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The review is devoted to a description of the possibilities afforded by transmission electron micro-
scopy for the investigation of magnetic structures of thin ferromagnetic films, and presents experimen-
tal data on magnetic films obtained by using a transmission electron microscope. We consider and
compare different microscope operating regimes for observing the magnetic structure. The formation
of the contrast of the magnetic structures in the most widely used modes, namely the defocusing mode
and the small-angle electron diffraction mode, are considered in detail. Particular attention is paid to
obtaining data on the domain walls and the fine structure of the magnetization inside the domains. Dif-
ferent methods of measuring the widths of the boundaries are compared, and the possible sources of
errors are discussed. The prospects for using ultra-high voltage electron microscopes for the inves-
tigation of thicker films are noted. Experimental data are given on the investigation of domain con-
figurations in single-crystal foils and in polycrystalline films, and the dependences of the magnetic
parameters of the film on the structure and on the conditions of obtaining the films are discussed.
Results of an investigation of a quasistatic and pulsed re magnetization of magnetic films are des-
cribed.
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A HE interest in thin magnetic films is due to the possi- phase object. The phase shift between two rays that
bility of their extensive practical utilization and to a start out from the same point and converge at another
number of features that distinguish them from bulky point, but travel along different paths, is equal to
ferromagnets. Among the different means of investigat- 2τεΔφ/οΙι, where e is the electron charge, c is the
ing their magnetic s t ructure l " 5 ] , the transmission elec- velocity of light, h is Planck's constant, and ΔΦ is the
tron microscope occupies an important place^2"9-1. This total magnetic flux between these two paths. The fact
is due to the high resolution of the instrument, to the that the phase shift is determined not by the Lorentz
good contrast, and to the relative ease of interpreting force but by the flux was demonstrated experimen-
the image. An electron microscope yields local quanti- tally'-13"20-' by observation of electronic interference pat-
tative data on the magnetic structure and the parameters terns. To observe pure phase objects in electron micro-
of the film in static and dynamic regimes. scopy, just as in ordinary microscopy, it is necessary to

The use of electron-optical methods for the investi- have special operating conditions. This explains why
gation of magnetic structures on the surfaces of bulky the transmission microscope came into use for the ob-
samples is considered in the review'-10^. servation of thin-magnetic-film structures only rela-

tively recently^21"2*3. At the present time, practically
I. OPERATING MODE OF TRANSMISSION all the commercial microscopes are adapted for such

MICROSCOPE WHEN PRODUCING PICTURES OF observations1121 ' 2 4~ 3 9 ].
THE MAGNETIC STRUCTURE OF THIN MAGNETIC 1. Defocusing method. In this regime, a plane loca-
FILMS ted at a distance Ζ above (underfocusing) or below
. . . . .. , .. . . . f i t (overfocusing) the film plane is projected on the screen.

* t i l 1 °! v* °^Serval;1On ° f ' h e m a e n e t ^ c structure * interaction with the magnetization M s in the film
of TMF is that when the instrument is focused on the ^ r e d i s t r i b u t i o n o f fhe e l e c t r o n trajectories
sample and when the aperture diaphragm is centered, a n d t Q a n c e o f c o n t r a s t o n t h e Bcxee£ ( F i t ) .
here is no image of the magnetic structure (the elec- ^ * n walls appear on the image in the form of

tron deflection due to the magnetization inside the film , , , . . . . . . , _. , „ . , . , j
1 r t -4 j J ii. J « ι J ι ι. t t J d a r k and b r i g h t l i n e s ( s e e , e .g . , F i g . 12 b e l o w ) , d e p e n d -

I S ~ 10 r a d , a n d t h e d e f l e c t e d e l e c t r o n s a r e not s t o p p e d . ., ,~ .. . . ' & > . . . . '.' ., ,
. . . , ,. , . . . r i i 121 ,.. i n g on the d i r e c t i o n of t h e m a g n e t i z a t i o n on b o t h s i d e s of
by the a p e r t u r e d i a p h r a g m ) . A s s h o w n irt- ' J , the m a g - , , 6 „ _, „ , & . , , , , .

.. . . . r ° , , . ' & the w a l l . T h e w a l l s r e p r e s e n t e d by d a r k l i n e s a r e
n e t i c s t r u c t u r e i s s e e n b y the e l e c t r o n w a v e s a s a p u r e r '
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Regions of divergence and convergence

Film plane
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Contrast

FIG. 1. Defocused operating mode of transmission electron micro-
scope, a) Electron trajectory on passing through a magnetic film con-
taining several 180° domain walls; b) contrast in the observation plane.

called "diverging" and those by light lines "converg-
ing." The change of the direction of the magnetization
inside the domain (the fine structure of the magnetiza-
tion of the domain or the ripple of the magnetization)
appears on the image in the form of thin light and dark
wave-like lines perpendicular to Mg'-40-1. This is used
for an exact determination of the local direction of Mg.
This method was used in r 4 1 ] to obtain the distribution
of Mg in film spots of 1—50 μ diameter. Iif380! it was
proposed to use as a memory element a film having
circular anisotropy inside each square of a grid as a
result of which these squares of the films acted as a
converging or a diverging lens. The direction of Mg at
the edges of the film can be determined also from the
border produced on the image'-42"44^. On going from the
overfocusing to the underfocusing mode and back, and
also when the film is rotated, the contrast of the image
is reversed. The latter was chosen to separate mag-
netic and structural diffraction effects'-45-'. The magni-
tude of the defocusing is chosen in accordance with the
object and scope of the research and can fluctuate from
fractions of a millimeter to several dozen centimeters.

Defocusing causes a certain lowering of the resolu-
tion of the microscope, but usually the resolution is
limited by the aperture of the illuminating source. By
using condensers with large optical strength1-46-1 or by
using small condenser diaphragms (down to 5 μ)^2 6"2 8^,
a resolution of -1000 A and higher is reached^ 3 6 ' 4 6 ' 5 0 3.
At small illuminator apertures, the image brightness is
small and long exposures are required. A considerable
gain in image brightness and quality is obtained with a
point cathode, in which the emission density is ΙΟ3—104

times larger than from a thermionic cathode^ 5 1 ' 2 8 ' 4 6 ' 5 2 3.
The use of a point cathode and overfocusing of a two-
lens condenser'-53-' have made it possible to obtain a
source aperture of 5 χ 10~7 rad.

When working with a small-aperture source, the re-
quirements on the operating stability of all the micro-
scope units become much more stringent. The power
supply is therefore made more stable, one operates at
a reduced accelerating voltage, and the vibrations of the
column are minimizedr54-1.

To eliminate the influence of the stray field of the
magnetic lenses, the sample is usually raised
20—30 mm above its usual position^5 5 '5 '0, or else a
specially shaped pole piece is used'-47'57^. It is also
possible to operate with the objective lens turned off,
but in this case the resolution is low and the magnifica-

tion is smallC 5 8 ' 5 9 ] . On the other hand, when the object
is placed above the objective lens, a larger magnification
and better resolution are obtained, but the magnitude of
the defocusing is small, and consequently the sensitivity
to small changes of the magnetic structure of the film
is low. Large defocusing with good resolution can be
obtained by placing the object between the objective and
the intermediate l e n s e s 1 ^ . The objective can then be
used as an additional condenser lens and the aperture
of the illumination can be decreased by approximately
a factor of 20.

In spite of the fact that the contrast is not produced
by the aperture diaphragm, the presence of the dia-
phragm does greatly influence the contrast. The dia-
phragm cuts off the background of the stray electrons,
thereby increasing the magnetic contrast. Its use is
particularly important in the investigation of thick
f i l m s ' ^ . The axial position of the diaphragm must be
determined by trial, since it can limit the field of view
when working with different excitations of the objec-

t 4 6 4 0 ]

The maximum sample thickness at an accelerator
voltage 100 kV is 1000-2000 A 1 2 6 ' 6 1 1. The structure of
a thick object cannot be recorded by increasing the
photographic exposure, since the increased inelastic
scattering of the electrons makes the resolution worse
and lowers the contrast. Microscopes with higher ac-
celerating voltages make it possible to investigate
thicker films1138'62].

2. Ray-intercept method. In this case the micro-
scope operates in the in-focus mode and contrast of
domains with different magnetizations is produced with
the aid of a special knife-edge diaphragm (or a dis-
placed aperture diaphragm) located in the rare focal
plane of the objectiver63^.

Owing to the interaction of the electrons with the
magnetization, the diffraction picture is split. The dia-
phragm holds back the electrons passing through
domains with definite magnetization directions (Fig. 2),
and these domains appear dark in the picture. The im-
age reveals simultaneously the magnetic structure and
the geometry of the film. The pictures are similar to
those obtained by the magneto-optical method, but the
contrast and sharpness are higher.

For good contrast, the knife edge should be parallel
to the magnetization vectors in the film, and the aper-
ture diaphragm should be shifted perpendicularly to the
180° walls. The displacement of the diaphragm changes
the contrast sharply, and since the distance between the

Magm

Optical axis
FIG. 2. Electron trajectories in the ray-intercept method.
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FIG. 3. Electron micrographs of a foil of Fe + 4% Si. a) Defocused
image, the domains 1, 2, and 3 correspond to spots on the electron dif-
fraction pattern from the circular region of the sample marked on the
photograph; b) picture obtained by the ray-intercept method (the posi-
tion of the diaphragm is shown dashed on the picture); the domains cor-
responding to spot 1 are dark in the picture [6S].

crossovers is very small (~1 μ), the position of the
edge must be set with high accuracy. Different methods
of microscope operations in this regime are considered
in r 6 4 ] .

Very good images (Fig. 3) were obtained by using as
the knife edge a thin tungsten filament (7 μ diameter)
fastened on the aperture diaphragm (the aperture dia-
phragm itself did not participate in the interception of
the rays, and was mounted on the optical axis). The
small dimensions of the knife and the possibility of dis-
placing the diaphragm along the axis of the system en-
sured good selectivity. By blocking different diffraction
reflections with the filament, it is possible to obtain
light-field and dark-field images of the domains1 1 6 5 '6 6 3.
The developed magnetization-reversal device has made
it possible to observe magnetization reversal at large
magnifications'16711.

The ray-intercept method is difficult to use for the
study of an irregular domain structure, with small-
angle and wavy walls, when it is necessary to choose a
suitable position of the knife-edge diaphragm. A modi-
fication of the intercept method is proposed in1136911.

3. Method of quarter-wave plate and interference
microscopy. The possibility of using other methods of
phase microscopy for observing magnetic structures,
namely the method of quarter-wave plate and the method
of interference microscopy, pointed out in [ 6 8 ' 6 9 1 1. The
realization of these methods entails considerable diffi-
culties. It is possible that some of them can be over-
come by using holography11™11 and performing some of
the operations outside the microscope'-68·'. Theoretical
calculations on the use of holography in Lorentz micro-
scopy are given in1"7111.

An interesting method was proposed in'-721'. A phase-
shifting carbon film ~100 A thick is placed in the focal
plane of the objective lens. The contrast is produced by
the different scattering of the electrons in the film.

4. Small-angle electron diffraction. A modification
of the defocusing method is the method of small-angle
electron diffraction. In this case the defocusing is very
large. The method of small-angle diffraction was used
earlier to investigate organic molecules and the struc-
tures of thin films'173^, and it was shown that this regime
yields more information than an ordinary electron-
microscope. The region observed in the small-angle
diffraction mode is concentrated near the central spot.
In this mode the camera must be very long and the angu-
lar resolution high. This can be ensured by different
methods. The review'-74-1 gives different schemes of
microscope operation in this regime. At an accelerating
voltage of 100 kV, a camera length up to 150 m was ob-
tained1·75·1. The resolution in the small-angle diffraction
mode turned out to be 2 χ 10"6 rad using an ordinary
cathode'·75·1 and 5 χ 10"7 rad using a point cathode^5311.

Regions of magnetic films with large dispersion of
the magnetization direction were observed in the small-
angle electron diffraction mode with small angular
resolution'-78'771'. At a better angular resolution, diffrac-
tion was observed by a periodic magnetic structure with
a period ~1 μ, which is the regular structure of anti-
parallel domains in Co foils with anisotropy axis making
an angle with the foil plane (Fig. 4) and in cross-tie
walls in permalloy films1 7 5 '7 8 '7 9 1 1.

5. Method of extinction and bend contours. In inves-
tigations of single-crystal foils in a transmission
microscope, the image always reveals extinction con-
tours, each of which is connected with Bragg reflection
from a definite plane. In the investigation of magnetic
materials, the Lorentz force, which deflects the elec-
trons and alters their incidence angle on the crystallo-
graphic planes, alters by the same token the conditions
of the Bragg reflection. Since the deflection by the mag-
netic field is small compared with the Bragg angles

* · · · · -

FIG. 4. a) Defocused image of Co foil, showing a regular structure
of antiparallel domains; b) image of this structure in the small-angle
electron diffraction regime [78].
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FIG. 5. Distortion of extinction contours on domain structures, a)
Single-crystal Co, appearance of "steps" on the contour [ 8 0]; b) Fe (111)
foil with strip domains, appearance of "zig-zags" on the contour (A.
Bourret and M. Kleman, unpublished photograph [69]).

(~0.01), this leads only to a distortion of the contour,
something observed on Co and Ni foils^8 0 '8 1^. Two types
of effects were observed, a stepwise change of the posi-
tion of the contour from domain to domain, and the ap-
pearance of zig-zags on the contour (Fig. 5). The s teps
on the contour a re due to the changes, in the domains,
of the Mg component paral le l to the plane of the sample.
The jumps of the contour occur on the domain walls.
The zig-zags on the contour appear only in the presence
of a magnetization-vector component perpendicular to
the film. This effect i s determined by the magnetic flux
both inside and outside the film. In this case the domain
boundary corresponds to the maximum displacement of
the contour. Since the normal component of the magne-
tization vector i s connected with magnetic charges on
the surface of the film, this effect makes it possible to
display the locations of the charges on the surface of the
film with quite high sensitivity.

The diffraction contrast from a ferromagnetic crys-
tal is calculated i n ^ 1 ' 8 3 1 .

e lectron wave, i s obtained by the usual methods of dif-
fraction theory^ 1 8 ' 2 0 ' 8 4 1 1 . The theory of the contrast of
the magnetic s t ructure of films was further developed

in[es-87,68] T h e c o n t r a s t o f t h e { l u x l i n e s i n type-II

superconductors^ 8 7 ' 8 8 ^ , which were experimentally ob-
served in^8 9^, was also calculated.

Let us derive an express ion for the contrast, for a
film of thickness d with one-dimensional distribution of
the magnetization M g ( | ) , i l luminated by a point source
of e lectrons (Fig. 6). For a ray passing through a cer-
tain point ξ on the Οξ axis, the phase-shifting action of
the magnetic s t ructure of the film is determined by the
magnetic flux through the section of the film between
the origin and the point ξ (Fig. 6, shaded surface):

9=-^-\ΒΆ{ζ)άζ. (1)

The excitation at the point χ on the observation plane i s
recorded in the form of a Kirchoff integral.

In the Fresnel approximation, corresponding to the
defocusing regime, we have

= Aex?[ik (Z +S + -g-) (2)

where

Ι2, Λ(1)=θχρ[ίΔφ(|)1, 4 =

λ = h/mv is the electron wavelength, ν and m a r e the
velocity and m a s s of the electron, and A i s a constant.
The contrast in the observation plane i s defined as K(x)
= |u(x) | 2 / |uo | 2 , where |uo| 2 i s the intensity in the absence
of a magnetic s t ructure .

Express ion (2) leads, as a first approximation, to the
formulas obtained for the contrast from geometrical
opt ics^ 4 0 ' 4 9 ! :

Κ(χ)=\ (3a)

(3b)

where γ0 = 4tfdMg(e/2mU) l/2/c i s the total angle of de-
flection of the e lectron when it in teracts with Mg, and U
i s the accelerat ing voltage.

Express ions (3) a r e much s impler and more conven-
ient than (2), but they a re not always correct . The l imit
of applicability of geometrical optics yields the expres-
sion obtained in'-90-' as the condition for the validity of
the stationary-phase method:

(4)

Π. IMAGE CONTRAST OF MAGNETIC STRUCTURES

We consider the formation of the contrast only in the
most frequently employed operating microscope modes,
namely the defocusing mode and the small-angle diffrac-
tion mode (see also"-370-1). The action of factors that lead
to distortion of the contrast and l imits the resolution
will be considered in the next chapter.

A r igorous solution of the problem of the contrast
from a magnetic s t ructure i s obtained with the aid of
wave optics. The intensity of the image of the magnetic
s t ructure of the film, which i s a phase object for the

FIG. 6. For use in the calcu-
lation of the contrast in the de-
focused regime.
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where η is the number of Fresnel zones. The limit of
applicability of geometrical optics, obtained in'-85-' from
the uncertainty relation, is ΔΦ > h/2e (Φο = h/2e = 2.07
χ 10"7 G/cm2 is the minimum change of the magnetic
flux that can still be determined with the aid of geome-
trical optics) and is rigorously valid only in the case of
Fraunhofer diffraction.

The Fraunhofer approximation of the Kirchhoff in-
tegral corresponds to the regime of small-angle elec-
tron diffraction:

(5)

If the film contains a regular domain structure, then
its action on the electron flux is equivalent to the action
of diffraction gratings in optics. Figure 7 shows a film
with antiparallel periodic domains, its phase character-
istic, and diffraction picture. The position of the diffrac-
tion peaks is determined by the period of the lattice
(a/2). The envelope of the intensity of the peaks has a
maximum at Si = ±A 0/2a, which corresponds to the
Lorentz deflection (y0 = λβ], = XdeB~/ch). This agrees
with the experimental data. If the resolution is insuffi-
cient, then there are no diffraction maxima between the
maxima determined by the Lorentz deflection, and we
see in their place a straight strip of decreased intensity.
It was also noted that the contrast of the image of the
periodic domain structure is reversed 1 ^ when the de-
focusing is continuously varied.

When the Lorentz deflection angle and the domain
widths are small (e.g., for CrBr 3

C 9 1 ] , where 2a » 1000 A
and Βη = 1500 G), the peaks corresponding to the
Lorentz deflection are not seen on the diffraction pic-
ture. It contains only maxima due to the lattice—a large
zero-order maximum and two side lobes; in addition,
the diffraction picture is not symmetrical. The asym-
metry of the picture may be due to the unequal widths
of the domains with opposite magnetization directions,
which leads to asymmetry of the structure factor B(s)
and causes asymmetry in the distribution of the inten-
gityC92], The experimental intensities do not coincide
with the calculated ones and are much larger than the
latter. This disparity is not eliminated by using differ-
ent distributions of the magnetization in the domains

and different widths of the domain walls. This effect
can be due to an error in the determination of the inclin-
ation of the foil, as a result of its bending, and to small-
angle inelastic scattering of the electrons, which was
not taken into account*·91^.

Theoretical calculations of the image in the Fraun-
hofer diffraction were also carried out for other objects,
antiferromagnets and type-Π superconductors with
regular flux- line structure*-79-'.

By operating in different regimes, it is possible to
observe also very small magnetic inhomogeneities
(ΔΦ <g; Φο), but, as shown inT933, the number of electrons
necessary to register the image is different. The point
is that at Δ Φ 3> Φο almost all the electrons are scat-
tered by the same inhomogeneity, whereas when ΔΦ
<S Φο practically none of the electrons interact with the
field. And since the accuracy of the registration is de-
termined by the number of detected electrons, it follows
that to register magnetic inhomogeneities with high ac-
curacy at ΔΦ <C Φο it is necessary to have a large num-
ber of electrons, i.e., longer exposure times. The ex-
posure time calculated for such inhomogeneities with
the aid of wave optics is appreciably larger than that
obtained from classical concepts'·94 .

ΙΠ. STUDY OF DOMAIN-WALL STRUCTURE

1. Types of boundaries in thin magnetic films. At
the present time there is a considerable number of
theoretical calculations of the structure of domain
walls^85"1073, where different models of the domain wall
are considered or proposed. In some papers, a one-
dimensional model is used and analytic expressions are
obtained connecting the parameters of the wall and of
the film, while in others the walls considered are more
complicated and the calculation is performed with an
electronic computer. In particular, two-dimensional
models with inhomogeneous distribution of the magne-
tization over the thickness were investigated'-106'107^. A
model in which there are no stray fields is considered

in[io7] x n e r e j S a review^3713 devoted to calculations of
the structure of the walls. Plots of the domain-wall
width against the film thickness for several models are
shown in Fig. 8. In comparing data by different authors,
both theoretical and experimental, it is necessary, how-
ever, to take into account the fact that the domain wall
may be differently defined in different papers.

700

1 Blochwall

FIG. 7. Small-angle electron diffraction, a) Cross section of film
with periodic structure of antiparallel domains; b) change of phase for
structure (a); c) distribution of intensity of the image of the phase
grating (a) in the small-angle diffraction mode [7S].

o zoo 400 600 goo woo izoo ma IBOO moo
Film thickness, A

FIG. 8. Theoretical plots of the domain-wall width against the film
thickness, obtained by different authors for 80% Ni-Fe, Ms = 800 G,
A = 10"6 erg/cm, Κ = 103 erg/cm [ 1 4 7 ] .



M A G N E T I C S T R U C T U R E OF THIN F I L M S 71

In very thin films, the Neel walls are energywise
favored, and in thick films the Bloch walls are favored
(in the former case Mg, while rotating in the wall, re-
mains in the plane of the film, and in the latter it goes
out of the plane of the film and remains in the plane of
the wall). In films of intermediate thickness, a transi-
tion type of wall is favored, namely a wall with cross
ties or of the "barbed wire" type, consisting of seg-
ments of Bloch walls and Neel walls. Its model, ob-
tained from powder patterns^108^1, was later confirmed
by investigations in an electron microscope1-3^. The
distance between the cross ties is 1—10 μ, and their
density increases with increasing anisotropy field Hjj
and depends on the thickness of the film (it is maximal
at d « 600 A [ 2 6 ] ) . In later investigationsC l 0 9 ], no corre-
lation was obtained between the cross-tie density and
the film thickness. Demagnetization with an alternating
field gave a density scatter up to a factor of 6. When the
wall approaches defects, the density changes by a factor
3-4.

Mutual conversions of homogeneous walls into walls
with cross ties were observed by heating a film^110'1113

and by changing the "number of degrees" of the walls
by stretching'-112'114-' (homogeneous Neel walls with
2a < 180° changed into 180° walls with cross ties upon
stretching), and under the action of a field along the
difficult-magnetization axis'·115-', where the transition
was due to a displacement of the Bloch lines and was
obtained at different angles a with increasing and de-
creasing field. Under the action of the field along the
difficult magnetization axis, the configuration of the
wall with cross ties changed, and hysteresis of the dis-
placement of the Bloch lines was observed'·116-'. When
the angle of the walls changed, the width of the wall de-
creased with decreasing 2a only for thin films
(d < 120 A). For thicker films, the width of the walls

was maximal at 2» = 120-140° (Fig. 9). The presence
of such a relation is apparently connected with the
change in the wall structure^ 1" 3 . This is also indicated
by investigations in the small-angle electron diffrac-
tion modet 1 1^.

A theoretical analysis predicts the existence of walls
of a definite type only in a definite range of film thick-
nesses. There are grounds, however, for assuming that
this is not the caseC1 1 9 '1 0 1 '1 0 3^. In particular, there is a
critical value of the angle between the magnetizations
in the neighboring domains (2» c r ) , when walls with
a > acr are not revealed by powder for thick films
(d κ 1200 A), whereas for a < acr the walls can be
clearly seen with the aid of powder. This can be easily
explained by changing over from Bloch walls, which
attract the powder weakly, to Neel walls, which have
large stray fields'·120-'. A theoretical analysis of the
transitions between the Bloch and Neel wallsC l l 9 ' 1 0 1 ' 1 0 3 : i

has shown the following: 1) below a definite thickness,
only Neel walls exist in the films, 2) at large thick-
nesses, the Neel walls appear at a < o/cr, at aQT < a
< π/2 there are only intermediate walls, and only at
a = π/2 do pure Bloch walls exist. Pure Bloch walls
(a = π/2) were observed in thick (1200—2000 A) homo-
geneous fine-grain permalloy films. After annealing the
films, the angle of rotation of the magnetization in the
wall was no longer equal to 180°, owing to the growth of
the crystallites, and the angle varied along the wall.
This caused the appearance of an alternating Neel com-
ponent along the wall and formation of cross ties'-61'121^.
In'-122-' there was observed the formation of cross ties
on a Neel wall passing inside individual crystallites of
a large-grain Ni- Fe film.

Most experiments aimed at the investigation of the
walls did not result in limitations with respect to the
film thickness for the existence of domain walls of any
particular type. Boundaries with cross ties^were ob-
served both in very thin films (d = 30—180 A)^1233 and in
thick ones C l 0 1 ' 1 0 ^, although in some casesC9 7 '1 2 4 ] they
were observed only at d < 1000 A. The effect of polarity
in a field perpendicular to the film, which was observed
for films of thickness 200—1600 A, and the dependence
of the domain-wall width on this field, point to the pres-
ence of the Bloch component in the walls^125^1. For Ni
films of thickness 200—800 A with perpendicular aniso-
tropy at K± > K i c r , the walls were of the Bloch type,
which coincides with the energy calculations; for
K l < K lcr> t h e w a l l s became of the Neel type 1 1 1 2 6 ' 1" 1.

Walls with cross ties were observed in polycrystal-
line films. Thus, in Fe films, where both 90° and 180°
walls existed, the cross ties appeared on the 180° walls
at d < 1000 A, and at d < 400 A walls with cross ties
predominated. On 90° walls, no cross ties were ob-
servedC l 2 8 ' 1 2 9 ]. In epitaxial electrically-deposited films
of Ni-Fe with domain structure of the checkerboard
type, cross ties were also observed on the boundar-

-Z -1 0 7 Ζ 3

F I G . 9. Dependence of the angle of rotat ion of the magnetization in
the wall (2a) and the width of the wall (δ) on the magnetic field along
the difficult magnetization axis (HL). a) d = 120 A, Hk = 8.3 Oe, H c = 5
Oe; b) d = 250 A, Hk = 7.3 Oe, H c = 4.2 Oe; c) d = 530 A, H k = 6.2 Oe,
H c = 2 . 5 O e [ 1 1 7 ] .

In s i n g l e - c r y s t a l f i l m s of F e , Ni , a n d /3-Co, the t y p e

of w a l l w a s d e t e r m i n e d by h e a t i n g ^ 1 3 1 3 . T h e r a t i o of t h e

c o n t r i b u t i o n s of t h e d i f f e r e n t e n e r g i e s w a s v a r i e d

t h e r e b y , and if the wal l w a s of the N e e l t y p e , i t did not

c h a n g e , but if i t w a s of the Bloch t y p e , t h e n it a c q u i r e d

N e e l s e c t i o n s . It w a s o b s e r v e d t h a t t h e 180° w a l l s a r e

of the Bloch type in Fe and β- Co films at d > 80 A. In
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Ni films (d = 300-500 A), the 180" walls had both Bloch
and Neel sections.

Interesting data were obtained in the investigation of
thick epitaxial films of Fe (0.1—1.0 μ) in a super-high-
voltage electron microscope with accelerating voltage
1000 kVt6*'13^: a) at d > 1000 A the Neel boundaries go
over into Bloch walls; b) at d = 1000—3000 A, asymme-
trical 180° walls are observed, and their contrast coin-
cides quite well with the contrast calculated for the
model or 1 0 7 ; c) considerable changes in the width of
the image of the 90° wall were observed, this being
attributed to different inclinations of the different sec-
tions of the wall relative to the film plane.

In addition to the walls with 2a s 180°, there were
observed also 360° walls, which occur in thin films with
d < 300 A (the 360° walls are energywise more conven-
ient for thin films'·133-'), and the origin of which is con-
nected with the prior history of the sample. The forma-
tion of such walls during the course of magnetization
reversal was observedC l 3 4 ] in films of 80% Ni-Fe
evaporated without a field, and also on sections of a
film with radial anisotropy, which was produced after
the film was annealed by an electron beam focused on
the sample [ 4 8 > 1 3 5 : i. A detailed electron-microscope in-
vestigation of the 360° walls was carried out in c i 3 e : i .
The formation of such walls was attributed to the fact
that the mobility of the Bloch lines is smaller than in
thick films. Owing to the absence of stray fields, the
360° walls can be strongly bent, even closed, and ex-
perience changes only under the influence of rather
strong fields (~100 Oe), when the motion of the Bloch
lines becomes possible. An analysis of the walls by the
procedure οί49-1 has shown that the true 360° boundary
(the magnetization vector rotates continuously through
360°) takes place when the magnetization in neighboring
domains is perpendicular to the wall. If the angle dif-
fers from 90°, then at two places of the wall the magne-
tization vector is perpendicular to the wall, and it can
be regarded as two 180° walls that come closer to-
gether. Such double walls can occur when the wall curls
around an inclusion^137-1.

The formation of unusual domain walls with neigh-
boring-domain magnetizations directed perpendicular to
the wall was observed in films of permalloy1138^, Fe,
and Co^ 1 3^, after applying a rather strong magnetic
field perpendicular to the film. The formation of such
a structure is attributed to the presence of a geometric
relief in the film. The width of such walls is quite large
(5—8 μ), and inside the wall there is observed a fine
magnetic structure, a magnetization ripple with wave-
length larger than in the remaining parts of the film1-1393.
Calculation performed for a simple model of the
wallsC l 3 8 ] explained the contrast of the image of such
walls. The energy of such a wall as a function of the
perpendicular field was determined in'-140-'.

By using an electron microscope, it is possible to
measure the width of the domain walls. Experimental
data on the width of the wall (2a) makes it possible to
determine the exchange-energy constant A, if one knows
the uniaxial anisotropy constant Ku. If one uses the law
obtained for the variation of the magnetization angle of
the wall by taking into account only the exchange energy
and the anisotropy energy^141],

(6)

where ξ is the coordinate perpendicular to the wall
(ξ = 0 corresponds to the center of the wall), θ(ξ) is the
angle between the magnetization and the plane of the
film for Bloch walls and the angle between the magne-
tizations in the wall and the neighboring domain for Neel
walls, and δ = VA/Ky, then the connection between the
quantities of interest to us takes the form 2a = πδ
= vrVA/Ky. A was determined from this relation using
the experimental data on the wall width [ 9 8 ) 1 4 2 ' 1 4 3 ] . Meas-
urements performed on an Ni film (2a = 550 A) yielded
the value A « 0.5 χ 10"6 erg cm; the values of A were
also obtained for different Cu contents. The value
A = 0.8 χ 10"6 erg/cm obtained for permalloy1·144] is in
good agreement with the data obtained by other methods.

2. Wall image contrast in the defocused media. The
expressions for the contrast K(x) of the boundary image
in the defocused mode, for a point electron source, are
obtained by substituting the corresponding function of
the change of the magnetization in the wall in expres-
sions (2) and (3). The difference between the approaches
from the points of view of wave optics (2) and geometri-
cal optics (3) are particularly strongly pronounced for
a converging wall1-14^ , where at sufficiently small illum-
ination aperture (2 β) the expressions (3) give a result
that is utterly incorrect.

At 2/3 ̂  λ(Ζ + S)/4ZSy£ , interference fringes are ob-
served on the image of the converging wall; this was
first observed in C l 8 ] . It follows from (2) that the dis-
tance between the interference fringes is Δχ {

= λ(Ζ + S)/2Sy|, the width of the fringes referred to
the plane of the sample is equal to A | f = h/2deB«, and
the flux through the section of the film between ξ and ξ
+ Δξ£ is Φο. With increasing Ζ on the image of the con-
verging wall, the number of fringes increases as well
as their width, but the fringe width Δξ* referred to the
plane of the film remains the same^' j .

Figure 10 shows a photograph of a domain wall with
cross ties that serve as the converging sections of the
wall. The small illumination aperture has made it pos-
sible to obtain a very sharp picture of the interference
fringes.

Whereas for a converging wall the difference between
the results obtained with the aid of wave optics and
geometrical optics is large, for a diverging wall this
difference is much smaller. By way of an example we

FIG. 10. Micrograph of a wall with cross ties, obtained at a small
illumination aperture. Ni-Fe film, d = 500 A, Z = 3 cm (R. H. Wade,
unpublished photograph).
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present a comparison for a wall of z e r o width'-68-':

Μη = M s for ξ > 0 and M^ = - M g for ξ < 0. F r o m (1)

we have Αφ = Α 0 | ξ |, where Ao = 477Mged/cfi, and from

(2) we have

(7)

where

1Γ kSZ Τ1/2 ,

Η - *

C(a) and S(o) a r e F r e s n e l integra l s , and the plus and
minus signs of U+ denote integration over the region
0 < ξ < °° and-=» < ξ < 0, respectively. Recognizing
that |u o | 2 = 27rZSA2/k(Z + S) and that at large y 0 Z the
contribution from negative ξ to the region χ > 0 i s
smal l , we obtain for the contrast (x > 0) the following
expression:

Κ (χ) « \ {[τ + (8)

This is the contrast for diffraction from a half-plane
—« < ξ < yoZ. In Fig. 11 this dependence is represen-
ted by the solid line, and the dashed line r e p r e s e n t s the
contrast obtained from (3). We see that the kinks p r e -
sent in the geometrical contrast a r e smoothed out in the
diffraction contrast .

If the changes in the posit ions of the magnetization in
the wall a re smooth, the difference becomes even
smal le r . Numerical calculations of the image contrast
of the converging and diverging walls with distribution
of the magnetization in accordance with (6) have shown
that for a diverging wall geometrical optics remains
suitable for the calculation of the contrast even in the
case of large degrees of defocusing^90^1, and not only in
the case Ζ < ( d y / d i ) ' * " 8 ' " 7 3 - The condition for the
validity of geometr ical optics (4), obtained using the
stationary-phase method (an es t imate of this method i s
given in'-148^) shows that for converging walls, c o r r e -
sponding to Β'(ξ) < 0, the condition for the l imitation of
Ζ is more str ingent than for diverging walls, for which
Β'(ξ) > 0. Therefore the l imitation obtained for con-
verging walls Ζ <5jC (άγ/άξ)~1Ε14β3 is too stringent for
diverging ones, and for the l a t t e r geometrical optics
turns out to be valid for large values of the defocusing
Z.

a) Finite dimension of e lectron source. Formulas
(2) and (3) for the contrast K(x) were obtained under the

«(a)

V

0,5 -

Ο
-4 -Ζ ΰ Ζ 4 α

F I G . 11. Contrast of image of diverging wall, calculated with t h e

aid of wave optics (cont inuous line) and geometrical optics (dashed line)

for 2a = 0, d = 500 A, M s = 800 G, S = 20 cm, and Ζ = 5 cm [ 6 8 ] .

1 I

1 IJlilM

condition that the e lectron source is point-like. A rea l
e lectron source always has finite dimensions. This
leads to a modification of the contrast , which can be
written in the form of a convolution of the function K(x)
with a source function f(u):

(u + x)f(u)du, (9)

where u = /3Z. For a round source with a brightness that
i s constant within the l imit of the angle ± β0 we have f(u)
= [(Z/3O)2 - u

2 ] l / 2 C l 5 0 ] , and for a source with Gaussian
angular distribution f(u) = exp(- u 2 / Z 2 /3 2 ) C l 4 5 ] . In most
cases , with the exception of the case when small conden-
s e r diaphragms a r e used for strong cutoff of the beam,
the e lectron source has a Gaussian distribution.

The image contrast curves of domain walls with dif-
ferent magnetization distr ibutions, at different illumina-
tion a p e r t u r e s , a re given i n C 1 4 5 ' 1 6 0 - 1 5 2 ] . The finite dimen-
sions of the source lead to a smoothing of the contrast
(the intensity of the converging walls d e c r e a s e s , and
that of the diverging ones increases ) , and this effect is
s t ronger the l a r g e r the defocusing and the illumination
a p e r t u r e . Calculations show that the difference between
the re su l t s obtained with the aid of geometrical and
wave optics d e c r e a s e s with increasing illumination
aper ture . Thus, at 2/3 « 10"5 rad, the osci l lat ions on the
wall boundary image vanished for films with p a r a m e t e r s
d = 500 A, 2a = 500 A and d = 200 A, 2a = 800 A, and
with further increase of the aper ture the s imilar i ty be-
tween the diffraction contrast and the geometrical con-
t r a s t increased.

j n [ 150.153] i s g j V e n t n e dependence of the contrast at
the center of the image of a wall with a magnetization
distribution in accordance with (6) on the value of the
defocusing for both types of source function. The
p a r a m e t e r employed was the quantity β/γο.

b) Scattering of e lec t rons in film. We considered
e a r l i e r the contrast due only to the magnetic s t ructure ,
neglecting the scatter ing of the e lectrons in the film.
Actually, e last ic and inelastic scatter ing of the elec-
t rons can take place in the film, and this changes the
contrast due to the magnetic s t ruc ture . Electrons scat-
tered through angles θ that a re l a r g e r than the dia-
phragm aper ture of the objective lens (θ0) will be blocked
by the diaphragm. Electrons scat tered through angles
θ < θ0 will fall into the image and produce a relative
background I/l 0 = exp(—Qd), where Q i s the total c ros s
section for the scat ter ing of the object. F o r polycrys-
talline films of Fe, Ni, Co, and Ni-Fe, one can use for
Q, with good accuracy, the data obtained for an amor-
phous germanium film^154^1.

To determine the contrast it i s necessary to take
into account the angular distribution of the e lectrons
scat tered through the angle θ < θ0. Since the wall is a
one-dimensional object, it i s expedient to use the one-
dimensional distribution function G(0) = (dl/d0)lo (the
intensity of scatter ing into a narrow slit of width άθ).
The contrast of the wall image i s then written in the

(10)

It is difficult to calculate the function G(9) theoretic-
ally, for at angles θ < 10 4 rad the main contribution i s
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made by multiple scattering. It can be measured ex-
perimentally by using the pattern of small-angle elec-
tron diffraction.

With increasing accelerating voltage, both the elec-
tron scattering and the deflection γ0 in the magnetic
field decrease. However, as shown iri1 5 5"1 5 7^, the de-
crease of the scattering predominates. Under ordinary
working conditions, the contrast increases with increas-
ing accelerating voltage and reaches a flat maximum in
the interval 400-700 kV. Investigations of Ni-Fe films
of thickness 1500—2000 A at accelerating voltages
200—650 kV have confirmed the predicted growth of the
contrast. In these measurements, the background of the
inelastically scattered electrons was subtracted (the
black level was chosen to be, just as inC 4 4 : i, the intensity
on the image of a grid).

c) Influence of character of the magnetic structure
on the contrast of the walls. The presence of a regular
domain structure, at sufficiently large defocusings, can
distort the contrast from the domain w a l l s ' ^ . In this
case, the domain structure acts like a diffraction grat-
ing. Thus, for the regular domain structure of CrBr3,
the contrast in the case of strong defocusing approaches
sinusoidal. At small values of the defocusing, when the
action of the regular domain structure can be neglected,
the contrast is well described by wave optics, while
geometrical optics gives an incorrect result, even with
respect to the magnitude of the contrast at the center of
the domain wall (the condition (4) is apparently not satis-
fied). It is interesting that in a comparison of the dif-
fraction contrast for 2a = 0 and 2a = 56 A (this value
was taken from the data ο ί [ 1 5 8 ] , where it is not stated
how this quantity was measured), the value of the con-
trast at the center of the wall remained practically un-
changed, so that it is hardly possible to determine the
wall width from the contrast under these conditions. A
similar case apparently takes place also for cementite
(Fe 3 C) [ 1 5 9 ] , where a wall width of 100 A was obtained
for samples 2000 A thick.

Distortion of the wall image contrast as a result of
the action of the periodic magnetic structure was ob-
served for Co and was calculated theoretically. If the
magnetization in the neighboring domains goes out of the
plane of the film, then the image contrast of a single
wall is an asymmetrical function. This was qualitatively
confirmed experimentally for walls of the basal
planeC l 6 o : ).

3. Boundary image contrast In other microscope
operating modes, a) Ray-intercept Method. The factors
limiting the accuracy are as follows: 1) the finite dimen-
sion of the electron source, 2) the increase of the spher-
ical aberrations as a result of the shift of the aperture
diaphragm, 3) astigmatism due to contamination of the
diaphragm, 4) inelastic scattering of the electrons, and
5) inaccurate setting of the diaphragm in the rear focal
plane of the objective. The deterioration of the resolu-
tion due to the shift of the diaphragm can be decreased
by placing the knife edge in the projector1-24-'.

At a sufficiently small illumination aperture, inter-
ference fringes parallel to the domain wall are obtained
on the image. The contrast from a wall of zero width
was considered lifB71, where a number of singularities
was revealed (in particular, one interference fringe in
this regime corresponds to a flux 2Φ0). In the case of a

small value of Βη (CrBrs)^91-1, no interference fringes
are observed on the image and the region of the transi-
tion from the light to the dark sections depends little on
the width of the domain walls.

Owing to the difficulty in monitoring the location of
the diaphragm that produces the contrast, and also owing
to the more complicated calculation of the contrast, the
cutoff method is difficult to employ for quantitative in-
vestigations.

b) Method of quarter-wave plate and interference
microscopy. These methods are difficult to realize and
offer no advantages whatever over the defocusing
method.

c) Method of small-angle electron diffraction. It is
difficult to obtain information on the domain wall in in-
vestigations of periodic magnetic structures by this
methodC78>69: i. A difference in the wall width can lead to
double spots, which can take place also when the domain
widths are different)-69^. However, to determine the wall
structure one can use small-angle diffraction from a
small region of the film, containing a single wall. The
diffraction images of several sections of the walls are
shown in Fig. 12. A smooth rotation of the magnetiza-
tion in the wall causes lines joining diffraction spots to
appear on the image^78'6911. Patterns with both straight
and bent links were observed experimentally^118^,
although a theoretical analysis shows that the images of
the Neel and Bloch walls have the same configuration,
for in either case the diffraction spots are joined by a
straight line (there is no displacement of the electrons
along the boundary to cause the bending of the link).

In the case of small- angle diffraction, the image can
be regarded as a diagram showing the distribution of the
magnetization'-161·'. This was used in1-162-1, where a new
model of the domain wall was proposed, and in!-38S-!,
where the residual magnetization of Co-Ρ films was de-
termined.

4. Methods of determining the width of the wall and
of the course of the magnetization in it. At the present
time there is abundant experimental material obtained
by measuring the width of the domain walls (see the
table). However, the fact that these data were obtained
by different methods makes it sometimes difficult to
compare the results of different authors. In addition,
when measuring the wall width it is always necessary to
determine whether there is a magnetostatic charge on
the wall, for if the wall is charged the field of the char-

FIG. 12. Walls with cross ties and
diffraction images from round regions
(A, B, C). Scale-2.5 X 1(T5 rad [69].
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ges can act like an additional lens and change the value
of the defocusingt38'3813.

a) Method of selecting the distribution parameter.
In this method one uses a certain one-parameter distri-
bution of the wall magnetization (most frequently (6)),
and the value of the parameter is chosen such that the
theoretically calculated contrast approximates in best
fashion the experimentally obtained one. This method
was proposed iif*0^, where the two parameters R and δ
were selected, and expression (3) was fitted to the ex-
perimental data obtained by photometry of the negatives.

This method was used to measure the wall width in
films of permalloy and Co in a wide range of thick-
nesses^ l i e>1473. Small defocusings were used
(Z <C (άγ/άξ)'1, and the measurements were made on
the diverging walls. The dependence of the wall width

on the thickness, for a film of 76% Ni-Fe is shown in
Fig. 13. The experiment yielded very large values of
the wall widths for thick films, which did not agree with
the calculation. The main source of the error, the mag-
nitude of which increases with thickness and leads to
overestimates of the domain-wall widths, is the de-
crease of the contrast as a result of electron scattering
in the film. Repeated measurements with an ultra-high-
voltage microscope for a Ni-Fe film 1500 A thick gave
wall widths one-third as largeC l 6 3 : i. Other sources of
errors were the finite dimensions of the electron
source, which was not taken into account, and the use
of small defocusing, the determination of which could
result in an additional error'-90^.

The method of selecting the parameter itself can
lead to considerable errors if the employed distribution

Table showing results of

Measurement method

Method of selecting the
distribution parameter

From contrast at the center
of the wall image

Method of half-difference
and extrapolation to zero
defocusing

Fuchs' method

Inversion method

Ray intercept method

Chemical composition
of film

50% Ni-Fe
76% Ni—Fe

Ni —Fe

Co
Fe, Si —Fe (100)

Fe (100)
Fe —Si

Co
Ni-Fc

Fe
Ni-Fe

Ni
Fe

Fe epitax
Ni epitax

β-Co epitax

Co
Ni — F e

Fe
Ni

2 0 - 8 6 % Ni — F e
Fe

76% N i - F e

Fe

Ni
Co

8 1 % Ni — F e

79% Ni — F e
Ni — F e

Fe
Ni

N i - C o
Co

Magnetoplumbite crystal
Co crystal

Film
thickness, A

200
200-1800

1500

200-1500
500—1000

—

1500

1500—2000
200
200
200
700
350
950

100-300
120-530

200
200
200

170-760
1500

100-800

200—600
200- 800

100-800

100-430
100-500

—
—
—

2000

-

m e a s u r e m e n t s o f d o m a i n w a l l s ( s e e [ 3 8 4 ] )

Angle of rotation
magnetization in

the wall, deg

100
180
180
140

70
90

180
90 and 180

180
90

180
90

180
180, 140,

90, 70

90andl80
90andl80
90andl80

180
3 0 - 1 6 0

180
180
180
180
180
170
140

Walls with cross
ties

180

120
180

90
70.5
60

180
—

Width of wall, A

1500
6000—2000-9000

1570
2820
3080
3760

4000—3000-6000
Results are different when
different distribution
functions are used

" 1720
770

2530
1140

150-180
Agreement with the selection
method

1400
1800+500

550+150
1000+400
9O0andl80O
350and750
700andl25O

800-900
Pile. 9

500
600

5 5 0 - 1 2 0 0 - 7 5 0
700—500—650

900
500
130
400

400—500
800—600

7000-1000

3500—1200

1000+300
450+150

2000+500
200+50
250+150

500+100

Reference

40
146
167

147
164

105

150

167

δβ

1 6 8

1 6 9

171

117

173

1 4 5

1 6 3

175

28

4 4 , 1 7 8

1 8 0

1 8 1

182

183

R e m a r k s

F i g . 1 3

W i d t h o f 9 0 " a n d 1 8 0 ° w a l l s

i n S i - F e i n c r e a s e s w i t h t h i c k -

n e s s

I n [ l 7 0 l t h e m e a s u r e m e n t s

w e r e m a d e o n t h e s a m e f i l m s

o f t h i c k n e s s 4 0 0 - 8 0 0 A . N o

d e p e n d e n c e o f t h e w a l l w i d t h

o n t h e t h i c k n e s s w a s o b s e r v e d

The value at Ζ = 0 is given

Values at Ζ = 0 are given, to
obtain the wall width it is
necessary to separate by 0.56
or by 0.66, depending on the
type of boundary. The best
agreement with Hubert's
method

Fig. 13

Fig. 13

Large scatter of points

Good agreement with theory
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10000

I 8000

<3 6000

4000

ZOOO

Neel wall

Bloch wall
\

500 1500 ZOOO7000
Film thickness, A

FIG. 13. Width of 180° domain wall as a function of the film thick-
ness for 76% Ni-Fe. Continuous line-calculation in accordance with [96],
Δ-data of [2 6], O-[ 1 4*], G-I 4 4] (120° waU in film of 79% Ni-Fe).

of Ms differs from the rea l one, and the e r r o r itself
cannot be controlled. This was confirmed by the data
of1-164-1, where the wave-optics formulas were used to
calculate the contrast for certain distributions of the
magnetization in the wall and a comparison was made
between the theoretical and experimentally obtained
contras t s for samples of thickness up to 500—1000 A
polycrystall ine samples of Fe and Si-Fe). The values of
the wall widths determined using different distributions
differed quite appreciably.

b) Method of determining the wall width from the
contrast at the center of the wall image. This method

was proposed^1 5 0-1 for a magnetization distribution in the
wall in accordance with (6). The express ion for the con-
t r a s t at the center of the image of a diverging wall i s
K(0) = [l + RS(Z + S)"1]"1. F r o m this expression, know-
ing the value of the defocusing and the angle of inclina-
tion of the e lectrons in the neighboring domains (from
the splitting of the diffraction spots in diffraction of the
electrons by the wall and the adjacent regions of the
neighboring domains^2 5^1, and knowing the film thickness,
it i s possible to determine also M ^ 1 6 6 ^ ) , it i s possible
to determine the parameter δ and the wall width.

With such a determination of the wall width, it is
easier to take into account the finite dimension of the
source, and K(0) can be determined at rather large de-
focusings. A comparison of the geometrical contrast
with the wave-optical oneC9o:i has shown that K ( 0 ) g e o m

= K ( 0 ) w a v e even at large Ζ (~5 cm), whereas the dif-
ferences between the values of K(x) on the edges limit
the utilization of the selection method. In determining
the wall width by this method, the greatest error is in-
troduced by the electron scattering in the film and the
resultant decrease in the contrast. The error due to
the scattering of the electrons in the film is approxi-
mately the same in this method as in the preceding one.
It is interesting that both methods give close values of
the domain-wall width C m : ! .

c) The method of half-sum or half-difference. This

simple method was proposed inC56:l and was subse-
quently developed iif168'14^. The calculation was car-
ried out with the aid of geometrical optics. The width
of the image of a diverging wall in the observation plane
is Wd = ((Z +S)/S)2a + 2 Z y | and that of a converging
wall is Wc = ((Z + S)/S)2a - 2Z γξ for ((Z + S)/S)a > Ζ y^
and Wc = 2Z y | - ((Z + S)/S)2a for ((Z + S)/S)a < Ζ yt.
The width of the wall is obtained as the half-sum or naif-
difference of the widths of the images of the diverging

and converging walls in the observation plane. The value
of the defocusing is preferably made large, for in this
case the distribution of the contrast is close to rectangu-
lar and it is easier to determine the edge of the wall. As
seen from the expressions, when determining the width
of the wall it is necessary to take into account the coeffi-
cient S/(Z + S), for otherwise the obtained values of the
wall widths will be too high. This method was used

Ι·βιι»μ4βμ·ιημΜ]

listed in the table.
This method is simple but has many shortcomings:
1) A small quantity is determined as a difference of

two large ones, which can lead to a large error.
2) When the width of the image is measured at some

definite level of the contrast, different results are ob-
tained for different models of the wallsC l 4 4 ].

3) To reduce the error it is necessary to introduce
correction coefficients'-144-' that depend, however, not
only on the thickness of the film and the wall width, but
also on the illumination aperture and on the distribution
of the magnetization in the.wall [ 1 4 5 : i.

4) Whereas geometrical optics is suitable for the
description of the contrast of diverging walls, it intro-
duces considerable errors in the case of the converging
wallsC l 4 5 ].

5) In the measurements it is also necessary to take
into account the fact that the film density can be lower
than that of the bulk material1-77'144^ (according to other
dataC l 7 4 '1 6 e^ this was not observed).

The error is smaller in the method of determining
the wall width only from the image of a diverging wall
with extrapolation of the half-width of its image at the
1/2 level to Ζ = ο^ 1 4 5 ' 1 5 3 ' 1 7 5 ' 1 2 5^. The wall width meas-
ured in this manner corresponds to the distance, in the
wall, between the points of which |dB/d?| = 1/2. The
result of the measurements by this method depends
little on the finite dimensions of the illumination source,
on the use of the geometrical-optics relations, and of
small-angle scattering of electrons in the film. The
latter has an even smaller influence than the finite
illumination aperture 1 1 1 5 3 ' 1 7 5 3. Recent measurements11372^
gave results that agreed well with the theoretical ones
calculated in accordance with the model of107^. How-
ever, it is precisely for this model, as shown in'-373-',
that this method results in errors by a factor of 3.

d) The Fuchs method. This method was first used to
attempt to determine the course of the magnetization in
a wali 4 9 ' 2 6^. In this method it is necessary to determine
the distance between the maxima of the intensity on the
image of a converging wall. Since the calculation is
based on geometrical optics, and it was shown in C l 7 6 ]

that the maxima on the diffraction pattern lie far from
the caustics calculated with the aid of geometrical op-
tics, this leads to considerable errors (the width is
overestimated by more than 2 t i m e s ' ^ ) .

The results of the investigation1^ indicated the
presence of two regions in a Neel wall: 1) region of
strong variation of the direction of the magnetization,
and 2) region of slow rotation of magnetization. The ap-
pearance of the regions of slow rotation is connected
with the stray fields of the Neel wall. Theoretical cal-
culations also lead to the presence of such regions [ 9 9 ] .
The regions of slow rotation are much broader than the
region of fast rotation: thus, slow rotation occurs in a
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FIG. 14. Change of the angle of rotation
of the magnetization in a 120° boundary
of a film 79% Ni-Fe of 100 A thickness I 4 4 ] .

region of width 10—15 μ, whereas the width of the narrow
region is ~0 .1 μ [ 1 0 7 ] .

e) Inversion method. This method makes it possible
to determine the course of magnetization in the

w a l l C«,"8-ieo] a n d t Q o b t a i n t h e a D s o l u t e value of M s .

The inversion can be c a r r i e d out graphically o r analy-
tically. In the f irst case, the magnetization component
para l le l to the wall is equal to

(11)1 v Λ y8e/m Zd

where Δχ(ξ) is the displacement of the e lectron t ra jec-
t o r i e s in the observation plane. The displacement i s de-
termined from integral curves obtained by integrating
the current density on the image of a diverging wall, and
Μη is determined from (11). The obtained θ(ξ) plot is
close to l inear (Fig. 14). The absolute value of the wall
width d e c r e a s e s with increasing film thickness much
l e s s than i n C 2 6 ] a n d C l 4 6 ] (see Fig. 13). The obtained abso-
lute value of Mg was close to the magnetization of bulk
mater ia l (~800 G), and no decrease in the film density
in comparison with the bulk mater ia l was noted.

Analytic inversion'-1 7 9 '1 8 0-' gives for M,, the expres-
sion:

Λίη (ξ) = Ms sin θ © - •
2ZSA0

j [i-K(x')]sgn{x-3:')dz', (12)

where Ao = 47rMged/cK.
Calculation of the function ff(£) was c a r r i e d out with

a computer, using the contrast curves obtained by
photometry of the image of a diverging wall on the
negative. Measurement of the wall width was car r ied
out on permalloy films of thickness 100—800 A.

When using the inversion method, it i s also neces-
sary to introduce a correct ion for the background of the
inelastically scat tered e lectrons . In the general case it
is difficult to take into account the small-angle scat ter-
ing of the e l e c t r o n s C l S 3 ] . F o r fi lms of thickness -500 A,
however, i ts contribution is small . The main e r r o r s for
films with these thicknesses a r e due to the finite dimen-
sions of the e lectron source and due to the use of the
geometrical methods in the calculations. These e r r o r s
increase with increas ing defocusing Z. However, an es-
timate of these e r r o r s ^ 1 5 1 ' 1 5 2 ' 1 8 " 3 has shown that the
method has sufficiently high accuracy under rea l operat-
ing conditions in the case of a sufficiently strong con-
t r a s t (small defocusing and accordingly weak contrast
a r e pract ical ly unusable, owing to the small signal /noise
ratio). This, the use of medium defocusings (Z < 5 mm)
gives in most cases an accuracy of 0(ξ) not worse than

o[l80]

f) Methods using wave-optics calculations. The ex-
p r e s s i o n s obtained with the aid of wave optics for the
contrast a r e complicated and do not make it possible to
determine 0 ( ξ ) . The method of selecting the param-

eter[20,6B,16O,164] ^ ^ g a m e s h o r t c o m i n g s a S w n e n it
is used with the geometrical-optics express ions. For
Co, however, th is method yielded good quantitative
agreement for the image contrast of converging walls
in the p r i s m a t i c plane ^ . Although in this case the
e r r o r can a l so be quite la rge, owing to inaccurate knowl-
edge of the dimensions of the source (this was noted
i i i 3 7 3 ^, where methods of measuring wall widths a re
compared), the measured wall width agreed with the
data by other authors .

g) Ray intercept method, irf23'2*^, an attempt was
made to obtain data on the boundary by measuring the
distribution of the intensity a c r o s s the image of the
boundary while moving the edge of the diaphragm. A
strong influence of the unevenness of the diaphragm
edges was noticed in this case. When converging illum-
ination is used^ 1 8 1 3 (the line joining the diffraction spots
became b l u r r e d [ 2 5 : i ) , the intensity of the e lec t rons pass-
ing through each element of the wall is proportional to
the magnetization component para l le l to the wall. In the
experiment, the convergence of the illuminating electron
flux was increased until a constant intensity profile of
the wall was obtained, which was then compared with
the theoretical one corresponding to the distribution of
the magnetization in accordance with (6). The data on
the wall width were given in the table.

The intercept method was used also to determine the
wall width in the basal plane of thin uniaxial crys ta l s
with high anisotropy (Co, magnetoplumbite), where the
magnetization in the domains i s a lmost perpendicular to
the surface of the sample, and the magnetization in the
walls becomes paral le l to the surface^ 1 8 1 ' 1 8 2 3 (see the
table). In this case the diffraction spot does not become
split, but acquires wedge-like stubs. If the aper ture
diaphragm cuts off one of the stubs, then the walls on
the image take the form of dark and bright l ines against
the background of domains with equal illumination, and
the widths of these l ines correspond to the wall widths.
For Co, the walls a re seen very distinctly (Fig. 15).

The e r r o r s in the intercept method were noted ear-
l i e r in the analysis of the contrast from the domain
walls.

IV. FINE STRUCTURE OF MAGNETIZATION INSIDE
DOMAINS (MAGNETIZATION RIPPLE)

1. Contrast of magnetization ripple. The quasi-
periodic oscil lations of the magnetization inside domains
(the magnetization ripple; see Fig. 12) were observed

models, namely longitudinal oscil lations of the magne-
tization (along the average direction of magnetization)
and t ransverse ones, the former i s more favored ener-
gywise and gives a l a r g e r contrast in the defocusing
mode. The ripple line on the image i s perpendicular to
the local direction of magnetization, and this was used
to investigate the behavior of the magnetization near
defects, inclusions, and cavities in f i lms ' 1 1 8 6 ' 2 4 ' 1 8 2 ' 1 8 7 ^.
The possibility of determining the relief of the films
from the ripple l ines was a lso demonstrated1-1 8 8-1.
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FIG. 15. Image of domain structure in a single crystal of Co (0001)
in the ray intercept mode [183]).

The sources of ripple are inhomogeneities in the
film, which lead to changes in the local anisotropy both
in magnitude and in direction. The presence of magne-
tization oscillations affects the macroscopic properties
of the film. These questions are considered in detail in
the reviews^1 8 8 '1 9 0].

Theories of magnetization ripple were developed in
order to obtain relations between the magnetic proper-
ties of the sample and the parameters of its real struc-
ture [ 1 9 1 " 1 9 6 : i . In addition to a linear t h e o r / 1 9 3 ' 1 9 4 ^ there
has been developed by now a more general nonlinear
theory of ripple^ 1 9 5 ' 1 9^.

The characteristics of the ripple are the amplitudes
and wavelengths of the harmonics. According to the
linear theory, the dominant oscillations are those with
the wavelength

ALR = 2nVA/Kuh(a.), (13)

where h(a) = h cos(a - <p0) + cos 2φ0, h = H/H k

= HMS/2KU, Η is the intensity of the external field ap-
plied at an angle a to the easy-magnetization axis, φ 0 is
the angle between the average direction of the magne-
tization and the easy axis, A L R is the fundamental wave-
length of the ripple along the average direction of the
magnetization, and Ku is the uniaxial anisotropy con-
stant (knowing A L R from expression (13), we can de-
termine A^1 9^). Another pronounced oscillation, of short
wavelength with wavelength AgR = 4D, is determined by
the average dimension of the crystallites D and coin-
cides with the result ο ί [ 1 9 1 ] .

The experimental investigations of the fine magnetic
structure were aimed either at verifying the validity of
the theoretical results, or at establishing the causes of
random anisotropy. In many cases, the linear theory
agreed sufficiently well with experiment (e.g., the de-
pencence of AT R on the field along the easy and difficult
axes11194'198"201^), and in others there was no agreement
(the dependence of the angular dispersion on the dimen-
sion of the crystallites1-202'203^). In some cases good
agreement with experiment was obtained by the simple
theory of*-191^ (dependence of Λ on the dimensions of the
crystallites [ 2 0 4 : i).

At the present time, only transmission electron
microscopy makes it possible to observe magnetization
ripple. When considering the contrast of the magnetiza-
tion ripple, it is necessary to use wave optics.'-8^'
Geometrical optics results in a direct proportionality
of the dependence of the contrast on the frequency of the
harmonic of the ripple, whereas wave optics yields an
inverse proportionality (the contrast of the higher har-

monics becomes smoothed out). This smoothing is
clearly seen in Fig. 16, which shows for comparison the
contrast from different models of the ripple for the
same change of the flux ΔΦΓ = ^MgeoAd, where θ0 is
the amplitude of the angular deviation and A is the wave-
length. The geometrical contrast approximates well the
wave-optical contrast only in the first case. The sup-
pression of the higher harmonics can be explained
qualitatively also on the basis of geometrical optics1119^.
Indeed, if Λ < 2Zy r ( y r is the angle of deflection as a
result of the magnetization component perpendicular to
the average direction of magnetization), then the images
of the neighboring periods of the ripple become super-
imposed on one another and the contrast becomes
smeared out. Long wave oscillations (A > 2Zy r ) have
a weak contrast. A microscope in the defocused mode
thus acts like a band filter (as first noted in1 1 2 0 5 3), and
gives the image of the ripple only with wavelength
A (» 2Zy r .

In the defocusing mode, when the angular deviation is
θ <C 1 and the phase shift (1) due to the action of the
ripple is small, wave optics yields the following expres-
sion for the contrast [ 2 0 < r ]:

. 2edBs
(ω)

( 1 4 )

where θ (ω) is the Fourier transform of θ(ξ) and ω is the
spatial frequency. From this relation we easily obtain
θ(ω):

θ(ω)= — i (15)
'ssin ( ik )~*°°

When der iv ing this re lat ion, no account w a s taken of the

finite illumination aperture and of the electron scatter-
ing in the film, which lead to errors in the determina-
tion of θ {ω)ί207ΐ.

In Fraunhofer diffraction, the intensity on the image
is proportional (θ(ω)/ω)2 for ω = ±kx/Z, i.e., the spatial
frequency ω gives a diffraction maximum at an angle
κ = co/k'-208^. This spatial harmonics will be represented
with maximum contrast if the phase shift corresponding
to it is equal to 2(m - l)ir/2, i.e., 7,o2

maK/2k
= ( 2 m - l)7r/2. These spatial frequencies give in the
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Fraunhofer diffraction mode, upon illumination by a
l a s e r of wavelength A ^ , diffraction maxima at angles

where Μ is the magnification of the photographic plate.
The diffraction maxima of the magnetization ripple
spectrum were observed i n [ 2 0 9 : ! . The relation for K m a x

can be used to determine the magnitude of the defocus-
i n g t " 3 ' 2 0 9 ] . o t h e r methods of finding the working
p a r a m e t e r s of the microscope have been proposed
in1-210-'. I i i 2 1 1 - 1 , for sinusoidal ripple, express ions were
obtained for the contras t in the Fraunhofer diffraction
mode, and e s t i m a t e s were made of the influence of the
finite illumination aper ture and the small-angle scatter-
ing.

2. Influence of film parameters on the magnetization
ripple, a) Dependence on the external magnetic field.
ΐη[ΐβ4, 2°ΐ] ; to verify formula (13), an investigation was
made of the dependence of A L R on the external field.
Wave and geometrical optics yield the same value of the
wavelength on the image, and thei r difference i s manifest
only by the relative contrast of the corresponding os-
cil lations. The r e s u l t s of microphotometry cannot be
used to determine A L R without an additional complica-
ted analysis, since the emphasis of the high-frequency
components may separate on the image the short-wave
oscil lations, which a r e suppressed in a film as a resul t
of the exchange forces. A L R can be determined, how-
ever, by observing from a certain distance the magnifi-
cation of the photograph or by suppressing the higher
oscil lations from the image with the aid of an additional
al ternat ing magnetic field applied in the same direction
as the constant field'-201-'. A L R was pract ical ly indepen-
dent of the defocusing Ζ when the l a t t e r was varied
within a sufficiently wide range. The defocusing, how-
ever, should not be too small , for at small values of Ζ
the contrast of the long-wave oscil lations is small and a
large number of higher harmonics is present in the
image. The resu l t s of the experiment agreed well with
the l inear theory. It was impossible, however, to give
preference in accordance with these r e s u l t s to any par-
t icular theory, that of1-181·1 o r o i 1 8 4 3 . Figure 17 shows
data on the dependence of A-^R on the field in the easy
and difficult direct ions.

In isotropic 81.5% N i - 1 8 . 5 % Fe films, ripple with
two wavelengths was observed, and the length of the
long-wave oscil lations depended on the field in accord-
ance with (13), although for these films we have K^ « 0
and the theory oi 1 9 4 - 1 is not suitable for them. For
Fe films, there was not even agreement in the behavior
of Λ ( Η ) Γ ι 9 9 ] . In la ter investigations 1 1 2 1 2 > 2 1 3 ] , the depen-
dence of Λ on the field along the easy axis coincided
with (13). What was reduced in these investigations,
however, were not the Μ(ξ) curves, but the contrast
curves K(x), and furthermore without allowance for the
coordinate transformation, so that these data may not
correspond to the true distribution of the magnetization
in the film.

b) Dependence on the macroscopic anisotropy. Re-
gardless of the cause of the local anisotropy oscilla-
tions, the presence of macroscopic anisotropy leads to
a d e c r e a s e in the amplitude of the ripple. This was
verified experimentally on Ni films, which have a large

H/Hk

FIG. 17. Dependence of the fundamental wavelength of the mag-
netization ripple on the magnetic field along the easy (1) and dif-
ficult (2) axes. Film 81 % Ni-Fe of 420 A thickness [201 ]. Theoretical
curves: solid-from [ m ] , dashed-from [•"].

m a g n e t o s t r i c t i o n , w h e r e t h e l a r g e u n i a x i a l a n i s o t r o p y
w a s p r o d u c e d by t e n s i o n . A f t e r a s l i g h t a n n e a l i n g ,
w h i c h r e l i e v e d t h e s t r e s s e s , t h e r i p p l e a p p e a r e d a n e w .
T h e c h a n g e of the r i p p l e on Ni f i l m s p r e c i p i t a t e d a t
r o o m t e m p e r a t u r e , w h i c h took p l a c e i n s u b s e q u e n t a n -
n e a l i n g s wi th i n c r e a s i n g t e m p e r a t u r e , w a s a t t r i b u t e d
t o t h e i n t e r a c t i o n of t h e e x t e r n a l a n d i n t e r n a l s t r e s -
ses'- 1 9 9- 1 . When N i - F e f i l m s wi th c r y s t a l l i t e d i m e n s i o n s
D = 80—100 A w e r e s u b j e c t e d t o t e n s i o n , t h e a p p e a r a n c e
of new a n i s o t r o p y p r i o r to the v a n i s h i n g of t h e r i p p l e
w a s o b s e r v e d [ 2 1 4 * , u n l i k e i n f i l m s wi th D = 250—300 A.

F o r e l e c t r o l y t i c a l l y d e p o s i t e d 8 1 % N i - F e f i l m s
(d = 500 A), the o b t a i n e d d e p e n d e n c e of A L R on H k

[ 2 l s ]

was in the form A^pj = 0.33 Vp" + 0.2 μ for ρ < 3.6 μ,
where ρ = 82/H^ μ is the distance between the ties on
the wall with c r o s s t ies . This agreed with1-96-' and (13),
but the plot did not go through the origin. In films sub-
jected to low-temperature annealing (t < 250°C, i.e.,
when the dimension of the crys ta l l i tes remained un-
changed) and to high-temperature annealing
(t = 300—500° C, the crysta l l i tes noticeably increased
in size), A^pj increased only after the first few cycles.
Subsequently, in spite of the decrease of H^, the value
of Aj^pj remained constant. This can be attributed to the
fact that not all the H^ a r e determined by macroscopic
causes (e.g., external s t r e s s e s , which are relieved after
weak annealing). That p a r t of H^ which i s determined
by microscopic factors, although it does decrease upon
subsequent annealing, does not change the value of A ^ R

(e.g., disordering of defects or of atomic pa i r s ) .

c) Dependence on the composition of the films. The
dependence of the ripple on the composition of the films
was investigated mainly for permalloy
f i lms [ 1 8 4 ' 2 0 0 ' 2 1 6 " 2 1 8 ^. A slight r ipple was observed in
films of composition 70—80% Ni-Fe. The ripple dis-
appeared in 74% N i ^ 1 8 4 ) 2 1 6 ] , where the magnetocrystall ine
anisotropy was equal to zero for the bulk mater ia l (free
standing annealed films with internal s t r e s s e s relieved
were investigated in'-216·'). In other cases'-2 1 7^, ο,)» was
minimal near the composition with zero magnetostr ic-
tion (the investigated films were deposited on glass at
room temperature) . No dependence of A L R on the com-
position ( 5 0 - 9 0 % Ni) was obta ined^ 0 1 3 . In Ni-Co films,
no pronounced dependence of the ripple on the composi-
tion was observed.

d) Dependence on the grain dimension and orienta-
tion. F o r permal loy fi lms obtained by deposition on
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glass substrates'1 2 0 2 '2 0 3^, the dependences of amo on the
grain dimensions did not agree with the data of1-194-1, and
the value of Koago0 hardly varied with the grain dimen-
sions. Measurement of A^204-1 for fully polycrystalline
films with grain dimension D * 2000 A gave good agree-
ment with the data ofl9i:s: A = 4D, and the value of Λ
remained constant at D > 2000 A. For oriented films,
Λ was independent of the crystallite dimensions at
D s. 1200 A. However, the data of[19i:i do not agree with
the data on perfect single-crystal films (there was no
ripple) and on oriented films (Λ = 10D). A general ten-
dency of Λ to increase with increasing D was observed
also inC 3 B ' 2 1 9 ] on 81% Ni-Fe films. For polycrystalline
films of Ni, Fe, and Co, there was also observed^2203

a linear dependence of Λ on D, namely, an increase of
the crystallites from 300 to 700 A changed Λ from 0.5
to 2 μ. The following should be noted here: some au-
thors measured the wavelength of the short-wave os-
cillations, A g R , and others the wavelength of the long-
wave oscillations, A L R , which is more difficult to de-
termine from photographs. In general A g R is propor-
tional to the size D of the crystallites within a certain
definite range Do s D < Dx. We have A g R = A L R for
D > Di, and A L R is independent of the crystallite
dimensions for D i < D < D2. No dependence of A-, R on
the crystallite dimensions was observed in1-215-1.

The coercive force H c and A a v in1-221-1 are compared.
For films of 50—90% Ni with Fe there was observed a
linear connection between A a v and H c. It is difficult,
however, to interpret this dependence as unambiguous,
since no account was taken of the influence of the change
of the magnetostriction and of the anisotropy constant.
For films of pure Fe, Ni, and Co, a more rigorous
linear connection between Η and A a v was observed.

Orientation of the grains leads to a decrease of the
ripple as a result of the decrease of the fluctuations of
the local anisotropy. In Fe films with high grain orien-
tation, the ripple is smaller than in films without a tex-
ture^222-1. In monocrystalline and epitaxial high-orienta-
tion films of the pure metals Fe and Ni, the magnetic
ripple was not observed'-169'223-', but in Ni films it was
observed upon application of an external magnetic field.
The presence in the film of crystallites with double
orientation may be the cause of the appearance of ripple
in epitaxial filmsC i e 9 '2 2 4 : i. The inhomogeneity of the
composition and the disordering of the alloy were the
causes of the ripple in single-crystal Ni-Fe films,
which acquired a speckled domain structure after
preparation'-225-'. In general, the dispersion of the mag-
netization of epitaxial Ni-Fe films is smaller than that
of polycrystalline films1·22'0 , although inC 2 2 7 '2 2 8^ ripple
was observed also in well-oriented epitaxial films. The
speckled domain structure was observed also in single-
crystal films of Co1-229'169-1 (and disappeared after anneal-
ing at t w 600° C). Ripple was observed also in thinned-
out single crystals of the stoichiometric alloy NiaMir230-1.
In the investigation of single-crystal foils of 50—85%
Ni-Fe, the ripple was observed in foils obtained by
chemical polishing, whereas there was no ripple in foils
obtained by electric polishing^1"3. The reason for this
is apparently the fact that the foils obtained by chemical
polishing had a very uneven surface.

e) Dependence on the film thickness. The wavelength
of the oscillations remains constant when the film thick-

ness is varied, but the local deviation of the magnetiza-
tion vector from the mean value increases with decreas-
ing thickness'-38'231^'. The transverse wavelength is pro-
portional to the square root of d, which coincides with
the theoretical calculations of the linear theory.

f) Temperature dependence of the ripple. As shown

by investigations^9 9 '2 0 0 1, the wavelength of the ripple is
practically independent of the film temperature. On the
other hand, the amplitude of the ripple depends strongly
on the temperature. Thus, in epitaxial Fe, Ni, and Co
films, in which at small thicknesses (<300 A) there was
no ripple at low temperatures, appearance of ripple was
observed upon heating to high temperatures'·111^1. Tem-
perature investigations of Fe, Co, and Ni-Fe films'-232"23'1-'
have shown that the ripple is minimal at temperatures
300-320° C. Such a behavior can be attributed to the
temperature dependences of the magnetocrystalline
anisotropy constant K^ and of the crystallite dimensions
D1-235-', namely, at first D hardly changes with increasing
T, but Kfc decreases, and this leads to a decrease of the
contrast of the ripple, since the contrast is determined
by the product DKjj. With further increase of T, the
growth of D begins to predominate over the decrease of
Kjj, and the ripple becomes stronger. Such an explana-
tion is confirmed by the fact that no minimum of the
ripple is observed upon cooling. Naturally, the decrease
of the ripple contributes to the decrease of the local
anisotropy as a result of the decrease of the stresses
with increasing temperature. In other observations, to
be sure, a reversible decrease of the ripple was ob-
served on cooling from 550° C . In polycrystalline
Co films, two temperature maxima of the ripple were
observed, namely, the ripple became stronger from 300
to 400° C as a result of the growth of the crystallites,
the ripple was weakly pronounced at 500°C, and at 700° C
the ripple became stronger again (and at the same time
a transition of Co into the cubic phase was ob-
served) -1 . The temperature dependence of the mag-
netization-ripple spectrum in films was investigated

[383]

In all films, including single-crystal ones, the ripple
becomes intense near the temperature of vanishing of
the domain structure (T d c ) , for example, oriented Fe
films, which had no ripple at room temperature, had a
strong ripple at 620° C. After several cycles of tem-
perature variation from room to critical, the dependence
of the ripple becomes less pronounced, with the excep-
tion of the temperature region near T d c

C l 9 S > : l . Usually
the temperature dependence of the ripple is more
clearly pronounced for permalloy films than for Fe
films. For Ni it is difficult to obtain such a dependence,
owing to the low temperature T^,.· Final vanishing of
the ripple with further heating was observed in films of
thickness 500—3000 A at a temperature below the Curie
point of the given material 2 3" 1 1.

Ripple was observed [ 2 3 9 ) 2 4 0 : i in polycrystalline films
of the alloy EuS at Τ < 15° Κ.

g) Dependence of the ripple on the technology of

producing the films. Magnetization ripple depends
strongly on the substrate temperature during the time
of evaporation of the films. The ripple is large both in
films obtained at low temperatures of the substrate
(strong anisotropic stresses) and in films deposited on
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very hot substrates (large-grain structure). The mini-
mum ripple is obtained at substrate temperatures
~200°(? ^. However, no dependence of A j ^ on the
substrate temperature (-150-350°C) was obtainedC201],
although it was predicted by the linear theory.

A comparison of Ni films obtained at different de-
grees of vacuum has shown that films sputtered at low
vacuum, 10~4 Torr (unlike films obtained at 10"6 Torr)
had ripple, this being attributed to the appearance of
oxide gaps between the crystallites and to a weakening
of the exchange coupling1-26-1. Ripple appears also in the
case of graininess of the adjacent non-magnetic copper
layer separating the magnetic layers'-242-1.

In the case of oblique sputtering of films, the sput-
tering angle influences the ripple as a result of a change
in the uniaxial anisotropy. Investigations were made on
Ni-Fe films112333 and on Ni, Fe, and Co filmsC 2 4 3 > 2 4 4 ]

sputtered at angles 0—70°. At small angles, the domain
structure is irregular and has a ripple inside the do-
mains. At large angles, the domains become equalized
with increasing uniaxial anisotropy, and the ripple
vanishes.

Ni- Fe films obtained in a rotating magnetic field had
a strong ripple*-245-1.

V. STATIC DOMAIN STRUCTURES

The form of the domain structure depends strongly
on the crystal structure of the sample, on the composi-
tion of the sample, and on the conditions of its prepara-
tion.

1. Single-crystal foils and epitaxial films. In single-
crystal Fe films'-56-' there are observed exceptionally
straight domain walls. 180° walls with cross ties ap-
peared at film thicknesses 500 A, in accord with the
theoretical calculations 4-1. Epitaxial Fe films ob-
tained on NaCl at 450° C (grain dimension -500 A) had a
considerable dispersion of the 180° and 90° walls. After
annealing at 850°C, the films became single-crystal and
had mainly 90° walls [ 2 4 6 ] . In epitaxial films, a domain
structure with straight walls was likewise obtained'-247-'.
The domain structure of single-crystal films does not
depend strongly on the thickness'-248-', namely, at
d = 80—200 A the domains have an irregular shape
with 90° walls, and when the thickness is increased to
2 μ the fraction of the 180° walls increases, and at
d = 2—3 μ the film has the same structure as the bulk
metal. When a foil of Fe was subjected to tension ,
there was observed, in contrast to the theoretically
expected motion of the 90° boundaries, motion of the
180° walls and growth of the domains with Mg directed
closer to the tension axis.

For single- crystal Ni foils [ 2 5 0 ], no dependence of the
domain structure on the orientation and thickness of the
film was obtained, as expected as a result of the small
crystallographic anisotropy. In an investigation of the
domain structure as a function of the temperature1-251"1,
the easy magnetization axis changed its direction from
[111] to [100] at 100-150°C. The domain structure of
single-crystal Ni films deposited at low temperatures
was strongly dependent on the thickness of the
films'1 2 5 2 '2 4 8 3. In Ni films electrically deposited on Cu,
the domain structure could not be resolved, owing to the
strong inhomogeneity of the magnetization1-1843.

In single crystals of magnetoplumbite with
d = 1000—2000 A, a sinuous domain structure charac-
teristic of the basal plane was observed (Fig. 15) [ 1 8 3 ] .
In Co single crystals, the wall direction coincided with
[OOOl], and a change of the structure at the grain boun-
daries was observed1-2503. If a cubic phase was present
in addition to the hexagonal phase, then the domain con-
figuration in the first phase corresponded to the Kittel
model, and 90° domains were observed in the sec-
ond^2 5 3 '1 5 9 3. On the boundary between the phases, the
direction of the domain walls changed and widge-like
domains appeared and lowered the magnetostatic en-
ergy. With decreasing thickness of a Co single crystal
(0001), in the thickness region 280 ± 50 A, the appear-
ance of walls with cross ties was observed^2543, indicat-
ing that the magnetization was in the plane of the sam-
ple. At a thickness ~1000 A, cylindrical domains of
0.1—0.5 μ diameter were observed in the basal plane.
Inside these domains there was either one 180° wall or
a circular distribution of the magnetization'-255-'.

The width of the 180° domains in Co depends on the
orientation of the plane of the foil relative to the crys-
tallographic axesc i 5 5 '1 5 93 a n ( i o n the thickness of the
sample ["7>2 5 O3. The influence of the crystal orientation
on the domain structure was investigated inC2»-»»»"»*3],
The calculated values of the equilibrium widths of the
domains in the magnetization direction coincided satis-
factorily in them with the experimental data'-260-'. When
account is taken of the stray fields of the domains, the
agreement between the theoretical and experimental
data improved*-2613.

In epitaxial 0-Co films deposited on NaCl at 200° C,
a speckled domain structure was observed in the non-
demagnetized state1-2293. After demagnetization, large
domains appeared. The character of the change of the
domain structure with changing thickness was the same
as for Fe'-248-'. The temperature dependence of the
domain structure in Co foils with thickness up to
4000 A and with different orientations was investigated
i n [ 183,2β2,263,25i] _ T h e e x p e r i m e n t a i and c a l c u l a t e d

(after 1- 2 6 0- 1) v a l u e s of t h e d o m a i n w i d t h s and of t h e m a g -

n e t i z a t i o n d i r e c t i o n i n t h e m a g r e e d s a t i s f a c t o r i l y f o r

t h e t e m p e r a t u r e r e g i o n 2 0 — 2 5 0 ° C , w h e r e Co i s u n i a x i a l

(Κα a 0). The decrease of the anisotropy energy at
higher temperatures and the presence of more than one
easy axis, when Ki < 0, explain the formation of a
closing domain structure on the non-magnetic inclu-
sions'12623 . In a foil of hexagonal Co (1010), the direction
of the magnetization changed to perpendicular at
~300°C, and no changes in the magnetization direction
were observed for a foil of cubic Co up to 500° CC 2 6 3 3.
For Co (0110) foils [ 2 5 l ], the change of the direction of
the easy axis with changing temperature was in good
agreement with data on the change of the dependence of
the anisotropy constants on t. The direction of magne-
tization changed to perpendicular at 535°C, and the
width of the domains remained unchanged. In a Co foil
with prismatic orientation, the realignment of the
domain structure occurred at 330°C (Fig. 18). Figure
18 shows clearly the closing domain structure (A).

Very thin epitaxial Fe, Ni, and Co films are charac-
terized by predominance of 90° domains'-111-'.

In multi- axial single- crystal foils the magnetization
in the domains can go out of the plane of the foil, owing
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FIG. 18. Domain structure of
Co foil (prismatic plane) as a
function of the temperature: a)
room; b) 270°C, c) 305°C, d)
330°C[251].

to the perpendicular anisotropy. This gives rise to a
very regular structure, of the so-called strip domains,
in which the magnetization experiences wave-like
deviations from the plane of the foil. Such a strip
structure was observed in Fe (111) foils of thickness
larger than critical (1300—4000 A) (Fig. 19), where a
structure of strips with period ~1000 A, parallel to the
average direction of magnetization in the domains'-264-',
was present inside the ordinary 90° domains, and also
in Ni foils^265^. Apparently, the fine strip structure
inside the large domains in Fe^-266-' is also the structure
of strip domains.

The typical closing domain structure on the edges of
the sample, the wedge-like and tubular domains at the
holes, and bending of the domain boundaries at the holes
were observed on foils of F e C 2 S 8 ' 2 6 7 ' 2 6 S ] , N i [ 2 5 8 ] ,
Co-Fe C l B 7 ] , Ni3-MnC 2 6 9 ], and Co

i262'2Sl1. The equilibrium
lengths of the wedges produced at the opening were cal-
culated in'-270-', and sufficiently good agreement with ex-
periment was obtained. Iii2 7 1 '2 7*-1, electron diffraction
was used to study the distribution of the magnetic char-
ges on the edge of the Co foil. The influence of inclu-
sions on the structure of the domains was demonstrated
on films of the FeCr alloy112733. A strong influence of
the antiphase boundary on the domain wall was noted
in'-274-'. In single-crystal Fe films, inclusions of micron
dimensions lead to violation of the homogeneity of the
magnetization in the domains and to the occurrence of
a substructure1-182-1. The irregular domain structure and
the bending of the wall can be due also to elastic stres-
ses, as is the case in a completely ordered alloy
50.7% Co-Fe with large magnetostriction constant. In
disordered alloys, 27.1% and 71.4% Co-Fe, where the
magnetostriction does not play such a role, the domain
walls are regular and the easy axis in the plane of the
film is determined by the crystallographic aniso-
t r o p / 1 8 7 ] .

Attempts were made to observe the interaction of the
domain walls with dislocations^ 5 0 ' 2 5 8 3. It was noted that
in the case when the wall is parallel to the dislocation
line, there is a certain delay in the motion of the wall.

The domain structure of single-crystal Ni-Fe films
was investigated in C 2 2 5 ] . The obtained films were either
single-domain or had a speckled structure, the appear-
ance of which is due to the imperfection of the film and
to the disordered character of the alloy. After demagne-
tization, the single-domain films had large domains with
the 90° walls along the difficult magnetization axis and
180° boundaries along the easy axis. In the speckled
films, when demagnetized along the easy magnetization
axis, the speckles were aligned in the ripple lines and
walls made up of individual points were observed in the
case of demagnetization along the difficult axis.

A domain structure of a two-layer single-crystal
film with a layer of LiF was observed inC2'5,276,384]
The interaction of the walls in the different layers led
to the formation of complicated and unusual domain
walls. The domain structure of CrBr3 and C r t was in-
vestigated at helium temperatures'191>277^. At A = M |
the theoretical dependence of the domain width on the
temperature agreed well with the experimental one.
Application of a perpendicular field (2 kOe) led to the
appearance of a honeycomb domain structure.

The domain structure of different alloys was inves-
tigated inCis8,230,269,278,279] a n d t h a t o f a ntif e r r o m a g n e t s
was investigated inC28°-282i.

2. Polycrystalline films. In the investigation of
uniaxial precipitated polycrystalline films, it is neces-
sary first of all to know the directions of the easy and
difficult axes. It is easier to find the direction of the
difficult axis by determining the disintegration of the
structure after application and removal of a constant
magnetic field.'-283-' In an electron microscope it is pos-
sible to obtain a M ° , H k , and H C

C 2 8 3 ' 2 8 4 ] . It must be
recognized, however, that a rotating anisotropy appears
in films removed from substrates, and can lead to in-
correct values of H .̂ and agoo1-285-1. In this case, natur-
ally, the data obtained in an electron microscope can
differ for a film on a substrate and for a film without a
substrate. Experiments'1285] have shown that only in the
case of a sufficiently thick sublayer (SiO, d > 1100 A)
is there no rotating anisotropy.

In^22-1 there were observed simultaneously pictures
of the domains and of the crystallites in a large-crystal
Ni- Fe film in which grains with dimensions up to 10 μ

FIG. 19. Picture of strip domains in grain of Fe (111) with texture.
The strips are parallel to the average direction of the magnetization in
the large domains [264].
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FIG. 20. Picture of domain
structure of a film, demonstrating
the appearance of Bloch lines on
the inhomogeneities of a film

were obtained by suitable control of the conditions. In
the differently oriented crystals, the domain walls had
different directions; in addition, even the density of the
ties on the walls with cross ties were different. Analog-
ous investigations'-46-' were performed on Fe films.
Located in each Bloch wall were 1.5 crystallites
(dimension 200—300 A) in the case of 90° walls and
three crystallites for 180° walls. In this case Mg ro-
tates jumpwise over the width of the wall from crystal-
lite to crystallite. Holes and defects of the films are
also inhomogeneities that can bend and obstruct the
walls. In Fig. 20, a number of Bloch lines coincide with
holes in the film.

An investigation of the domain structure in Fe films
with fine grain (50 A) during the course of heating1-2863

has shown that such films exhibit a superparamagnetic
behavior. After heating to 300° C, the magnetic contrast
disappeared, a fact attributed to the destruction of the
exchange interaction between the grains as a result of
thermal oscillations (Fig. 21). An analogous transition
was observed in Ga-Au films03873.

When Fe-Ga films were heated to 400°C, the ordin-
ary domain structure disappeared and a speckled struc-
ture appeared1-287'2883. The vanishing of the domain
structure in a definite temperature interval is attributed
to the presence of magnetic compensation of the anti-
ferromagnetic interaction between the Fe and Ga
atomsC289].

Investigations^290'1293 of Ni films have revealed a very
strong dependence of the domain structure on the crys-
tallite dimensions.

The domain structure of Co films11229'1713

depended strongly on the substrate temperature during
the evaporation time. At a substrate temperature up to
100°C, the films had a speckled structure, and large
domains appeared after demagnetization. Films evapor-
ated at 250° C exhibited domain structure immediately.

The domain structure of Ni-Fe films was investiga-
ted in the temperature interval- 110°-540°CCl101. On
cooling down to —110° C, the structure remained un-
changed. During the time of heating, a motion of the
walls (without an external field) was noted, probably as
a result of the relief of the mechanical stresses in the
film. After preliminary annealing at 400° C, the domain
structure remained unchanged to 540° C. Heating caused
a decrease of the width of the image of the walls, this
being due mainly to the decrease of Mg with decreasing

temperature. This yielded1-47-1 the temperature depen-
dence of Mg. The dimension of the domain structure of
the Ni-Fe films also depends strongly on the crystallite
dimensions. If the crystallite dimension is comparable
with the width of the domain walls, then a very minute
and irregular domain structure is obtained. The value
of Hc in these films is largeC58)189'375].

In thin (< 100 A) Ni-Fe films, the domain structure
is irregular, the walls are strongly curved, and zig-zag,
spiral, and circular domains are observed^136'1373. In
thick Ni-Fe films, a non-through domain structure was
observed02963. In 20% Ni-Fe films obtained by electric
deposition on Cu, the domain structure varied greatly
as a function of the lattice structure . In films with
face-centers lattices there is no EMA and the walls are
irregular, and in films with body-centered lattices the
domain structure consists of 90° and 180° boundaries.
Electrically deposited films of permalloy with other
compositions were investigated in1-1223.

The domain structure of films of the complex alloys
45% Co - 10% Mn - 45% Fe and 45% Co - 10% Cr
- 45% Fe was investigated in[171'2923. A realignment of
the domain structure of Fe—Ga and Co films following
stretching and destruction of the domain walls was ob-
served in[293'2943. The evolution of the domain structure
in the course of sputtering of the films was observed
in[386] _

A regular structure of strip domains was also ob-
served in evaporated films1161'263>295~3io:i. In a 95% Ni-Fe
film 1200 A thick, strip domains of width 1350 A were
observed112953. For the alloy 81% Ni-Fe the critical
thickness for the appearance of strip domains is
1700 A'-61-'. An investigation of the occurrence of strip
domains in films of 83% Ni-Fe of thickness
1500—3000 A, obtained at different angles of incidence
on the substrate, was carried out inC2fl7-2"]. At inci-
dence angles 0—40°, the strip domains were perpendicu-
lar to the line of incidence of the substance and parallel
to the domain walls. The image contrast of these do-
mains is small (Fig. 22a). At incidence angles 50—60°
there were very regular strip domains in the entire
film, parallel to the line of incidence of the material

FIG. 21. Domain structure of Fe film with fine grain as a function
of the temperature (a-e) and electron-diffraction pattern obtained at
room temperature (f) [28<s].
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and intersecting the domain walls. Their image contrast
was very strong (Fig. 22b). These strip domains are
due (i) to the appearance of 360° walls and their realign-
ment and (ii) to the growth of the strip structure directly
from the Bloch walls. The realignment of the strip do-
main structure was observed in^00-1.

In films of 40-100% Ni-Fe (d = 450-1800 A) obtained
by oblique evaporation (angle of incidence 57—75°),
strip domains of width 1000—3500 A were observed, in
which the Mg component in the plane of the film was
either parallel or perpendicular to the direction of inci-
dence of the material1-301^. In thin films there were no
strip domains, but upon superposition of two thin films,
such that their easy axes coincided, strip domains ap-
peared in them. In Co-ΑΙ films, strip domains were ob-
served at thicknesses 350—700 A. Films with strip do-
mains had a characteristic hysteresis loop, and a field
of 500 Oe was needed for their saturation. These films
had only a bcc structure1-378-'.

A distinct domain structure is produced in multi-
layered films as a result of the interaction of the mag-
netic layers.'-302-' An investigation of multilayered films
with an intermediate layer having a low Curie point
(FeNi-PdCo-Co) has shown that the variation of the
magnetization in PdCo with temperature (20—200° C)
exerts an influence on the exchange interaction of the
layers [ 3 0 3 ^

There is a short review devoted to the domain struc-
tures of films and foils'^773.

VI. INVESTIGATION OF REVERSAL OF
MAGNETIZATION OF FILMS

1. Magnetization reversing device. In the investiga-
tion of the processes of quasistatic magnetization re-
versal, the field should be homogeneous and it is neces-
sary to be able to apply it at any angle to the easy axis.
In the observation of reversal of magnetization in an
electron microscope it is necessary, in addition, to ex-
clude the influence of the magnetization-reversing field
itself on the electron beam.

For a partial magnetization reversal of the film, the
field of the objective was used inC 5 6 ] . inC 3 0 4 ' 3 0 5^ the field

\ \ \ \ X \\ \\ [
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FIG. 22. a) Strip domain structure of permalloy film 2100 A thick,evaporated at an angle of incidence of the atoms on the substrate of20°; b) strip domain structure of permalloy film 3100 A thick, evapo-rated at an incidence angle 60° [298].

was produced by a coil whose axis was parallel to theoptical axis, and the sample was inclined relative to theaxis, as a result of which a field component appeared inthe plane of the film and caused the displacement of thewalls. Inclination of the film by 1-2° in the field of theobjective also caused the appearance of a sufficientmagnetic field in the plane of the film1-2583. An inhomo-geneous film up to 5 Oe was obtained in̂ 257'250^ by usinga wire of 0.02 mm diameter passing near the film acrossthe object holder. It was also proposed to use a set of
wires located 1—2 mm below the sample, making it pos-
sible to obtain a rather uniform field up to 10 Ο^ 3 0 6 " .
This system was subsequently used'-307-' to apply pulsed
fields. A homogeneous magnetic field parallel to the
plane of the film is obtained from a pair of Helmholz
coils L 2 5 ' 2 6 ' M ' 3 S ' 1 3 4 ' 3 o 6 ' 3 7 8 ] , but since the electron beam is
deflected by the field, observation during the time of
adjustment of the field was difficult. To compensate for
the shifts of the image by the action of the field on the
beam, a device consisting of two pairs of oppositely-
oriented coilc was used1-184'1853. By choosing the ratio of
the currents in each pair, a sufficient compensation of
the image shift was obtained, but the image still re-
mained distorted. The magnetization-reversal devices
used ir i 3 0 8 ' 3 0 9 3 contained two additional pairs of coils
perpendicular to the first, and the entire system of coils
could be rotated 360° around the film.

A complete illumination of the distortion and dis-
placement of the image was attained'-57'310-' in a magne-
tizing device with three pairs of coils on E-shaped iron
cores. The object was in the lower pair of coils. For
each value of the defocusing it was possible to adjust
the ratio of the coil currents and to obtain complete
compensation. This device is extensively

usedt33,34,37,239-241,311,3l2] ^ c o n j u n c t i o n w U h d e v i c e S

for heating, cooling, and stretching the sample. Motion
picture photography of the reversal of film magnetiza-
tion was carried out ^ " . « . « . « . s i w i e ] .

2. Quasistatic reversal of magnetization. To explain
the influence of different factors on the motion of the
domain walls, investigations were made on films and
foils prepared under different conditions. The growth of
the domains as a result of the displacement of the walls
begins with a certain definite value of the magnetization-
reversing field Ho—the critical displacement field, the
magnitude of which is inversely proportional to the film
thickness1-177-5. The value of Ho depends on the internal
stresses in the film and on damage to the structure of
the film1-316-'. In deformed films and in cold-rolled foils
the walls move jumpwise, when the external field in-
creases, whereas in annealed films the motion of the
walls is smoother and occurs in weaker fields. It is as-
sumed that the dislocations also hinder the motion of
the walls. Strong interaction of the domain walls with
the dislocations was observed in antiferromag-
nets 1 1 3 1 7 ' 3 1 8 3, where the attachment of the walls was so
strong that the domain structure hardly responded to
fields up to 9000 Oe. An analogous "r ig id" domain
structure was observed in electrolytically deposited
CoP films with coercive force ~1300 Oe C 3 1 9 ] . The influ-
ence of dislocations in Co and Ni films was negligi-
ble [ 2 5 0 ] .

The large influence of the grain boundaries on the
domain structure in Fe foils was demonstrated iri 2 6 7 > 2 6 8 ] .
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The influence of inclusions and defects (holes) is even
stronger [ 3 1 3 ] . The influence of inhomogeneities on the
motion of domain walls can be regarded as the cause of
the reproducibility of the positions of the walls in the
film following partial reversal of magnetization'-320-'.
Reversible wall motion was observed, however, also in
a single- crystal Fe film of high purity [ 5 6 3, where the
homogeneity of the structure was apparently much
higher. The role of the inhomogeneities also accounts
for the fact that the location the wall produced when the
the magnetization is rotated in different directions is
quite definite and is revealed by the rotation of the rip-
ple even long before the wall is produced'-321^. The crys-
tal structure of the film exerts a strong influence on the
formation and growth of othe nuclei: in an Ni film with
grain dimensions <500 A, reversal of magnetization
proceeded with a growth of a small number of nuclei and
with wall motion over large distances, whereas in the
case of large grain ( — 3000 A) many nuclei with dimen-
sions of several microns were produced'-184-'. The influ-
ence of a Cr sublayer in Co-Cr films on the coercive
force was investigated in^322·1. The grains of Co and H c

increase with increasing Cr thickness. The magnetic
structure after the reversal of magnetization becomes
more and more complicated. At large H c , the magne-
tization reversal of the films was due more to the form-
ation of new nuclei than to growth of those already
formed.

When the sample is heated1-47'110-1, and sometimes
even under the influence of an electron beam [ 3 i s ] , the
motion of the walls is smoother and occurs in weaker
fields. An interesting change in the process of magne-
tization reversal of Ni-Fe polycrystalline films and of
Fe and Co polycrystalline and single-crystal films was
observed when the sample was cooled with liquid helium
to 4 ° K C 3 2 3 " 3 2 7 ; I . At 300°K, the reversal of magnetization
occurred with formation of nuclei and with growth of
these nuclei as a result of the displacement of the walls
by Barkhausen jumps of > 10 μ, and no changes oc-
curred in the domain structure in a constant magnetic
field. In the temperature range 30— 4°K, the magnetiza-
tion reversal proceeds in an entirely different manner,
the magnitude of the jump decreases to < 0.1 μ and an
aftereffect appears, in that the motion continues in a
constant field. The details of the wall motion depend on
the type of boundary. When the temperature is de-
creased from 300 to 4°K, increases take place in the
wall-starting field, in the coercive field (by a factor
3—4), and in the field of nucleus formation (by 1.5—3
times). The rate of displacement in a constant field in-
creases exponentially with increasing field, and the ar-
gument of the exponential decreases with decreasing
temperature1-3 2 8 ].

The motion of the domain wall is influenced also by
stray fields of neighboring walls, provided the latter
are sufficiently close. This is particularly strongly
pronounced in two-layer magnetic filmsC 3 0 5'3 2 9~3 3 0 ]. So
long as the walls in both layers remain far from each
other, their displacement is independent, however, as
soon as the two walls become aligned, these two inter-
acting walls continue to move together. If the coercive
forces of both layers are different, then the motion of
such interacting walls occurs in a field sufficient to dis-
place the walls in a low-coercivity field, so that the

coercive force of a two-layer film is equal to the
smaller of the coercive forces of the layers1-331-'. A
more detailed investigation'-332'333-' has shown that there
is a magnetostatic interaction between the layers, so
that a joint local rotation of the magnetization in the
layers also occurs. In domains located in different
layers, the magnetization is established in one direc-
tion, and the stray fields resulting from the formation of
unlike magnetic charges on the roughnesses of the
layers, are closed thereby. If the magnetization vectors
in the middles of both walls are antiparallel, then the
layer walls coincide exactly; if the orientation of the
vectors coincides, then the walls are displaced by
0.5—1.5 μ. Different mutual positions of the walls are
given in [ 3 3 4 ] .

In some cases, the displacement of the wall is ac-
companied by a change in the wall structure. It was
noted [ 2 3 ] that cross ties appear on a simple wall, pre-
sumably as a result of its motion over a section of the
film with strong mechanical stresses. Under the influ-
ence of an increasing field directed perpendicular to the
wall with cross ties, the transverse Bloch lines move
along the wall, so that the Neel sections of the wall, with
magnetization directed along the field, increase'-314-'. In
a transverse alternating field the Bloch lines
"shake," 1 · 3 0 9 3 and this is accompanied by the phenom-
enon of "slipping" of the wall. The difference between
the wall motion under the influence of the field along the
easy and difficult axis lies in the fact that in the former
case it is not accompanied by a change in the structure
of the wall, and in the latter a realignment takes
place1-335-1. When the film magnetization is reversed
along the easy axis after the Neel walls turn into walls
with cross ties, the number of ties increased and be-
come maximal when the wall turns into a 180° one [ 3 3 6 ] .

Unlike the magnetization reversal of ordinary films
(Hc < Hk) along the easy axis, which is effected by
growth of the nuclei and displacement of the walls
(Fig. 23), rotation processes predominate in the case of
magnetization reversal along directions close to the
difficult axis1 1 1 8 4 '3 2 9 '3 3 7-3 3 9 3. In this case, when the satur-
ating field decreases, rotation takes place in opposite
directions and domain walls perpendicular to the field
and to the difficult axis are produced. The reason for
the oppositely-directed rotation is the dispersion of the
anisotropy axes and the fluctuation of the magnetization
vector. The stray field of the produced domain walls
blocks the rotation process (Fig. 24). The magnetization

FIG. 23. Reversal of magnetization of Ni film 350 A thick along
the easy axis. The magnetization-reversing field increases from left to
right!135].
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FIG. 24. Occurrence of a blocked structure in the reversal of the
magnetization of a permalloy film saturated beforehand along the dif-
ficult axis. The field Η increases along the difficult axis (field direc-
tion t) : a) Η = 7 Oe; b) Η = 6 Oe; c) Η = 5 Oe; d) Η = 4 Oe [ 1 M ] .

r e v e r s a l of inverse films (H c > H^) along the easy axis
i s analogous 1 1 3 2 1 ) 3 4° : i, except that in this case the " d i s -
integrat ion" of the magnetization and the formation of
domain walls perpendicular to the field occurs upon
application of an inverse field ~ H k . The blocking p r o -
duced thereby i s lifted by the displacement of the domain
boundaries and by motion of the Bloch l ines. The re-
v e r s a l of the magnetization of inverse films along the
difficult axis i s s imi lar to the i r magnetization r e v e r s a l
along the easy a x i s ^ 7 7 ' 3 4 1 " 3 4 3 ] .

P a r t i a l rotation and blocking cause also formation
of so-called labyrinth domains in the case of magnetiza-
tion r e v e r s a l at a large angle to the easy axis of a film
saturated beforehand along the easy ax i s [ 3 4 o : i . In the
case of magnetization r e v e r s a l of magneto-isotropic
Ni-Fe films sputtered in a rotating field, the labyrinth
structure is typical and the behavior of such films i s
s imi lar to that of inverse f i lms C 2 4 5 : i . Various domain
configurations produced by quasistatic magnetization r e -
versa l at different angles to the easy axis a r e shown
in'-135-'. Thus, Fig. 25 shows the magnetization r e v e r s a l
of a section of a film with radial anisotropy, obtained by
annealing with an e lectron beam. The magnetization of
different sections of the film i s rever sed differently,
depending on the mutual direction of the anisotropy axis
and of the magnetization- revers ing field.

The detai ls of the mechanism of rotation of the fine
st ructure were observed in1-344-1. Using the model of the
small-angle walls, the resu l t s can be represented as an
i r r e v e r s i b l e displacement and hys teres i s of the waves
of the fine s t ructure of the magnetization.

The influence of the dispers ion of the magnetization
on the magnet izat ion-reversal p r o c e s s e s was investiga-
ted i n ^ 1 1 0 ' 2 1 9 ' 2 1 6 ^ . it was found that the minimum of the
coercive force of the films corresponds to a minimum
of the wavelength of the fine s t ructure of the magnetiza-
tion. At an angular dispers ion amplitude l e s s than 13°,
the magnetization r e v e r s a l along the easy axis proceeds
via displacement of the 180° walls, and along the diffi-
cult axis by rotation, which i s almost revers ib le in weak
fields. There were no 180° boundaries in the case of
weakly pronounced anisotropy and large dispers ion, and
the s t ructure took the form of intersect ing light and

dark l ines. In a film whose magnetization is reversed
along the difficult axis, the width of the domains de-
creased with increasing dispersion, and the residual
magnetization increased^ 3 4 5 ^.

The magnetization rever sa l of films having two
equivalent easy-magnetization axes i s somewhat more
complicated. Such films include epitaxially-grown
single-crystal films of Fe, Ni, Co, and Ni-Fe. The de-
tai l s of the magnetizat ion-reversal p r o c e s s a s a func-
tion of the orientation of the applied field relative to the
crystal lographic axes and of the film thickness have
been discussed in sufficient detail

ln[ie.>2««,Sll,S«,2.2>347,«.]i 3 ^ ^ a n i s o t r O p y W a S

obtainedC 3 4 8 : i a lso in polycrystalline Ni- Fe films.
Notice should be taken of the e lectron-microscopic

observations of an interest ing effect of the motion of
domain wal ls—"the slipping of the wal ls"—namely the
motion of walls in field weaker than cr i t ical under the
influence of two fields, one constant along the easy
magnetization axis and s m a l l e r than H c , and the other
alternating along the difficult-magnetization axis. In an
electron microscope this was observed for the f irst
t ime in C 3 0 e : i . F u r t h e r investigations have demonstrated
the creep of cross-t ie walls in permalloy f i lms. The de-
tai l s of the behavior of a cross- t ie wall under the influ-
ence of fields along the easy and difficult magnetization
axes were observed i n ' 3 7 9 ] . Creep of Neel walls was also
observed 1 · 3 5 0 3 . Whereas the application of bipolar pulses
produced on the walls c r o s s t ie s and Bloch l ines, uni-
polar pulses did not change the wall s t ructure , although
creep did take place. The mechanism of this process i s
not c lear . In films annealed with an electron beam, the
wall creep p r o c e s s changed1-121-1. An investigation of
films with l a r g e r anisotropy dispersion^3 5 1^1 has shown
that the mechanism of the p r o c e s s differs from that ob-
served e a r l i e r .

3. Investigation of fast r e v e r s a l of magnetization.
The ease with which the electron beam can be controlled
and the fact that a very large temporal resolution i s
possible in principle in a t ransmiss ion electron micro-
scope (the time of interaction of the electron with the
film of thickness 103 A i s approximately lCf15 sec) un-
covers great possibi l i t ies for the investigation of dy-
namic processes , part icular ly for the study of fast re-
versa l of magnetization of thin magnetic fi lms.

Such investigations can be car r ied out with the aid of
a stroboscopic electron microscope c ' 3 5 2 ' 3 , the
operating principle of which consis ts in the following.
An e lect r ic beam il luminates the sample periodically
with short pulses (strobe-pulses), in synchronism with

FIG. 25. Section of film with radial anisotropy before (a), during
(b), and after (c) the reversal of magnetization [1 3 S].



M A G N E T I C S T R U C T U R E OF THIN F I L M S 87

the periodic magnetization-reversal field applied to the
specimen. An image is produced on the screen only dur-
ing the time of action of the strobe pulse. What is seen
on the screen at a fixed phase shift of the strobe pulse
relative to the magnetization-reversal field is a sta-
tionary image, averaged over the time of the strobe
pulse and corresponding to the instant of observation
(naturally, the reproducibility of the process must be
sufficiently rigorous, or otherwise the picture becomes
blurred). Under conditions of rigorous reproducibility
of the process, the sharpness of the image will be de-
termined by the extent to which the state of the sample
changes during the time of the strobe pulse. By varying
the shift between the strobe pulse and the magnetization-
reversing field, it is possible to observe different in-
stants of the development of the dynamic process.

The stroboscopic microscope mode can be realized
by controlling the beam either in the space between the
cathode and the modulator in the electron gun, or else
on leaving the gun, using deflecting fields. In the former
case the electron gun is shut off by a negative voltage
between the cathode and the modulator, and is turned on
by pulses fed through a pulse transformer1 3 2 0 '3 5 2"3 6 0 1 1 or
through a decoupling capacitor 1 3 6 1 ' 3 0 7 ' 3 6 2 > 3 6 3 : i. The tem-
poral resolution obtained so far (minimum duration of
the strobe pulse) is 10 nsec using a transformer and
~2 nsec using a capacitor.

In the second case, the electron gun is on all the time
and the electron beam is controlled by an electronic
shutter^364^. The time resolution attained so far is
-10 n s e c C 3 5 6 ' 3 5 8 ' 3 6 5 ' 3 6 6 ] . Advantages of controlling the
beam in the gun is the independence of image quality on
the wave form of the strobe pulse and the increase of
the beam current by pulsed operation of the gun. On the
other hand, if electronic shutters are used, important
advantages are the simplicity the apparatus and the
large operating range of strobe-pulse durations.

A very interesting fact was revealed by the investi-
gation of the magnetization reversal in the stroboscopic
mode, namely, the dynamic domain pictures and the
local direction of the magnetization vector repeat from
period to period of the magnetization-reversal signal
with a high degree of accuracy. The reproducibility is
obtained not only in the case of magnetization reversal
in weak fields, but also in reversal from the state of
saturation by fields amounting to (2_3)H kC 3 0 7 ' 3 6 a ' 3 6 3],
when the formation of the domain structure occurs anew
each time. This can apparently be attributed to the fact
that, owing to the different inhomogeneities of the film,
the magnetization-reversal process proceeds in a cer-
tain definite manner, which is energywise more conven-
ient, and the reversal process develops in this favored
manner if the initial conditions and the magnetization-
reversal field remain unchanged.

A number of recent investigations were devoted to the
dynamics of magnetization reversal of thin magnetic
films in a stroboscopic transmission electron micro-
scope. The large sensitivity to the magnetic inhomo-
geneities of the thin magnetic films, the higher resolu-
tion, and the higher contrast make the stroboscopic
electron microscope quite promising in comparison with
stroboscopic magneto-optical installations.

A study was made'-354-' of the influence of the ampli-
tude of a sinusoidal magnetization-reversing field ap-

plied at a small angle to the easy-magnetization axis,
on the domain structure of the film. With increasing
field amplitude, the domain decreased in width, and at
still larger field amplitudes they turned into narrow
island domains, whose configuration remained practic-
ally unchanged when the instant of observation was
varied. Such a stabilization of the domain structure can
be attributed to the blocking of the domain walls by the
appearance of magnetic charges in them. With further
increase of the field amplitude, the domain structure
disintegrated.

The important role played by the magnetic charges
produced on the domain walls upon reversal of magne-
tization is illustrated by Fig. 26. In this case two fields
were applied to the film, a constant restoring field,
which caused complete vanishing of the domain struc-
ture in the static mode, and a pulsed reversing field.
When both fields are applied, it turns out that prior to
the action of the pulsed fields (Fig. 26a) the film already
has a domain structure. The magnetization-reversal
process under the influence of the pulsed fields begins
with a shift of the walls (walls Μ and Ν on Figs. 26a and
26b), and the contribution due to rotation is small. Sub-
sequently (Figs. 26c and 26d) the process develops as a
result of rotation of the magnetization, and by the end of
the pulse many of the domain walls disappear, and the
magnetization tends to turn into the direction of the ac-
tion of the pulsed fields. The pulsed field gives rise to
the production of island domains of inverse magnetiza-
tion (A, B, C, and D in Figs. 26c and 26d). They are
very stable and are apparently pinned on inhomogenei-

FIG. 26. a—d) Stroboscopic micrograms of the dynamic domain
structure of a permalloy film 300 A thick under the influence of a con-
stant and a pulsed field at an angle to the easy-magnetization axis; e)
time plot of the magnetic fields. Repetition frequency 4.1 kHz,
strobe-pulse duration 0.5 Msec, t{,c = 20 Msec, tC(j = 10 Msec, grid
mesh 50M [36S]·
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FIG. 27. Stroboscopic micrograms of magnetic structure of a
permalloy film 250 A thick, demonstrating the development of
pulsed magnetization reversal of a film from the saturated state.
Repetition frequency 50 kHz, strobe-pulse duration 2 nsec, grid
mesh 33μ. The field Hg acts at a small angle to the easy magneti-
zation axis. The numbers correspond to the instant of observation,
in nanoseconds, relative to the start of the magnetization-reversal
pulse [ 3 6 2 ] .

t ies. Their stray fields influence the rotation of the
magnetization in the neighboring sections and prevent
the magnetization from aligning itself with the field. In
quasistatic magnetization reversal, island domains are
usually not produced in these spots of the film, so that
their production i s determined not only by the presence
of inhomogeneities but also by the very development of
the dynamic process. The reconstruction of the struc-
ture is quite slow and is due mainly to the rotation of
the magnetization, which causes the appearance of do-
main boundaries that subsequently maintain their posi-
tions practically constant. The slow development of the
process i s due primarily to the fact that magnetic char-
ges appear on the wall as a result of different rotations
of magnetization in the neighboring domains. These
charges increase the "rigidity" of the wall and block
the rotation of the magnetization in the neighboring do-
mains. The walls begin to move only after the charges
are removed.

By decreasing the duration of the strobe pulses to
2 nsec it was possible to observe the reversal of the
films from the saturated state to the antisaturated state
under the action of strong pulsed fieldsC 3 0 7 > 3 e 2^. Figure
27 shows the stages of the film reversal process at a
small angle to the easy magnetization axis. The process
developed as a result of incoherent rotation that led to
the formation of domains perpendicular to the field. The
number of boundaries then decreased, and subsequently
the final rotation of the magnetization occurred simul-
taneously with the longitudinal shortening of the domains.
This interesting phenomenon of longitudinal vanishing of
domains was observed for the first time.

Naturally, such information cannot be obtained either
by motion picture photography in the ordinary mode, or
with the aid of stroboscopic magneto-optical devices,
although the latter do make it possible to observe the
development of the process in the entire film1-367-1. In
this sense the stroboscopic microscope, which gives a

sharp local picture, and the stroboscopic magneto-opti-
cal setup, complement each other.

It should be noted that the magnetization reversal
under the action of a ser ies of single pulses of smaller
amplitude differs radically from the process in Fig. 27.
In this case the walls are produced along the easy mag-
netization axis, and each pulse causes a growth of the
nuclei and a lateral motion of the walls, which is equiva-
lent to the quasistatic behavior. Therefore results on
intermittent magnetization reversal·^368^ must apparently
be treated cautiously and not generalized to include the
region of strong fields.
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