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An electron microscope with electrostatic lenses was used for
high resolution studies'of magnetic domains in thin iron f£ilms.

Observation methods used to determinevthe directions of local
magnetization in iron thin films were the Lorentz method and the

Foucault method.

We studied how Bloch line-crosstie pairs and crosstie main walls



beaave in applied, in-plane magnetic fields. We found tnat crosstie
main walls remain unchanged until crosstie density goes nearly to zero
when the field is applied perpendicular to the main wall. A twisted
type of domain appears where crossties disappear.

We also succeeded in observing an annihilation process of
Bloch line-crosstie pairs in the field application.

Crosstie-twisted boundaries were analyzed ﬁo determine the
directions of local magnetization by both the Lorentz method and the
Foucault method. We found in this study that crosstie-twisted
boundaries are combinations of 99° domain walls, 180° domain.&alls
and. crosstie walls. Crossties do not appear aiong 90° domain walls,
but do appear along 180° walls. The crosstieAdensity along 180° walls

is approximately 4500 cm>.
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CHAPTER I
INTRODUCTION

In ferromagnetic materials at room temperature there exist regions
in which cooperative interactions result in the sponﬁaneous alignment
of the magnetic moments of large numbers of atoms. These regions are
called domains and are magnetized locally to saturation even in the
absence of an éxternal field. In an unmagnetized specimen the directions
of magnetization are not the same in éll domains and thé resultant
magnetic moment as a whole is zero.

P, Weiss postulated a magnetic domain :structure in 1907. Since
that time interesting studies on magnetic domains have been actively
pursued both theoretically and experimentally by a number of investigators.
These studies provided evidence for a domain structure in which the
magnetization direction was parallel to the boundary between domains and
alternated from one domain to the next.

The first obsexrvation of magnetic domains was made by F. Bitter
(1) in 1931. He reported studies on iron, nickel, and an iron-silicon
alloy. He used a colloidal suspension consisting of Fe30; fine magnetié
particles (Fep03 is indicated in his paper) to explore the magnetic
properties of a specimen. The colloidal suspeﬁsion was placed on the
specimen and observation was made with an optical microscope. The
colloidal particles collected in regions of magnetic field inhomogeﬁeity,

for example near topographical features on the specimen surface and along



domain boundaries. This made possible the visualization of magnetic
fields at the specimen surface.

In his famous papers " On Inhomogeneities in the Magnetization of
Ferromagnetic Materials (1)" and " Experiments on the Nature of Ferro-
magnetism (2), Bitter described the appearance of inhomogeneities and
irregularities in the specimens, but did not mention that these were
probably the first observations of magnetic domains. This method of
observing magnetic domains is usually called the Bitter colloidal
technique,

One of the applications of the Bitter technique introduced by
H. J. Williams, R. M. Bozorth and W, Sh0ckiey (3) was to determine the
direction of local magnetization. This was done by making a microscopic
scratch across the specimen surface with a very fine glass fiber and
observing the pattern in which the colloidal particleé collected.
Diagrams of a scratched crystal surface are shown in Figure 1l(a) and
(b). Tigure 1(a) shows a scratch perpendicular to the hagnetization
and magnetic flux emerging from the surface. 1In Figure 1l(b) the direction
of magnetization is parallel to the scratch and there is no flux emerging.
In case (a) the inhomogeneoﬁs stray magnetic field due to the scratch
attracts magnetic colloidalpar;icles‘along the scratch, whereas in case
(b) particles do not collgct along the scratch. This is but one illust-
ration of the use of the Bitter colloidal technique.

Following Bitter's observation of magnetic domains by this method,
the colloidal technique has been widely applied in the study of magnetic
fields at surfaces of magnetic specimens,and has contributed greatly to
the study of magnetic domains.

Maguetic domains were first observed using bulk specimens, Later
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(a)
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Figure 1{a),(b). Diagrams illustrating the scratch technique
for determination of the direction of magnetization.

In (a) the magnetization is perpendicular to the scratch,and

the emerging magnetic flux attracts the colloidal particles.

In (b) the magnetization is parallel to the scratch and there is
no flux emerging.




on, the Bitter technique was applied also to the study of magnetic
domains in thin films, where the patterné in which the colloidal parti-
cles collect delineate the boundaries, or walls, between domaiuns.

Thin magnetic films up to ~1000 A thick (or above depending on
accelerating voltage) can also be studied by direct observation in the
transmission electron microscope ( TEM ).- In this method the Lorent:z
force on an electron passing through the magnetic field of the specimen
provides a means for determining the field direétion and for distingu-
ishing regions ofvdifferent magnetizations. The first'observation was
made by M.E.Hale, H.W.Fuller, and H.Rubinstein (4). They demonstrated
that the electron optical method had a very promising future for the
study of magnetic domains., Hale et al. used a Phillips EM-75 B magnetic
type electron microscope to study iron and permalloy thin films of
~500 A thickness. H. W. Fuller and M.-ﬁ. Hale aléo introduced the use
of electrostatic—focusing microscopes ( ETEM ) (5) for the observation
of magnetic domains. A great advantage of the electrostatic type”of
microscope in the study of magnetic thin films is the freedom from
magnetic field in the specimen area. By contrast, in the magnetic type
microscope, in order to avoid interference by magnetic fields, the
specimen must be located outside the strong magnetic field of the
objective lens, and the focal power of the lens ﬁust be correspondingly
reduced. The first observations by ETEM were made witn the AEG~Zeiss
and Trub-T&uber instrumenté.

'After the ﬁioneering experiments of Hale et al., a number of
interesting studies of magnetic domains in thin films by means of TEM
have been published ( 6, 7, 8, 9, 10, 11, 12, 13 ).

In thin films ( 200 ngOOO 3 thick depending on material and



treatment )} the domain walls can have complex structure such as cross~
ties where components of thé magnetization in the plane of the film
cross the main walls and produce regions where the magnetic field
circulation is not zero. The axis of‘such a region, normal to the
surface of the film, is called a Bloch line. The subject of this thesis
isAlargely concerned with observation of crosstie walls and Bloch lines
by ETEM.

Crossties were first observed by E. E. Huber, Jr., D. O, Smith
and 'J. B. Goodenough (14) using the Bitter technique. Following this,
numerous further studies of crosstie walls by the Bitter technique
( e.g. 15, 16, 17, 18, 19, 20, 21, 31 ) have been published. Crossties
have also been studied by the TEM technique ( 5, 22, 23, 24, 25, 26 ).

Technologically sneaking, a series of studies on the use of a
permalloy strip aé a data track for a crosstie memory was developed by
L. J. Schwee et al. ( 19, 20, 27 ), R. N. Lee et al. (28) and D. S. Lo
et al. (29). This has been one of the interesting technological studies
in this period of time. Use of electron microscopes and observation
methods will play an important role in the sgudy of crosstie memory
devices.

dur studies include : 1. a comparison of the effectiveness of
electrostatic and magnetic electron microscopes in studying magnetic
domains; 2. the observation of domain boundaries and directioﬁ of
magnetization; 3. the effect of an in-plane magnetic field én the
crosstie-Bloch line structure and on the domain wall movement; 4. the
observation and analysis of twisted domains. |

Some of tihe results were reported at the Electron Microscopy

Society of America annual meeting in 1979 (30),



CHAPTER II

EXPERIMENTAL METHODS

1. Specimen Preparation and Experimental Set Up

The material . studied in this investigation was pure iron
( 99.998 Z Fe ). The specimens were prepared by evapo¥atihg the metal
onto microscope glass slides in a vacuum. A pressure of approximately
2-3 x 10° mmHg was maintained during evaporation. The vacuum evaporator
is shown in Figure 2. The glass slides used in these experiments were
washed with distilled water, rinsed with acétone, and dried in air in'
order to make their surfaces clean and smooth. A mass of 20 mg Fe foil
( 125Mm thick ) was placed in a heliéal filament of tungéten appréxim-
ately 7 cm away from the glass slides. At .this distance films ofnuZOO A
thickness were produced, in which crosstie walls could be observed.

The thin films were floated off the glass slideé onto the surface of
distilled water, and picked up on 3 mm diameter Cu grids for TEM
observation. A HITACHL TEM TYPE HS-7S ( 50 kv ) and an ELEKTROS ETEM
101 ( 40 kv ), shown in Figure 3 and Figure 4 respectively, were used
for observation of the specimens.

For a study of the effect of external magnetic fields on the
domains,a solenoid was constructed as shown in Figure 5. The specimen
wvas placed in the center of the solenoid, oriented s0 that the solenoid
axis was parallel to the specimen surface. A calculation of the magnetic

field in the solenoid was made by application of the Biot-Savart law,
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Figure 2, Schematic diagram of the evaporator system which was
used for preparation of the thin £ilms.






in MKS system of units,

NI
H= ———- cos P - cos
1 ( (Pz 04(})1 ) on the axis.
NI
Hy = cos(P at the center the solenoid.
L ' 2 .

Inserting the numerical values, N = 500 turns,L = 1,08 x 161 m, and

CPZ = 10.5°, we find

fesd
il

o = 4.5%x 1031 AT/m

571 Oe , and I is in amperes

where 1 AT/m = 41TX 103  Qe.

For thickness measurement of specimens a Reichert Nomarski Type

Interferometer was used.
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Figure 5. Side view of the solenoid used for applying a magnetic
field to the specimen. o is the field at the center of the solenoid.
The radial dimension has been exaggerated for clarity.
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Following are the methods which were used to obtain magnetic
domain contrasts:

2. Lorentz Method ( Defocus Method ) (4)

Electrons passing through a magnetic film experience a force

4TTe

iyl
it

( vxH ) in the Gaussian system of units
c

where v is the electron velocity, M the local magnetization of the
specimen, e the electron charge, and ¢ the speed of light. This force
in general causes a deflection of the electron beam. The amount of
beam deflection depends on the f£ilm thickness, the local magnetization -
in the film and the accelerating voltage. Taking the normal to the
specimen plane to be in the z-direction and assuming normal incidence
for the electron beam, the deflection angle (5) can be expressed in the

form

c

{4”— MyJ e 1/2 eV -1/2
\' )

c 2m0 2m°2

7

where m is the electron rest mass, V the accelerating voltage, and

Ttae film thickness. In this expression the component of magnetization
in the plane of the film is assumed to be in the'direction of the y-axis.
For an accelerating voltage of 50 kv the last factor in the expression
for §_ daiffers from 1 by only about 2 %, and the deflection can be
approximated by | |

({) _ ZiTTMy e 1/2 A .
x - (1)
N 2 '

m_V
¢ o

In a typical thin film specimen of iron, M = 1700 Oe, and if we take

T= 250 A and V = 40 kv the angular deflection ¢x obtained from Eq. (lj
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is 8 x 1()"5 rad. Tﬁe deflection produced by the magnetization of the
specimen is illustrated in Figure 6(a) for a thin film in which there

are domains with alternatiug directions of magnetization. The direction
of magnetization is into the paper in regions (I) and (III) and out of
the paper in region (II). The incident electron beam is perpendicular

to the plane of the film., Electrons are deflected to the left in regions
(1) and (III) and to the right in region (II) as shown. These deflections
cause a separation of the parts of the beam which pass through regions
(I) and (II) and an overlapping of the parts of the beam which pass
through regions (11) and (III). When such a specimen is studied in

the electron microscope the presence of domain boundaries can be observed
in the defocused image. If the microscope is focused on a plane P
following tihe specimen, the electron intensity distribution in the image
appears as in Figure 6(b). When the microscope is focused on a plane P’
on the other gside of the specimen the virtual intensity distribution in
this plane is imaged as shown in Figure 6(c), and the contrast in the
neighborhood of domain boundaries is reversed. This feversal
distinguishes domain boundary contrast from other types of contrast.
Since the power of the objective lenz must be increased in order to

focus on plane P, this condition is termed " overfocused.” In like
manner the condition of focusing on plane P' is called " underfocused.™

Examples of overfocused and underfocused images are shown in Figﬁre 7(a)

and (b).
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(b) Transmitted beam intensity in the plane of the overfocus image
and (c) in the plane of the underfocus image.
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are exaggerated for clarity.
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3. TFoucault Method ( Schlieren Method ) (5)

In this method an in-focus image is observed in which the intensity
depends on the orientation of the magnetization in the specimen. This
type of contrast is obtained through the use‘of an aperture stop in the
rear focal plane of the objective lenms. Since electron rays which are
deflected in different directions by the specimen pass through diffex-
ent-noints of the rear focal plane, it is possible by manipulating the
apertufe diaphragm, or tilting the beam as a whole t§ selectively
intercept certain beams while allowing electrons deflected in other
directions to pass through to the image. Thus domains with differing
directions of magnetization can, in general, be distinguished by the
differing intensities of illumination in thé image.

The relation between the angle of deflection and the position in
the rear focal plane through-which the deflected electrons pass is
illustrated in Figure 8. From this diagram we see that electrons
deflected through' an angle¢>x pass through a point in the rear focal
plane at a distance § from the axis, where § = £ otanéxng ¢x.'

In an electrostatic microscope this point is in the azimuthal plane
defined by the direction of deflection and the optical axis. In
magnetic microscopes the azimuth of this point is shifted because of

the rotation of the eléctron beam which occurs in the magnetic objective
lens.

Threefdimensional illustrations are shown in Figure 9. In (a)
the aperture stop is placed at the normal position in the focal plane,
so that all of the deflected electrons pass through and produce a

bright image. Figure 9(b) shows the effect of displacing the aperture
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stop slightly to the right. 1In this case electrons deflected to the
left are blocked by the aperture diaphragm and the image is dark.

Figure 10 shows a specimen having two domains with opposite directions
of magnetization. Electrons passing through the domain on the left

hand side of the specimen are deflected to the left due to the direction
of the magnetization as shown. In a similar manner, electrons passing
through the domain on the right hand side of the specimen are deflected
to the right. Both interception and non-interception of electrons occur
in the focal plane with the aperture stop displaced slightly tovthe
right or left, so that bright and dark images can be identified as

shown in Figure 10.
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Figure 10.

Three—-dimensional illustration of the Foucault method.
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This figure shows the effect of opposite directions of magnetization
in the specimen and the aperture displaced slightly to the right.



CHAPTER III

EXPERIMENTAL RESUVLTS -AND DISCUSSION

1. Observation of Magnetic Domains by Use of a TEM and an ETEM

A‘yurpose of this experiment was to compare observatioés of
magnetic domains in a TEﬁ, where the specimen is exposed to a magnetic
field, and in an ETEM, where the specimen is in field—free space. A
HITACHI TEM ( TYPE HS-7S, 50kv ) was used as a TEM at full strength of
the objective lens. The ETEM used was an ELEKTROS ETEM ( TYPE 101, 40
kv ). The specimens were studied by the defocus method. Figure 11
illustrates the typical axial magnetic flux measured in the objective
lens of a standard HITACHI TEM. The specimen is pléced near the top of
the objective lens where the axial magnetic flux is in the range of
10 - 103 gauss, depending on how close to the pole piece the specimen
is placed.

Micrographs of the same area of a thin iron film were first taken
with the TEM and subsequenﬁly with the ETEM, as shown in Figure 12(a)
and (b). In this process we observed that’the two photographs showed
the same domains. In tne next experiment, the first photograph was
taken with the ETEM and subsequently the sa@e area was photographed
with the TEM. as shown in Figure 13(a) and (b). Drastic changes in the
magnetic domains between these photographs can be observed. Domain

patterns were often destroyed completely by the magnetic field around
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the specimen area.

As noted in the Introduction, elevating the specimen above the
magnetic field of the objective 1éns makes it impossible to use the
TEM at its ﬁighest resolution capabilities for magnetic domain studies.
This fact has convinced us that ETEM studies show pfomise of improvéd
resolution in a domain observation technique.

In the ETEM the specimen is in field free space. Thus, the
objective lens may be used at full strength without altering.ferromagne-
tic domains. It therefore seems possible that the ETEM will give
significantly improved resolution, particularly of the fine structure

of magnetic domaian walls.
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2. Determination of the Direction of the Local Magnetization of
Crosstie Walls by the Lorentz Metnod

In this study observations were made with tﬁe ETEM and the
underfocus techﬁique was used. An underfocused photograph of crosstie
walls in a thin iron film (~200 A of thickness ) is shown in Figure
14, This is schematically illustrated in Figure 15(a). The in-plane
magnetization configuration shown in Figure 15(b) was determined by
applying the relations between the direction of local magnetization
and the underfocused image contrast ( Figures 15 and 16 ). By vector
addition of the component vectors parallel and perpendicular to the
crossties the configuration turns out to be as shown in Figure 17.

E. E. Huber, et al., (14) who made the first successful observa-
tion of crosstie walls by the Bitter technique, postulated a croéstie
wallimodel as shown in Figure 18. Our results, illustrated in Figure

17 for tbe underfocus methad, is consistent with their model in Figure

18.
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Figure 15. (a) Shows a schematic illustration of Figure 1l4. (b)
Indicates Vector components of local magnetization which cam account
for the observed domain wall contrast. .
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(b). This magnetization configuration has some features in common with
the crosstie model postulated by E. E. Huber, et al.,(l4).
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Figure 18. Crosstie model postulated by E.E.Huber,
et al., (14).
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3. Determination of the Direction of the Local Magnetization of
Crosstie Walls by Foucault Method

This method involves an aperture displacement technique with the
specimen in-focus, as discussed in Section 3, Chapter II. As illustrated
in Figure 19(a) and (b) sharply defined, bright and dark contrasts
emerge in the image plane when. the objective aperture is displaced
slightly off the optical axis. This technique was applied in obtaining
the micrographs shown'in Figure 20(a), (b), and (c).(30). These
micrographs were used to analyze the direction of local magnetization.
The directions of local magnetization determined for Figure 20(a), (b)
and (c) are illustrated in Figure 21. All the componenté of local
magnetization obtained in Figure 21 were combined in Figure 22(a).
Summation of each combination of magnetization components parallel and
perpendicular to the crossties gives the resultant configuration which
is illustrated in Figure 22(b). This is consistent with the results
obtained by the underfocus method illustrated in Figure 18 for the
same specimen area. It should be noted that the contrast on opposite
sides of the crossties is opposite, as predicted by the Huber model (l4).
Thus, the Foucault method is one of the most useful techniques for
determining the local magnetization. Because it is a high resolution
technique, it gives information which nicely complements thét obtained -

by tne out-of-focus method.



31

beam

\L aperture T

A

(@)

I

(b.)

Figure 19. (a) Indicates the directions of the objective aperture
displaced slightly off the optical axis and the directions of given
local magnetizations in a specimen. (b) Shows bright and dark areas

in the focused images obtained by the aperture displacement corresponding
to the above illustration in (a). The aperture~beam relationships are
indicated by the symbols.






33

¥ P~ Ze ~
— — i
/ L =
/'
; = O
/
= —
— 2 ~
(&) &)
= = A i
N R 7 i ol
2N —f> <1
s —> <t
& o~ ~ A
®) (&)
= o = ~
oL > ~t—
227 N s v
P 7 e v a  —
e o = 2
©) ©

Figure 21. (A), (B) and (C) Show illustrations of the contrast in
Figure 20(a), (b) and (c). (A'), (B') and (C') Indicate the directions
of local magnetizations which account for the corresponding contrast in
(A), (B) and (C), respectively.
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Figure 22. (a) ghows the combination of local magnetization obtained
in Figure 21. (b) Indicates the vectorial sum of local magnetization

in (a).



4, A Study of the Effect on Crosstie Walls of an In-plane Magnetic
Field (30).

Studies of the crosstie walls in applied magnetic fields have
been made by a number of investigators ( e.g. 14, 15, 16, 17, 18) usi.ng
the Bitter technique. ’We‘have studied the effect of applying an
in-plane field to crosstie walls by the ETEM Lorentz method‘(30). ?he
specimen, a thin iron film, was subjected to an in~plane magnetic field
prior to insertion in an ETEM. The field strength was increased by
increments and the specimen observed after each inérease.

In this experiment the in-plane magnetic fields were applied at
right angles to crosstie main walls. The crosstie density for a~250 A
iron film began to decrease gradually as the applied magnetic field
was increased, and the slope of the density curve, as shown in Figure
23, w#s fairly large in the 15 Oe range. The crossties had been
obliterated by 38 Oe. A sequence of observations between 0 and 40 Oe
was made in Figure 24. Where crossties disappeared in the in-plane
application, the main wall was disturbed and began to move, and a twisted
type of domain emerged. The same effect apoeared in a slightly thinner
specimen (200 A ) at 18 Oe as shown in Figure 25. Thus, it seems that
the crifical field strength.necessary to disrupt the main wall depends
strongly on specimen thickness.

.Another interesting observation was made in this study, in which
the crosstie main wall-wall distance dropped suddenly just before the

crossties were obliterated ( Figures 23 and 24 ).
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5. A study of Bloch line-crosstie Annihilation in Applied Magnetic
- field

The purpose of this study is to observe how Bloch lines and cross-
ties behave in tne in-plane field application. In-plane fields were
applied at right angles to crosstie main walls in a ~ 200 A iron thin
film.

The micrographs shown in Figure 26(a), (b), and (c) were taken
by the ETEM underfocus method. The information in Figure 26 is shown
schematically in Figure 27. Figure 27(a) exibits Bloch line-crosstie
pairs with no applied field. The in-plane field 2 Oe is the thfeshold
field which causes the Bloch line-crosstie annihilation as shdwn in
'Figure 27 (b). A Bloch line on the right between a crosstie 'a' and 'b'
in Figure 27 (b) is pushed to the left by the in-plane field in the
direction of the arrow. The completion of a Bloch line—crosstie
annihilation can be observed at 4 Oe as illustrated in Figure 27(c).

A Bloch line-crosstie pair annihilation process can also be seen
at nigher fields, This process is repeated until the crosstie density
has been reduced to the point where main wall motion occurs.

It is also observed that Blochviiné~shorter crosstie pairs
énnihilate faster than .Bloch line-longer crosstie pairs.

The micrographs of several Bloch line-crosstie péirs in Figure 26
observed by the underfocus method show evidence indicating a clockwise

rotation of magnetization about each Bloch line.
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6. A Study of Twisted Type Domains and Crosstie-twisted Boundaries

S. Middelhoek (31) reported that structures such as Néel wall,
crosstie wall and Bloch wall are all dependent upon thickness, and that
the most stable domain structure for permalloy films between O and
~900 A thick was the crosstie wall structure. The crosstie wali—Bloch
wall transition occurs with the thickness (~ 900 A ) as shown iun Figure
28, According to Hiddelhoek's theory concerning perhailoy thin film,
it may be possible to determine a similar structural dependence on
thickness in case of iron thin filums.

We first observed 180° domain walls and crosstie walls in filﬁs
~200 A thick. Subsequently we observed twisted domains as well as
crosstie—~twisted boundaries in ~200 A films as shown in Figure 29 and
30. 1In this study we found tnat twisted domains made their appearance
where crossties were obliterated during field application ( shown in
Section 4 ). 'The twisted domains in Figure 29 and 30, however, occurred
in specimens to which a magnetic field had not been deliberately applied,
which may have been exposed inadvertentlyito a field. The interesting
characteristic of these boundaries is that crosstie regions appear along
the twisted boundaries alternately in a periodic manner. Additional
microgravhs ( Figure 31 ) of the same crosstie~twisted boundaries as

in Figure 30 were taken by the Foucault method.
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Figuré 28. Energy per unit area of a Bloch wall,a Néel wall
and a crosstie wall as a function of the film

thickness (31). ( Permalloy thin films )
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The diagram in Figure 32 is an illustration of crosstie~twisted
boundaries observed by the underfocus method in Figure 30. Oné of the
interesting characteristics of this observation is to visualize easily,
thick, bright and dark boundaries as well as thin, briéht and dark
boundaries. There are thick boundaries between regions (A) and (C), and
thin boundaries between regiouns (B) and (C), and regions (A) and (B) in
Figure 32. Thick Eoundaries indicate to us that vectoria% directions of
magnetizétion are parallel to the domain wall as shown in Figure 33(a)
and (b). Thin boundaries represent that vector components parallel to
the domain wall are less than in cases (a) and (b) as illustrated in
Figure 33(c) and (d). We can obtain a possible configuration of magne-—
tizations in crosstie-twisted boundaries with these conditions. To draw
a final conclusion, howevér, some of fhe photographs observgd by the
Foucault method in Figure 31 are taken into account. By insertion of an
aperture in the directioﬁ indicated by‘the arrow at the 0° position,
regions {(A) become dark, (B) intermediate dark and (C) bright as shown
in Figure 31.' Considering thick, bright and dark boundaries between
regions (A) and (C) observed by the underfo;us method, a possible struc—
ture of the domain wall in regions between (A) and (C) are 180° domain
walls as shown in Figure 33(a) and (b). Intermedjiate dark areas of (B)
indi;ate to us that in each region (B) a component of magnetization
normal to the direction of aperture displacementAto make these regions -
appear darker than regions (C) when the épertufe is inserted at the Qo
position. By insertion of an averture in the direction indicated by the
arrow at the 90° position as shown in Figure 31, regions (A) and‘(ﬁ)

become bright, and region (C) dark. This fact tells us tnat there exist
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no vectorial components of magnetization to make regions (A) and (B)
dark. But there is a vectorial component ofAmagnetization normal to
the direction of aperture displacement which makes the region (C) dark
with insertion of the aperture at the 90°=position. Taking into account
all these conditions, a possible configuratidn of magnetization in
crosstie-twisted boundaries was determined and is shown in Figure 34.

Our findings in this study are : 1. Crosstie~twisted boundaries
are combinations of 180° domain walls and 90° domain wélls; 2. Crossties
do not emerge along 90° domain walls, but along 180o domain walls; 3.

Crosstie density along 180° domain walls is approximately 4500 cml,



Figure 32. Illustration of crosstie-twisted boundaries observed
by the underfocus method in Figure 30.

49
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Figure 33. Relation between the contrast of a thick bright line and
directions of local magnetization (a), and between the contrast of a
thick dark line and directions of local magnetization (b). Thin bright
and dark lines in (c) and (d) indicate to us that vectorial components of
magnetization parallel to the boundaries are less than in (a) and (b).

' ( Electrons into paper and underfocus method )



51

Figure 34. Possible configuration of magnetization of crosstie-twisted
boundaries. Crosstie-twisted boundaries are combinations of 180° domain
walls and 90° domain walls. Crossties do not emerge along 90° domain

walls, but along 180° domain walls. Crosstie density along 180° domain

walls is approximately 4500 cml,



CHAPTER IV
SUMMARY AND CONCLUSTIONS

Electron microscony with ETEM is a promising method to observe
magnetic domains at high resolution without disturbance from stray
magnetic fields.

Using the Lorentz and Foucault methods to give complementary
information, it is possible to determine directions of local magnetiza-
tion.

When in-plane magnetic fields are épplied normal to crosstie
main walls, the crosstie density is reduced. This process involves
annihilation of Bloch line-crosstie pairs. Where ﬁhe crossties
have disappeared, a twisted type of domain forms.

We also observed crosstie-twisted boundaries. It is found that
crosstie-twisted boundaries consisﬁ of combinations of 90° domain
walls, 180° domain walls and crosstie walls. Crossties are found
along tae 180° domain walls but not along the 90° domain walls. The

crosstie density along 180° domain walls is apprdximately 4500 cﬁl.
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