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A magnetooptic method was used to study the fine structure of 180° domain walls on the surface
of iron single crystals. The Néel and normal (to the surface) components of the magnetization
changed sign along a section perpendicular to a wall. Characteristics of the fine structure of a wall
were linked uniquely to the direction of asymmetric bending in the surface layer. The
distributions of three components of the magnetization were determined in one section across a
domain wall. Two types of structure singularities were observed for a domain wall, associated
with the emergence of vertical Bloch lines on the surface; singularities of the Bloch point type
were also observed. A sideways displacement of a wall by a distance of = 0.4 um was observed
during motion along 4 domain wall in the case of two of these special singularities of the wall. The
structure of a 90° domain wall was investigated for the first time. This wall was also asymmetric in
the surface layer; its effective thickness on the surface was three times the thickness in the bulk.

1.INTRODUCTION

The main types of one-dimensional walls in ferromag-
nets were considered by Landau and Lifshitz' and by Néel.?
Investigations of the structure of domain walls in thin films
and near the surfaces of bulk crystals led Hubert® and La-
Bonte* to propose a two-dimensional model of the distribu-
tion of spins in a domain wall characterized by the presence
of a Néel (perpendicular to the plane of a domain wall) com-
ponent of the magnetization. This model is known as an
asymmetric Bloch wall.® On approach to the surface in a
bulk crystal a wall broadens by a factor of 3—4 (Ref. 5).
Experimental electron-microscopic investigations of the
structure of a 180° domain wall in iron films® showed that a
wall had an asymmetric structure, in agreement with the
theoretical predictions. A magnetooptic investigation of
180° domain walls in bulk iron single crystals revealed that
the wall became several times thicker on approach to the
surface and had a Néel component close to the maximum
possible.” The thickness of a 180° domain wall in the bulk of
an iron crystal was calculated by Lilley® who obtained the
value 0.23 gm. Measurements reported by Suzuki and Su-
zuki,’ made using an electron microscope, showed that an
increase in the thickness of iron films increased the thickness
of the domain walls, which reached a maximum value that
agreed with Lilley’s estimate. Green and Leaver '° as well as
Proto and Lawless'' used the same method to observe asym-
metric 90° domain walls in nickel and iron films.

The use of an electron microscope makes it possible to
study the structure of domain walls in ferromagnetic films.
However, the information on the wall structure is then aver-
aged over the film thickness. Magnetooptic effects observed
in reflected light provide a satisfactory means for the study
of surface magnetic structures in ferromagnets.

We used an improved magnetooptic setup with micron
resolution to continue the study of the structure of domain
walls in iron single crystals, which was begun earlier.” We
studied the fine structure of 180° domain walls and estab-
lished a relationship between the fine structure and the di-
rection of asymmetric bending of a wall near the surface. We
considered characteristic features of the structure of a do-
main wall associated with emergence of vertical Bloch lines
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on the surface and a singularity of the Bloch point type in
domain walls. We also studied the structure of 90° domain
walls.

2. MEASUREMENT METHOD AND SAMPLES

Our experimental investigation was carried out using a
magnetooptic micromagnetometer built around an MIM-8
metallographic reflecting microscope. This micromagneto-
meter operates by measuring in the image plane of the micro-
scope, changes in the intensity of light reflected from a mi-
croregion of a ferromagnet when its magnetization is
reversed. The operations required to measure any particular
magnetooptic effect were described in detail in Ref. 7. Im-
provements in the apparatus compared with that described
in Ref. 7 included the use of a more powerful DKSSh-150
xenon lamp, automation of the measurement process, and
widening of the frequency range. Consequently, the sensitiv-
ity of our measurements of the relative change in the intensi-
ty of light was increased by an order of magnitude and
amounted to ~ 10~ ° in studies of a part of a surface of a
ferromagnet of ~ 1 um? area at frequencies from 20 Hz to
100 kHz. The magnetization components lying in the mag-
netic mirror plane were determined using the linear (in the
magnetization) equatorial and meridional Kerr effects, as
well as the quadratic (in the magnetization) orientational
magnetooptic effect.” The component perpendicular to the
surface of a sample was found using the polar Kerr effect.

We used single-crystal iron whiskers prepared by the
method of chemical reduction of iron halides in hydrogen.
Our samples were rods of square cross section and
=~0.05x0.05 mm dimensions; their length was =10 mm
and they had natural optically “perfect” faces of the (001)
type. The edges of the whiskers coincided with directions of
the {001] type. Our samples contained 180° domain walls
located at the center of a sample along the whisker axis and
parallel to the side faces. A 180° domain wall could be inter-
rupted by 90° walls bounding prismatic domains with the
magnetization perpendicular to the axis of the sample. The
number of the latter domains ranged from O to 5. The do-
main structure was visualized under a microscope using a
ferromagnetic liquid.
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FIG. 1. Curves representing the equatorial Kerr effect due to the compo-
nent I, in adomain wall, plotted for different values of A (um): 1) 0.1;2)
0.2;3) 0.3;4) 0.4;5) 0.5; 6) 0.9.

3.INVESTIGATION OF 180° DOMAIN WALLS

Figure 1 shows a family of the equatorial Kerr curves
representing the Néel component of the magnetization of the
domain wall I, on the surface of a crystal. Different curves
were obtained for different amplitudes A of vibrations of a
domain wall induced by an oscillatory magnetic field direct-
ed along the whisker axis. The equatorial Kerr effect ap-
peared because of a change in I, due to domain wall vibra-
tions. The x and y coordinate axes were in the plane of the
wall; the y axis was parallel to the long axis of the sample and
the z axis was perpendicular to the face. The value of A de-
pended linearly on the amplitude of the applied magnetic
field H,, which was established (as in Ref. 7) from the way
the distance d between two large extrema of the equatorial
Kerr curve due to the component I, depended on the value
of H,. The amplitude A could also be determined with the
aid of the domain effect,’i.e., using the equatorial Kerr effect
due to the component I,. In strong fields H, the region
where the equatorial Kerr effect differed from zero was then
governed by the value of A. In weak fields H,, we could deter-
mine A by approximating the results with a linear depen-
dence A(H, ) in the limit H,— 0. The results of measuring A
by these two methods agreed satisfactorily. The curves in
Fig. 1 were asymmetric and the behavior of the maxima and
minima of the alternating curves changed as A increased. A
small minimum was observed to the left of the main extrema.
The nature of the asymmetry of the main extrema and the
position of the small minimum were related uniquely, as
demonstrated below, to the direction in which the domain
walls bent at the surface. The domain wall asymmetry was
manifested also by changes in the polar Kerr curves due to a
change in the orientation of the magnetization in a domain
wall for different values of A.

Figure 2 shows the dependence of the equatorial, meri-
dional, and polar Kerr effects on x obtained in one section of
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FIG. 2. Curves representing (1) the equatorial Kerr effect, (2) the meri-
dional Kerr effect, and (3) the polar Kerr effect (PKE) due to the compo-
nents /, I, and I, in a domain wall. All the curves were determined for
the same section across a domain wall and the same value of A = 0.1 gm.

a domain wall for the same values of A = 0.1 um and due to
the components I,, I,, and I, obtained in a domain wall.
Clearly, the polar Kerr effect changed its sign twice along a
section across a wall. Moreover, the right- and left-hand
parts of the polar effect were asymmetric relative to the cen-
tral maximum. It was found earlier’ that the polar Kerr ef-
fect exhibited only one sign reversal: the inadequate sensitiv-
ity of the older apparatus failed to reveal the fine structure of
the distribution of the component 7, in a domain wall. The
nature of the curves representing the polar Kerr effect indi-
cated an asymmetric distribution of 7, in the wall, in agree-
ment with the results of an investigation of the component 7,.

In low fields H,, when A <d, (d, =0.7 um is the effec-
tive thickness of a domain wall; this thickness d,, was defined
in Ref. 7 as the limit which d approached when A -0), the
curves in Fig. 1 were proportional to 31, /dx. The condition
A<d, was satisfied also as the curves shown in Fig. 2
changed.

Numerical integration could be used to reconstruct the
dependence of I, I,, and I, on x from the curves represent-
ing the equatorial, meridional, and polar Kerr effects. The
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FIG. 3. Dependences of the three components of the magnetization in a
180° domain wall, reconstructed from the magnetooptic effects presented
inFig. 2for 1) 1,;2) 1,;3) I,.
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results of such integration are presented in Fig. 3, demon-
strating clearly the asymmetry of the distributions of the
components I, and I, of a wall. The normalization coeffi-
cient necessary for plotting the 7, (x) curve was found by
measuring the equatorial Kerr effect §, under saturation
conditions, due to the component /,, i.e., when magnetiza-
tion reversal changed /, from — I, to - I,. The normal
value of the meridional Kerr effect under saturation condi-
tions was determined at high values of A and in the case of
the polar Kerr effect this was deduced from Ref. 12.

In the case of large values of A the equatorial Kerr effect
was governed, in particular, no longer just by 47, /dx but
also by higher derivatives:

5 o(l,‘) A? aﬂ(z,)
3 A\ e\ T (1)

Analysis indicated that the contribution of the second deriv-
ative d*I, /9x* was zero.The results of calculations of the
equatorial Kerr effect carried out using the above expression
and the dependence I, (x) of Fig. 3 are presented in Fig. 4.
The behavior of the principal extrema in Fig. 4 on increase in
A agrees with their dependence observed experimentally
(Fig. 1).

One may ask whether the small minimum exhibited by
the equatorial Kerr effect (Fig. 1) is not due to the fine struc-
ture of domain walls on the surface, but is a consequence of
the diffraction of light by the domain walls. It was shown in
Ref. 13 that reversal of the sign of the magnetooptic effect
observed in a very narrow linear magnetic object (on the
assumption that the width of the object is much less than the
wavelength of light A1) in the image plane of an optical in-
strument occurs at a distance corresponding to 0.54 =0.3
p£m in the object plane and the distance from a small mini-
mum in Fig. 1 to the neighboring maximum of the equatorial
Kerr effect is 0.7-0.8 pm. It therefore follows that this small
minimum does indeed reflect singularities of the structure of
a domain wall. The diffraction in the wall affects measure-
ments of the magnetooptic effects by flattening the observed
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FIG. 4. Curves representing calculations of the equatorial Kerr effect due
to I, plotted for different values of A (um): 1) 0.1;2) 0.2; 3) 0.3; 4) 0.5.
The calculations were made using Eq. (1) and the 7, (x) curve from Fig.
3.
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singularities in the dependence of these effects on the spatial
coordinates.

An investigation of domain walls in the region where
the direction of bending reverses its sign makes it possible to
relate the bending at an arbitrary point of a wall to the ob-
served asymmetry of the magnetooptic signal from this wall.
A structural entity of the Bloch type represented in the do-
main wall observed when the direction of bending of the wall
was reversed and a strong sideways displacement of the wall
by 0.4 um took place, was described recently in Ref. 14. The
observed shift of the wall made it possible to determine the
direction of bending of the wall on the surface. The smallest
of the three extrema of the equatorial Kerr effect (Fig. 1)
was always located on the side opposite to the direction of
bending of the domain wall. Therefore, the profile of the
alternating curve representing the equatorial Kerr effect in a
wall could be used to determine reliably the direction of
bending of the wall at the surface.

In addition to a Bloch point, we could postulate the
existence of two further singularities of the structure of an
asymmetric domain wall associated with the emergence of
vertical Bloch lines on the surface. These singularities were
observed experimentally and described in Ref. 14. For one of
the singularities the direction of bending of the domain wall
was the same on opposite sides of a vertical Bloch line,
whereas for the other it was different. Since in the bulk of a
crystal the signs of 7, in a domain wall should differ for
different sides of a vertical Bloch line, it follows that in the
former case the signs of I, on the opposite sides of a vertical
Bloch line on the surface should be different, whereas in the
latter case they should be the same. Moreover, moving along
a domain wall across a vertical Bloch line should not give
rise to sideways displacement of a domain wall on the surface
in the former case, whereas in the latter case such a displace-
ment should be =0.4 um, exactly as in the case of a Bloch
point.

The results of our investigation of domain walls on the
surfaces of iron crystals agree basically with a model of an
asymmetric Bloch 180° wall described by Hubert>>"* and
shown in Fig. 5. It is clear from this figure that the following
domain wall features appeared in the surface layer. The wall
was bent asymmetrically. The value of the Néel component
I, was close to the maximum possible. The thickness of a
domain wall on the surface was several times greater than

FIG. 5. Model of an asymmetric 180° Bloch domain wall proposed by
Hubert®; here, W, is the effective thickness of a domain wall in the bulk
and W, is the corresponding thickness on the surface.
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the thickness in the bulk. Moreover, the wall on the surface
was shifted relative to its position in the bulk by an amount of
the order of its half-width on the surface. The component I,
exhibited reversal of the sign in the surface layer. These fea-
tures of the structure of a domain wall were observed experi-
mentally in the present study. A new result, not predicted by
the Hubert model, was observation of an alternating (vari-
able sign) dependence of the Néel component I, (x) in a
domain wall.

The displacement of a domain wall associated with a
change of the direction of its bending was quite large, and
this displacement was also observed with the aid of a ferro-
magnetic liquid. The sideways displacements of domain
walls in iron whiskers had been observed earlier (using a
ferromagnetic liquid) by Hartmann and Mende, '® but these
displacements were attributed by the authors to a tilt of radi-
cal Bloch lines as they emerged on the surface. As pointed
out above, in the case of 180° domain walls on the surface we
could observe structural singularities of three types. Two of
these singularities were associated with a displacement of a
wall by a distance of =~ 0.4 um: these were a Bloch point and
the second case of emergence of vertical Bloch lines on the
surface; the third type of singularity did not involve displace-
ment and it represented the first case of the emergence of
vertical Bloch lines. In the samples investigated by Hart-
mann and Mende the situation was clearly such that the
emergence of vertical Bloch lines on the surfaces of whiskers
occurred only by the second method, i.e., by displacement of
adomain wall. This conclusion was drawn on the basis of the
observation that successive displacement of a domain wall
occurred along a series of vertical Bloch lines and these lines
crossed the whole whisker and were observed on the oppo-
site faces. However, we could not say why the emergence of
vertical Bloch lines on the surface by the second method was
preferred. A possible answer to this question was that verti-
cal Bloch lines emerging on the surface by the first means
were simply unobserved because of the absence of sideways
displacement of Bloch walls.

4.INVESTIGATION OF 90° DOMAIN WALLS

Figure 6 shows the orientational magnetooptic effect
observed for a 90° domain wall and plotted as a function of
the coordinate x’ perpendicular to the wall (the x’ axis was
rotated by 45° in the plane of a whisker face relative to the x
axis). The distance of the extrema from the point where the
effect reversed its sign at low A changed differently on in-
creasein A. Hence, we concluded that the law describing the
x-dependence of the magnetization component perpendicu-

FIG. 6. Orientational magnetooptic effect for a 90° domain wall and dif-
ferent values of A (um): 1) 0.1;2) 0.12; 3) 0.15; 4) 0.2.
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FIG. 7. Polar Kerr effect (a) due to the component I, in a 90° domain
wall, plotted for different values of A (um): 1) 0.07; 2) 0.1; 3) 0.15;

4)0.2;5)0.3;6) 0.4.

lar to a domain wall differed on the two sides from the center
of the wall. This result was similar to that observed for 180°
domain walls (Fig. 1), i.e., the structure of 90° domain walls
in the surface layer was asymmetric.

Figure 7 shows the x’-dependences of the polar Kerr
effect due to the component 7, in a 90° domain wall, obtained
for different values of A. At low values of A (=0.1 zm) the
distance between the extrema was approximately the same
for the orientational magnetooptic effect and the polar Kerr
effect, amounting to ~0.4 um, which was well above the
theoretical value of the effective thickness of a 90° domain
wall in the bulk (=0.08 um was reported in Ref. 8). The
diffraction of light could result in broadening of the magne-
tooptic image of a domain wall by an amount up to 0.2 um
(representing 0.1 um on each side).'> We could therefore
say that the effective thickness of a 90° domain wall on the
surface exceeded 0.2 um, i.e., it was over 2.5 times greater
than the wall thickness in the bulk. Numerical integration of
the polar Kerr effect A = 0.07 um in Fig. 7 yielded a bell-
shaped I, (x") curve. The maximum value of I, was 0.071,.
The component Z, in a 90° domain wall differed from that in
a 180° wall because there was no change of sign along a sec-
tion across the wall. The observed asymmetry of the distri-
bution of the magnetization in a wall agreed with the model
of an asymmetric 90° domain wall described by Hubert.>'?

The curves representing the magnetooptic effects were
not affected by an increase in the magnetic field frequency
from 20 Hz to 100 kHz; this was true of both 90° and 180°
domain walls.

5.CONCLUSIONS

A highly sensitive magnetooptic micromagnetometer
was used to find the distribution of three components of the
magnetization in 180° domain walls on the surfaces of iron
single crystals along a section perpendicular to the wall. Our
investigation showed that the structure of domain walls on
the surface was complex. The distribution of the Néel com-
ponent was asymmetric: along the x axis there were regions
where I, had different signs. The I, (x) dependence also ex-
hibited reversal of the sign. It was shown that the nature of
the asymmetry of the distribution of the component I, was
linked uniquely to the direction of bending of the domain
wall at the surface. Structural singularities of a domain wall
associated with two cases of emergence of vertical Bloch
lines on the surface were observed, as well as singularities of
the Bloch point type, which were due to asymmetric bending
of 180° domain walls.
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The magnetooptic methods were used for the first time
to investigate 90° domain walls in iron single crystals. An
asymmetry of the distribution of the horizontal component
of the magnetization was observed along a section perpen-
dicular to a domain wall. The effective thickness of a domain
wall on the surface was also determined and it was found to
be approximately three times greater than the wall thickness
in the bulk.

The observed distribution of the magnetization in a do-
main wall in the surface layer in iron single crystals agreed
basically with the models of asymmetric Bloch 180° and 90°
domain walls proposed by Hubert.

The authors are deeply grateful to Yu. P. Gaidukov and
N. P. Danilova for supplying iron single crystals.
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