x and equal to 8s. In the basal plane, the saturation
effect was isotropic, i.e., in this case, g was inde-
pendent of the direction of H.

Completely different behavior was observed on a
nonbasal face of hematite. Figure 6c shows curves de-
termined for a sample with natural (100)-type faces.
The results in Fig. 6c indicate that the domain struc-
ture on this nonbasal face of hematite was simple com-
pared with the structure on the basal face and the
curves in Fig. 6c were similar to those obtained for a
weak ferromagnet with an easy anisotropy axis (ortho-
ferrite), shown in Fig. 6a. However, in contrast to the
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orthoferrite, the hematite sample showed no magnetiza-
tion perpendicular to the surface, which was deduced
from the absence of the polar Kerr effect on the (100)
face. The absence of the polar Kerr effect and the
characteristic anisotropy of the equatorial effect were
explained in™ by a hypothesis of the appearance of a
surface magnetism, i.e., by the appearance of a mag-
netic transition layer in which the magnetic state dif-
fered from that in the bulk of the sample, This transi-
tion layer had the structure of a domain wall and be-
haved magnetically as a weak ferromagnet with an

easy anisotropy axis coinciding with the line of inter-
section [011] of the (111) basal plane by the (100) plane,
which explained the experimental results described
above.

Additional evidence of the presence of surface mag-
netism on the (100) face of hematite was provided by
the curves shown in Fig. 8. The black dots in this curve
represent the dependence of the equatorial effect on the
angle of rotation of a sample, relative to the plane of
incidence of light, about an axis perpendicular to the
(100) plane. Zero value of the angle corresponds to the
position of the sample in which the [011] direction coin-
cided with the plane of incidence of light. In this case,
the magnetic field was in the (100) plane and perpen-
dicular to the plane of incidence of light. The dashed
curve represents the projection of the magnetization
vector in the bulk of the sample onto the H direction,
calculated allowing for the fact that the angle between
the (100) and (111) planes was 57°35'. This should be
the dependence of the effect on the angle g if the mag-
netization of the sample on the surface and in the bulk
were the same. This curve was normalized to the maxi-
mum of the equatorial effect. The open circles in Fig.
8 show the dependence of the equatorial effect on the
rotation of the magnetic field in the (100) plane when
the sample was kept fixed. Zero value of the angle cor-
responds to the situation in which the magnetic field was
directed perpendicularly to the plane of incidence of
light and parallel to the [011] axis. The direction of the
magnetic field changed at g = 90° and the equatorial ef-
fect should have changed its sign. The corresponding
calculated curve for the bulk magnetization is shown
dashed. In this case, the dashed curve represents the
change in the projection of the magnetization vector in
the bulk onto the [011] direction.

The magnetic field used in these experiments was
Beg 10"

x-Fey0;  (100)

Iyl

| I}
0°

st
FIG. 8. Dependences of the projections of the surface magnetization
onto the magnetic field direction, obtained by rotating a sample (black

dots), and onto the [011] axis, obtained by rotating the magnetic field

(open circles). These dependences were determined using the equatorial
Kerr effect. The dashed curves are the results of calculations for the same
components of the magnetization in the bulk of a sample.
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50 Oe and the illuminated region was a circle of 5 i
diameter. The experiments described above indicated
clearly that a uniaxial weak surface ferromagnetism of
the orthoferrite type appeared on the (100) face of a
weak ferromagnet with an easy anisotropy plane. This
was particularly clear when H was rotated and the ex-
ternal magnetic field passed through the direction per-
pendicular to the easy anisotropy axis [011] and it led
to the reversal of the surface layer magnetization from
+Jg to =Jg along the same easy axis.

It should be noted that the polar Kerr effect, i.e., the
emergence of the normal component of the magnetiza-
tion on the surface, was observed in very small regions
(narrow strips ~20 . wide) on the (100) face; these
regions corresponded to the sharp peaks in Fig 6c, i.e.,
they were located in the region of formation of magneti-
zation-reversal nuclei. This demonstrated a change in
the nature of the surface magnetism in or its absence
from these regions.

6. STRUCTURE OF DOMAIN WALLS IN HEMATITE

The method for investigating the structure of a
domain wall described in Sec. 2 was applied by us to
domain walls in hematite. Domain walls in weak ferro-
magnets with an easy-plane anisotropy should be con-
venient objects for investigation in view of the expected
considerable wall thickness. This is due to the fact that
the appearance of thick Neel walls is, in this case, un-
hindered by the anisotropy energy (because the magneti-
zation vectors may be rotated from one domain to
another without emerging from the easy anisotropy
plane) or the magnetostatic energy (because the mag-
netization of a weak ferromagnet is several orders of
magnitude lower than the magnetization of conventional
ferromagnets and ferrimagnets and the magnetostatic
energy is proportional to the square of the magnetiza-
tion). On the other hand, the absence of a preferred
easy anisotropy axis and the low energy of domain
walls may complicate (as shown in the preceding sec-
tion) the domain structure so much that it is very diffi-
cult to follow changes in one domain wall. However,
after examination of several crystals with the aid of
our magnetooptic apparatus, we were able to study a
small (111) face on which the domain effect in weak
fields appeared only in the vicinity of two lines rela-
tively distant from another. The line located approxi-
mately in the middle of the sample behaved as a domain
wall separating two domains. The size of the magneti-
zation-reversal region increased with rising amplitude
of the alternating magnetic field and the boundary
moved to the right when a small static magnetic field
was applied; reversal of the sign of the static field
caused the boundary to move to the left. The displace-
ment of the boundary became nonlinear in a relatively
weak field and the displacements to the right and left
were strongly asymmetric. The domain effect disap-
peared from static fields of 3—5 Oe and this was in-
terpreted as the attainment of saturation magnetization
in the positive and negative directions.

This boundary was used in the determination of the
dependences 5(x) using the method described in Sec. 2.
Figures 9a-9d show some of the equatorial effect curves
5eq(x), obtained for different amplitudes of the wall
oscillations and were analogous to the 5(x) curves ob-
tained for iron, except that, in the present case, the
domain wall thickness was approximately four times
greater and equal to 2.7 u. The dependence d(H) for
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FIG. 9. a-d—Equatorial Kerr effect due to the transverse Néel compo-
nent of the magnetization in a domain wall on the surface of a hematite
single crystal, obtained in different magnetic fields; e—orientational effect
due to a wall obtained for two mutually perpendicular orientations of the
plane of polarization of light.

FIG. 10. Dependence of the separation between the positive and nega-
tive maxima of the § (x) curves on the field causing domain oscillations
(open circles) and on the width of the photomultiplier slit (black dots).

hematite is represented by open circles in Fig. 10. At
high amplitudes of the wall oscillations in hematite, we
also observed a strong asymmetry of the dependences
deq(x) (see, for example, Fig. 9d), discussed at the end
of Sec. 2.

We were able to determine independently d, since
the thickness of the domain wall was quite considerable.
At a fixed oscillation amplitude corresponding to
H = 0.2 Oe, we determined the dependences §eq(x) for
a variable slit width /. As expected, when the slit width
was equal to or less than the domain wall thickness, d
ceased to depend on the slit width and became equal to
do (black dots in Fig. 10).

Figure 9e shows the orientational effect dependences
Sor(x) for a wall in hematite obtained for two mutually
perpendicular orientations of the plane of polarization
of linearly polarized light. Since the measured effects
were comparable in these two cases, we concluded that
the domain wall was of the 120° and not 180° type. A
similar symmetric situation was observed for iron
whiskers for 90° closure domains only. However, in the
experiments on 180° walls, described in Sec. 2, the
quadratic effects obtained for two mutually perpendicu-
lar polarizations of light were quite different in mag-
nitude. For example, when a 180° domain wall was
perpendicular to the plane of polarization of light
(case I), the effect of the wall was large, whereas in
case II, when the light-wave vector e was parallel to
the domain wall, the effect was very small.

This could be explained qualitatively as follows: in
the absence of an obliquely illuminated prism, the inci-
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dent beam included not only rays with angles of inci-
dence of arbitrary value and sign but also rays with
arbitrarily oriented planes of incidence. Therefore,
although the polarization of light was fixed (linear), the
incident beam included all types of polarization of light
from S to P. The cases described above differed be-
cause, in case I the plane of incidence of light for the
P was perpendicular, whereas in case II it was parallel
to the domain magnetization. The P wave dominated
the quadratic orientational effect at large angles of in-
cidence.l’! Therefore, the results obtained for a 180°
domain wall in iron could be explained qualitatively by
assuming that, in case I, the transition from the bulk of
the domain to its wall resulted in a greater average
change in the refractive index An than the correspond-
ing change in case II. An estimate of the change in the
refractive index in the isotropic case (An)io0 = (AN )11
and for a domain wall oriented in the (001) plane along
the [100] axis confirmed this explanation qualitatively;
quantitative estimates would require a knowledge of the
constants (An; )0 and (An )y, for iron.
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