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ELECTRON—optics methods have by now found wide
application in the investigation of various magnetic
structures. Contributing to this were the sufficiently
high resolution, good contrast, high sensitivity to the
deflecting action of magnetic fields, and the practical
absence of electron inertia, making it possible to ob-
serve the dynamics of fast processes.

The present article is a review of electron-optical
methods of observation, and of qualitative and quantita-
tive estimates of magnetic structures on the surface of
bulky objects.

The results obtained with the aid of other methods
can be found in™™*?,

I. THE REPLICA METHOD

Low resolution, inertia, and coagulation of the heavy
particles are the shortcomings of the Bitter- Akulov
powder method, which is widely used to observe the
main structures on surfaces of ferromagnets. The
resolution of such a method was increased by diluting
the powder concentration and by observing precipitation
figures obtained from the investigated surface (replica
with extraction) in a transmission electron micro-
scope'®®!. The pictures obtained in this manner for the
domain structure on the hexagonal plane of magneto-
plumbite'” or Co'™! revealed many new subtle details
(Fig. 1). Such powders were used to investigate the mag-
netic structure of high- coercitivity CoP films with an
easy- magnetization axis perpendicular to the plane of
the film’®?, and the magnetic structure on surfaces of
permanent magnets’®!, The powders were also re-
placed by ferromagnetic-material vapor precipitated on
the investigated surface'**’. No definite connection was
found between the magnetic field on the surface and the
powdered-precipitate density distribution which deter-
mines the image contrast in the electron microscope**!,
An estimate of the resolving power has shown that it is
impossible to observe magnetic-field differences in
sections smaller than 2000 A.

Unique ‘‘prints’’ of the magnetic field on a surface
are obtained by the ¢‘modulation-film’’ method®**!, 1t
turns out that the thickness of polymer films produced
on a surface by bombardment with slow (~ 50 eV) elec-
trons is modulated by the local magnetic field. Polymer
films on the hexagonal plane of Co, investigated in emis-
sion and transmission electron microscopes, duplicate
the star-like domain structure. Apparently further in-
crease of the sensitivity and resolution of this method
of replicas responding to the microscopic field is prom-
ising.
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FIG. 1. Electron microphotograph of powder figures on the basal
plane of Co [?].

II, THE METHOD OF OBSTRUCTIONS AND SHADOWS,
ELECTRON DIFFRACTION IN TRANSMISSION AND
REFLECTION

Electron beams were first used to observe magnetic
microscopic fields from domain structures in"®!. Elec-
trons with 30 keV energy were scattered from the hexa-
gonal plane of a demagnetized Co single crystal, and a
complicated picture of intertwining arcs was obtained
on a photographic plate. An estimate was shown that at
the surface itself the magnetic fields reach 10* Oe, and
the field extends to ~ 10 yu above the surface. When the
sample was heated, the picture changed™®!, The proced-
ure only revealed the presence of a magnetic field, but
did not make it possible to determine its configuration.

Amore perfect method was that of ‘‘obstructions?®’%'®)
which is the analog of the Toepler method in electron
optics. A transparent disk is placed in the focus of an
electron lens, in the image space, and absorbs all the
rays if there are no perturbing fields in the object
space. If magnetic or electric fields are present in the
latter space, the ray paths are disturbed, and the de-
flected electrons pass to a screen and produce an
image. The method was verified with Ni-Co wire of
0.12 mm diameter, magnetized by pulses of alternating
polarity, and the image represented periodic light sec-
tions against a dark background. The same method was
used to observe the stray fields at the boundaries of
crystal grains in a magnetized sample in the form of a
blade!'®’.

Subsequently,™®? this method was improved and the
field image was obtained by distorting the picture of a
grid placed in the image space. From the distortion of
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FIG. 2. Moire pattern obtained by aligning the electron-optical
shadow images of grids, distorted by magnetic fields of opposite signs
from the recording head of the tape recorded Yauza-5 (current = 1 mA).
Below-—geometrical shadow of the head, above—moire pattern. On the
shadow of the head is the image of the grid distorted by a field having
a large gradient in the immediate vicinity of the gap. The lines joining
the horizontal and vertical segments observed on the moire pattern
characterize the geometric locus of the points for which the tangential
and normal components of the field, respectively, are constant [27].

the image it was possible to determine the angular de-
flections of the electrons and the field distribution. This
method was used to observe domains on the edge of a
Co crystal'®’ and to measure the field at the corner of
a Co crystal. The field was 3000 Oe near the surface
and 100 Oe at a distance 0.4 mm from it*'!, The same
method was used to measure the stray fields of a num-
ber of other ferromagnets. Temperature-induced mag-
netic transformations were also observed: the distor-
tions of the grid image almost vanished when a Co crys-
tal was heated to 670°K'"****!, A review of this method
was published in'*®*!, The grid method was recently
used®®*™! to investigate the stray fields of magnetic-
recorder heads and of different magnetic materials.

The distortion produced by the magnetic field was super-
imposed on the undistorted image of the grid. This led
to the formation of a moire pattern, the geometrical
picture of which in many cases is a topographic map of
the components of the investigated magnetic field

(Fig. 2). We note that the resolution of the ‘‘grid
method’’ is limited in principle by the size of the mesh
of the grid.

The method of investigating magnetic fields by means
of the distortion of the shadow of an extraneous body
was used for a qualitative and quantitative investigation
of the stray fields of 71°-domain Bloch boundaries in
Ni single crystals'®®*31, A thin ribbon beam shaped by
special knife-edge diaphragms glanced along the domain
boundaries. The value of the field at different distances
from the sample was investigated by displacing the
beam. The results of the investigation have shown that
the structure of the stray fields at the edge of a single
crystal depends strongly on the angle between the (110)
plane and the investigated face. With increasing angle
between them, owing to the decrease of the density of
the magnetic charges on the surface, the normal com-
ponent of the field increases. The most interesting re-
sults were obtained by investigating the stray fields of
elongated Bloch boundaries of cylindrical Ni crystals®®,
It was found that the boundary has a dipole charge—the
poles are located on both sides of the boundary in a reg-
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ion of 10—15 4 in the direction of the crystal axis, while
the boundary itself has no charge, The maxima of the
magnetic-field component normal to the surface of the
crystal are equal to ~ 25 Oe and are located at a dis-
tance 4—10 1. A special microscope was later devel-
oped®® to carry out such investigations. A somewhat
modified method was used to investigate needles of Fe,
Ni, and Ni-Co of 0.5—-5 p diameter in a transmission
electron microscope operating in the focused mode** %%,

When the aperture diaphragm is located off- center,
the shadow of the diaphragm on the image is displaced
as a result of the action of the magnetic stray fields
near the sample on the electrons. The sample magne-
tization determined from this displacement was in satis-
factory agreement with the value known for iront*"1, A
comparison of the measurement data with those calcula-
ted by means of simple models has led to certain con-
clusions concerning the distribution of the magnetization
in such crystals.

Another simpler and clearer method is the shadow
method (where the shadow of the object itself is investi-
gated)®®’. 1t does not give detailed quantitative informa-
tion, but the ease with which the image can be interpre-
ted and the simplicity of the apparatus have contributed
to its extensive utilization in the investigation of the
domain structure and of magnetic transformations. The
observations were first carried out with an electrono-
graph and very small diaphragms were used (~ 6—10 )
to obtain a thin electron beam to produce the shadow
image (Fig. 3), but the brightness of the image was very
low. This inconvenience was subsequently eliminated by
using a scanning system, which moved the electron
probe along the edge of the object, making it possible to
observe the picture on the screen®***!, The theory of
image formation was verified with an artificial sample—
a model of a multidomain crystal“” . This method was
used to investigate crystals of Co®9*!***! hema-
tite™945748) magnetite!*©*® | parium ferrite™®, and
gadolinium and yterbium iron ferrites‘**’, and also
magnetic fields connected with the superconducting state
of matter™ %!, The measured domain width was
40240 p for Co, ~ 250 p for hematite, and 60 and 30 p
for natural and artificial magnetite, respectively. Tem-
perature investigations have shown the following: 1) an
appreciable decrease of the stray fields for Co with in-
creasing temperature and their complete vanishing at
520—560°K (the crystal became isotropic and closing
domains were produced); 2) almost complete vanishing
of the stray fields for hematite at temperatures below
260°K, where its magnetic transformation takes place;

FIG. 3. Shadow image of the edge of a single crystal of Co, obtained

by using a point source of electrons [3°].
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a memory effect was observed—the picture of the stray
fields was completely restored when the temperature
was changed in the opposite direction; measurement of
the Curie point yielded 916—965°K for different hema-
tite samples; 3) for magnetite, the appearance of stray
fields was observed when the temperature was lowered
to 120°K, and the memory effect was usually not ob-
served; 4) for the iron garnets, partial and complete
vanishing of the stray fields was observed.

The theory of image formation in the shadow method
is not complicated and can be found in the fairly com-
plete review'™’. The main shortcoming of all shadow
methods is that they make it possible to observe only
one-dimensional structures and are not suitable for the
investigation of complicated domain structures on sur-
faces of bodies.

The method of electron diffraction in reflection and
in transmission has been used for a magnetic analysis
of bulky objects and thin films***®’, The Lorentz shift
of the reflections and of the circles makes it possible
to determine the direction of the magnetization and to
estimate its magnitude. Thus, for magnetite, it was
found®” that the easy-magnetization axis is [111] and
that the saturation induction is ~ 9600 G. Temperature
investigations with an electronograph®® have shown
that the magnetite compensation point is ~ 300°K. It
was found that the easy axis of Fe single crystals'®®!
coincides with the [100] axis, and the saturation induc-
tion is 20,000 G. Similar investigations were made for
single crystals of Co'®?, single crystals and films of
Ni’® invar'®™?, films of Ni and Fe'®', NiFe!®’, and
particles of Fe;S,'*®. It was found that the direction
of magnetization and of the easy axis of permalloy is
[110] and [100], as had been assumed earlier, but in
some cases the magnetization direction was [001].
Quantitative estimates of the induction are approxi-
mate, since the distance to which the stray fields extend
around the sample is unknown.

II. EMISSION MICROSCOPY

In an emission electron microscope!®’ the object
itself is the source of electrons forming its image.
Since the initial velocities of the electrons are rela-
tively low, the system is sensitive to surface micro-
scopic fields. The domain structure can be observed in
the secondary or photoemission regimes; thermionic
emission is not suitable, since sufficient electron emis-
sion occurs at temperatures above the Curie point.

The possibility of producing images of magnetic
microscopic fields with the aid of an emission electron
microscope was demonstrated by magnetizing®®’ a syn-
thetic sample consisting of a stack of Cu and Ni ribbons.
An image of the external magnetic fields penetrating into
the microscope through a foil window was obtained. The
image clarity was poor, owing to the use a relatively
simplified glass model of the emission microscope,
with an optical system subject to large aberrations.

The magnetic contrast, however, was sufficient to draw
the first important conclusions, namely, that the focal
plane for magnetic surface microscopic fields does not ¢
coincide with the focal plane for the geometric micro-
relief, and the regions where the magnetic field enters
and leaves are represented by dark sections on the
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FIG. 4. Image of the main structure on the (0001) plane of a single
crystal of Co in an emission microscope with photoelectronic emission

[71] .

image. A mechanism for forming the magnetic contrast
was also proposed, namely, the electrons leaving the
surface of the sample wind themselves, as it were,
around the magnetic force lines, diverging from the en-
trance and exit regions and producing noticeable varia-
tions of the current density only at a certain distance
from the surface.

The same instrument was used to observe for the
first time the domain structure on the hexagonal plane
of Co™™ and the propagation of temperature waves in a
ferromagnet, owing to the contrast between the ferro-
magnetic phase and the regions that have gone beyond
the Curie point'®®, An investigation of the domain struc-
ture of heated Co®®"! has shown that the image con-
trast decreases with increasing temperature, corre-
sponding to a decrease of the stray fields.

The domain structure of Co was observed in a simpli-
fied construction of an emission microscope operating
in the photoemission regime'™? (Fig. 4). A photosensi-
tive antimony- cesium layer was produced on the surface
of a ferromagnet in a vacuum of 5 X 10~ Torr, and the
emission was produced by illuminating with an incandes-
cent lamp. The image was quite good. One can expect
that the resolution and the image quality can be im-
proved by working near the red edge of the photoeffect
and by using high grade optics in the microscope.

Many investigations have been devoted to the image
formation and to the contrast in an emission micro-
scope. An increase of the accelerating voltage improves
the resolution of the immersion object, but simultane-
ously'™! lowers the sensitivity to the microscopic
fields. Thus, a compromise value of the accelerating
voltage must be chosen. A certain connection between
the magnetic field intensity and the current density on
the screen was obtained in'™!, Images with good con-
trast were obtained in an investigation of the micro-
scopic field of a magnetic recording head'™!. The con-
trast was due to the interaction between the normal
electron velocity v, and the tangential components Hx
and H,, of the magnetic field, namely, the electrons de-
flected by the tangential field are cut off by the aperture
diaphragm, the position of which influences the con-
trast, and the gap has the form of a dark band on the
image (Fig. 5). In another position, the diaphragm can
transmit deflected electrons and block the undisturbed
ones, and then the contrast becomes negative—the image
of the gap field has the form of a light strip against the
dark background (the dark-field method).

Further development of the theory of image contrast
of magnetic microscopic fields is dealt with in""*"®,
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FIG. 5. Image of working surface of a
magnetic recorder head in an emission mi-
croscope with an aperture diaphragm, with
the magnetizing current flowing through
the winding of the head [7]. The figure
shows the gap region in the form of a dark
band.

The direct and inverse problems were solved in first-
order perturbation theory under the simplifying assump-
tions that the magnetic fields are relatively weak and
the motion of the electrons along the optical axis z is
determined only by the accelerating electric field E,.
By ‘‘direct problem’’ is meant the determination of the
image contrast from the known microfield on the sur-
face of the sample, and by ‘‘inverse’’ is meant the de-
termination of the microfield on the surface of the sam-
ple from its image contrast.

The emission microscope can be operated in two
regimes: without an aperture diaphragm and with an
aperture diaphragm. Since the formation of the contrast
differs significantly in these two cases, let us consider
each case separately.

1. Operation without aperture diaphragm. The tan-
gential magnetic fields By and By (the coordinate axes
x and y lie in the plane of the sample) lead to a shift of
the electron trajectories and to a shift of the points on
the image. For homogeneous magnetic fields, there is
no image contrast in this regime and the magnetic
microfield leads only to a distortion of the image as a
result of the unequal displacements of the image
pointsi™!, The expression for the displacement S has
the form of a convolution and admits of an inverse
transformation'™? | i.e., of a determination of B as a
function of the sample coordinates x and y from the
known function §(x, y):

9V Eyn
By (2, g = ——— Y Fom__
2V e T (Z)] (1)
ot S, (o, y——Ss (e 4 I e D)
x (&2 4n)7/t dbdn,

0 —o0

where e and m are the charge and mass of the electron,
E, the accelerating electric field, I' the Gamma func-
tion, and B the local value of the y component of the
magnetic field on the surface of the object (with an
analogous definition of B_y). If the field varies only
along one coordinate (y), i.e., in the case of homogene-
ous field, the normal components of the field on the
surface is determined from the relation

o
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Expressions (1) and (2) are the solutions of the inverse
problem,

To obtain the distribution of the magnetic microfield
on the surface of the sample it is necessary in practice
to measure the displacements S, and Sy of the image
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point, and then perform a computer calculation in ac-
cordance with (1). The displacements are determined
from the distortion of a regular grid that is sputtered
over the investigated surface.

2. Operation with diaphragm. In this regime, the
local intensity on the image is determined by electrons
passing through a diaphragm, and the image contrast is
given by

K —j/jy=exp(—S59), (3)

where j is the current density on the image in the pres-
ence of magnetic microfields, j, is the uniform current
density in the absence of microfields, and S is the dis-
placement of the electron trajectories in the plane of
the diaphragm as a result of the action of the micro-
field. The expression for the displacement is in this
case a convolution that admits of an inverse transforma-
tion, and the solution of the inverse problem leads to the

following expression for the field'"®’:

Bw (xv y) = 4)
 yn et g—Sae—t y—y—g el _ 500 (
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where v is the most probable energy with which the
electrons leave the cathode (in volts). The function

S(x, y) is determined from the contrast on the screen
by using (3), and the field is then calculated with a com-
puter from (4). Figure 6 shows plots of B, and By for a

magnetic recorder head, with B, calculated from form-
ula (2). In expressions (1) and (4) it is necessary to
substitute the values of the function S in the interval
from —e« to +«. The experimental values of S, however,
are obtained only within a certain finite interval of the
coordinates. This makes it necessary to approximate
the ‘“tails’’ of the function S in sections far from the
place of localization of the microfield, and naturally
introduce a definite error in the calculation of the
microfield.

B A =
100}

~20y

FIG. 6. Distribution of the normal component B, (points) and tan-
gential component By (crosses) of the magnetic field on the surface of
a current-energized magnetic-recorder head. The distribution is deter-
mined from the contrast of the image in an emission microscope with
diaphragm. Below—diagram of gap and coordinate axes.
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The use of a number of simplifying assumptions in
the calculation also introduces a definite error in the
determination of the field. An estimate of some of the
errors, including those due to geometric inhomogenei-
ties, can be found in®"®%1,

The use of formulas for very localized magnetic
fields, for example the stray field from domain boun-
daries, can lead to a larger error than in the case of
fields with larger geometrical dimensions, since even
the tangential displacement of the electrons during the
time of flight through the region of action of the mag-
netic microfield cannot be regarded as small as com-
pared with the characteristic dimension of the field.

IV. RASTER MICROSCOPY

In a raster electron microscope, the image is con-
structed point by point. A system of electron lenses is
used to obtain a thin (50—100 A) electron probe, which
is swept over the sample with the aid of a deflecting
system. The image is observed on the screen of a
cathode ray tube, the beam of which moves in synchron-
ism with the probe. The brightness on the screen of
this tube is controlled by the signal from the sample.
The resolution of the instrument (50—100 K) is deter-
mined in first approximation by the probe diameter,
and the magnification is determined by the ratio of the
deflection of the beam in the cathode-ray tube and on
the object. A more detailed description of the instru-
ment and its application is given in'®'?,

It is possible to combine simultaneously in a raster
microscope a number of features needed for the obser-
vation of magnetic microfields of bulky samples: 1) the
observed object need not be planar, 2) the depth of focus
is higher by 2—3 orders of magnitude than in the case
of the optical or emission electron microscopes; thus,
there is no need for polishing and ensuing disturbance
of the sample geometry, 3) the signal from a weak mag-
netic field can be separated from the strong background
signal due to the topography by electronic resonant
amplification of the video signal or by using slow secon-
dary electrons with a narrow spectrum to construct the
image[m’am.

The magnetic microfield recorded on a magnetic
tape was observed for the first time in a low-voltage
raster instrument by using absorbed electrons®’; it
was subsequently observed in an ordinary raster micro-
scope'® ), The contrast of the magnetic recording is
manifest in the form of light and dark bands. Besides
the structure of a magnetic recording, the domain struc-
ture on the surface of the Co was also made visible
(Fig. 7)'*»®!  and the sensitivity to the magnetic micro-
fields was increased by proper choice of the potentials
on the collector system, which served as a velocity
analyzer, and the image was produced only by secondary
electrons with narrow energy spectrum, The image of
the magnetic structure was superimposed on the picture
of the microgeometry of the surface, but the latter could
be eliminated by a compensation method, using a signal
of opposite phase from another collector. The detector
could be tuned to the vertical or horizontal component
of the magnetic field™®®’. The diaphragm diameter was
chosen to effect a compromise between sensitivity and
signal loss'®*"!. A “‘Stereoscan’’ microscope was used
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FIG. 7. Image of an inscribed magnetic tape (a) and of the domain
structure on the surface of a Co crystal (b), obtained with a raster elec-
tron microscope [85-%6] .

to investigate the dependence of the contrast of the do-
main structure of cobalt on the voltage between the
collector and the sample'®®, It was observed that the
magnetic contrast is very sensitive to this voltage, and
also to the orientation of the sample relative to the
collector. The accelerating voltage of the probe was
4.5—5 kV, and the resolution was ~ 1 . The domain
structure of ferrite and the temperature variations of
the domain structure of Co were also observed!®®’. The
contrast decreased sharply with increasing tenipera-
ture and disappeared at 240°C (a temperature at which
the anisotropy constant K; became negative). It is as-
sumed that the magnetic contrast from the domain
structure is determined not by the stray fields of the
domain boundaries themselves, but by the magnetic
charges produced on the domain surfaces because the
sample plane is not parallel to the hexagonal axis.

For the usual arrangement of the electrodes and for
the usual potentials on them, the direct problem of
theoretically determining the contrast in a raster
microscope has been solved only qualitatively®®”,
This is due to the fact that the microfield at the object
in a raster microscope is of the same order as the field
accelerating the secondary electrons. It is therefore
impossible to linearize the equations (there is no small
parameter). In addition, it is difficult to take into ac-
count the geometry of the electrodes exactly. Applica-
tion of a strong accelerating field***®J makes it possi-
ble to linearize the equations of motion, but the sensi-
tivity of the microscope to the microfield is thereby
reduced'™’. A qualitative analysis of the contrast has
made it possible to show that its value is quite sensitive
to the collector voltage, to the position of the slit, and
to the maximum value of the magnetic field in the mag-
netic-recorder-head gap. Depending on the values of
these quantities, the image of the gap can have the form
of either a light or a dark band™®®®!, This microfield
was abserved experimentally in an instrument with in-
creased sensitivity'®! by resonant amplification of the
collector signal, modulated either by the alternating
field of the head or by the alternating intensity of the
electron probe illuminating the object (Fig. 8). Measure-
ment of one-dimensional magnetic fields can also be
carried out by using a modified grid method"'®, with
the distribution and magnitude of the fields determined
from the distortion of the image of the grid'®*®"!, Moire
patterns were obtained in this manner in'®"!, The use
of the cathode-luminescence regime excludes the influ-
ence of the secondary electrons'**®’, The magnetic
fields can also be estimated from the distortion of the
pseudo-Kikuchi lines'*®?,
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FIG. 8. Image of the magnetic field in the gap of a magnetic recorder
head, obtained with a raster microscope in the resonant amplification
regime [*] : a—bright field image b—dark field image.

V. MIRROR MICROSCOPY

The basic unit of the electronic mirror microscope
(EMM) is the electronic mirror—an immersion mirror
objective (consisting in the simplest case of a flat sam-
ple, a cathode with a diaphragm, and an anode). The
lens system forms the probing beam and transfers the
image to a screen. The beam electrons are decelerated
in the field of the mirror objective, are returned from
the surface of the object, and are accelerated by the
same objective field which had previously decelerated
them, producing the image of the surface of the sample
on the instrument screen. The essential features are
the following: 1) the electrons do not bombard the sam-
ple, 2) the low velocity of the electrons as they move in
both directions at the surface of the object makes for a
high sensitivity to the perturbing microfields and leads
to a high image contrast.

In addition to a simple two-electrode objective, one
uses also more complicated three- and five-electrode
electrostatic’®® and magnetic'®®’ objectives. Data on
EMM designs can be found int%®1%7,

The EMM can operate in two regimes: the scattering
or shadow regime, and the focused regime. In the lat-
ter, where the contrast is determined by the aperture
diaphragm, the attained brightness is larger and the
resolution better''®? | and the reproduction of the object
is also more faithful ™!,

For investigations with the EMM, the sample surface
must be carefully polished, otherwise the contrast from
the microrelief distorts the image of the microfields.
Ferromagnetic objects should furthermore be annealed
and subjected additionally to weak electric polishing.

The possibility of observing magnetic microfields in
an EMM was first demonstrated in"° using a special
sectionalized sample consisting of alternating magnetic
and nonmagnetic strips, magnetized normal to the sur-
face. The contrast was the inverse of the contrast in
the emission microscope—the light sections corre-
sponded to the presence of the field H,. The image of
the domain structure on the hexagonal plane of a single
crystal of Co was also observed (Fig. 9). The image
contrast was very strong. A comparisont*!°" hag
shown that the powder-figure image agrees with the
electron- mirror image.

The formation of magnetic contrast in the EMM was
analyzed qualitatively in''°®!, Experiments were per-
formed on a composite magnetized sample and ona mag-
netic-recorder head; grids were sputtered over the

FIG. 9. Image of the domain
structure on the hexagonal plane
of single-crystal Co, obtained
with an EMM ['%].

surface of the samples. It was observed that the mag-
netic microfield causes deformation of the grid image,
and the following criteria were deduced for distinguish-
ing between the image of the magnetic structure and the
image of the electric and geometric relief:

1) The magnetic contrast is the result of the action
of the normal component of the magnetic field on the
radial component of the electron velocity, and therefore
the sensitivity of the EMM to magnetic fields vanishes
in the optical center of the sample, where the radial
velocity of the electrons is equal to zero, and increases
towards the periphery.

2) The regions in which AB,/A¢ >0 produce bright
images and those with AB,/A¢ < 0 are dark, the con-
trast is inverted so that when a region moves through
the optical center (@ is the azimuth angle).

3) Radial magnetic structures have a larger contrast
than azimuthal ones.

4) The round secondary- emissions spot in the center
of the image is deformed in the presence of tangential
components of the magnetic microfields (this some-
times takes place also under the influence of electric
microfields).

The foregoing criteria were corroborated by a sim-
plified quantitative analysis of the electron motion.

The same paper describes also a study of the domain
structure on single-crystal Ba and Ni ferrites.

Further improvement of the electron-optical charac-
teristics of the mirror system has made it possible to
increase its sensitivity and the quality of the images of
the magnetic structures'*?>'®!, Weaker stray fields
were observed on multiaxial crystals of iron and silicon
iron with closed magnetic flux lines. The domain struc-
ture was observed on the hexagonal plane of a Co sam-
ple magnetized normally to the investigated surface.
Also observed were the magnetic structure of silicon
iron following application of a magnetic field normal to
the surface™™®*'!) the magnetic stray fields on the
grain boundaries of silicon iron following magnetiza-
tion'*?! | and the strip domains in films of 909, Ni—
10% Fe of 1 y thickness™**!, A comparison of the
powder figures and of the EMM image showed good
agreement'!**?,

A regular structure of antiparallel domains was ob-
served on the prismatic plane of single-crystal Co''**’,
The system of parallel domains was displayed in the
form of wedges (Fig. 10). The direct images of the
boundaries were the bright edges of the wedges. The
image of the boundary was rotated relative to the boun-
dary itself, and was brighter as a result of the narrow-
ing of the picture of the place where the field was local-
ized %" A more detailed analysis has shown that
the bright edges are caustics due to the action of the
periodic structuret?®’,
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FIG. 10. EMM image of the domain structure on the prismatic plane
of a Co single crystal [!!5].

FIG. 11. EMM image of a complicated domain structure in the
(0001) plane of magnetoplumbite at different orientations of the do-
main structure relative to the optical center and at different heights of
the electron reflection over the surface. Optical center—top (a), right
(b), bottom (c), right (d) (the radial structures on the image have a
larger contrast than the azimuthal ones), Bias voltage: c—1V,d-5V
(the dimension of the stray fields of different sections of the domain
structure are different) [!18].

In spite of the difficulties involved in interpreting
even linear one-dimensional structures, two-dimen-
sional domain structures sometimes give very clear
pictures, for example the domain structure on the (0001)
plane of single crystals of Co and magnetoplumbite!*®’,
In this case the distortions due to the geometric relief
are greatly reduced by very careful preparation of the
surface, which has made it possible to obtain photo-
graphs of high quality (Fig. 11).

The inhomogeneity of the field along the domain is
revealed when the orientation of a section of the sample
is rotated 90° relative to the optical center (Fig. 11a
and b). In this case the strong picture of the domain
itself gives no contrast, but its periodic variations in
the longitudinal direction, owing to the star-like regions
of inverse magnetization, produce a picture in reticular
form. The contrast is not very high, owing to the lower
intensity and smaller dimensions of the fields of the
‘‘stars.”” When the domain orientation relative to the
radial direction is ~ 45°, both the strong domain boun-
daries and the weaker boundaries of the ‘‘stars’’ are
processed: the image is similar to a honeycomb with
hexagonal cells (Fig. 11 c¢). A slight change of the orien-
tation and moving away of the reflection surface from
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FIG. 12. EMM image of magnetic recording: a) on a film ['!°] b) on
2 magnetic-recorder tape [!2°].

[ b p—

FIG. 13. EMM image of the
magnetic field in the gap of a cur-
rent-energized magnetic-recorder
head (dark wedge) [74].

the object (U =—5 V) greatly reduce the contrast of the
‘‘star’’ boundaries, although the domain boundaries re-
main sufficiently bright (Fig. 11d). Their contrast can
be decreased by the same amount only with a negative
bias of —50 V, i.e., when the electrons are reflected at
a height ~ 25 u.

Consequently, the effective dimension of the stray
fields of the small area with inverse magnetization
inside the domain are smaller by one order of magnitude
than the dimensions of the field of the main domain, and
amounts to 2—3 4.

An interesting application of the EMM as a reading
device for magnetic recording was proposed in''*®’,
Figure 12a shows the image of magnetic recording on a
MnBi film saturated perpendicular to the surface. The
recording was made by local heating above the Curie
point, using a hot pen. A similar recording can be made
by heating with an electron probe, and read subsequently
in the mirror regime. The recorded line is a section
magnetized in a direction opposite to that of the remain-
ing surface. Magnetic recording on a recorder tape
was made visible in"*»™! (Fig. 12b). It was ob-
served®!) that the sensitivity with which magnetic-tape
recording can be visualized is increased if the sample
is inclined to the optical axis of the mirror objective,
owing to the increase of the tangential velocity of the
electrons along the magnetic trace. The authors pro-
pose that the tape can be placed outside the vacuum and
read through a mica window, and that such a system can
produce a resolution ten times better than ordinary
reproducing magnetic heads. The sinusoidal field of the
recording was measured in‘*??s1%37,

One of the magnetic objects investigated in greatest
detail in EMM is the magnetic-recorder head™°®™/,
The field of the head has relatively large dimensions,
and its magnitude can be readily adjusted. The gap reg-
ion in the presence of a magnetic field (Fig. 13) pro-
duces a picture in the form of a dark wedge'™?, the
orientation of which depends on the field direction. This
‘“‘wedging’’ of the image can be seen also on the photo-
graphs of'*°®!  where no significance was attached to it,




ELECTRON MICROSCOPY OF MAGNETIC STRUCTURES OF BULKY OBJECTS

it being noted only that the field of the gap produces a
certain distortion of the grid image. The mechanism
governing the contrast of the image of the field of a
magnetic-recorder head was already considered quali-
tatively int™’. With increasing current (H, increases),
the aperture angle of the wedge increases and the dark
region broadens. The increase of the angle with in-
creasing H, is due to the growth of the azimuthal dis-
placement of the electron trajectories on the edges of
the gap. The obtained coefficient of the linear depen-
dence of the wedge angle on the magnetizing current is
valid only for a magnetic field of a given configuration.

The decrease of H, with increasing distance between
the working surface and the gap is first very rapid, and
then slows down. Even at a distance 20 times the gap
width, H, still produces a noticeable shift of the surface
image.

The EMM makes it possible to observe not only static
fields of the head, but also the dynamic fields when the
stroboscopic regime is used'***!. The stroboscopic
regime is realized by applying unblocking strobe pulses,
in synchronism with the alternating current feeding the
winding of the magnetic-recorder head, to the modulator
of the normally cut-off electron gun. The screen shows
a static image formed at the same instant of time of each
period of the alternating process. By varying the delay
between the strobe pulses and the current in the head,
it is possible to observe different phases of the process.
Such a regime makes it possible to investigate the fre-
quency properties of magnetic-recorder heads. The
frequency characteristic of the head is obtained by
selecting an equivalent direct current for each fre-
quency. It turned out that for most heads the form of
the field distribution remains unchanged with changing
frequency, so that it is possible to choose an equivalent
direct current that produces the same field over the gap
as the alternating current. The phase characteristic is
defined as the phase shift between the maximum field
(maximum wedge angle) and the maximum current.

This method is very convenient in that it makes it
possible to monitor directly the magnetic field of the
heads, and is successfully used to investigate dynamic
characteristics of heads'?**'**), Weak magnetic fields
can be observed by using the resonant amplification
method. Thus, in'®’ this method was used to obtain the
image of the field of a magnetic-recorder head at a
magnetizing current of only ~ 6 yuA (there was no con-
trast in the usual regime). Certain applications of EMM
for the investigation of magnetic structures are given
also in't??,

Since the formation of the magnetic contrast in the
EMM and its interpretation are complicated processes,
let us consider in greater detail the theory of contrast
formation in the EMM. The first quantitative estimate
of the magnetic contrast'**’! has led to a linear depen-
dence of the contrast on the first derivative of the
normal component of the magnetic microfield. In that
reference, just as in"***?, no attention was paid to the
scale distortion: in an EMM working in the shadow
regime, as in any shadow instrument, there is always
scale distortion on the screen, i.e., the coordinates of
an image point on the screen are determined not only by
the magnification of the system and by the position of
the sample point producing the image, but also by the

Vem

713

local value of the microfield. Thus, when an attempt is
made to construct the distribution function of the con-
trast™®”! as a function of the coordinates of the screen,
the question arises as to which coordinates of the
screen must be set in correspondence with the coordin-
ates of the samples.

In addition, as shown by further investigations, the
contrast is not determined in general by the first deriva-
tive of the field*'®'*® 1In this connection, the results
of!114:129130) "ywhere this approximate expression was
used for the contrast, do not give sufficiently rigorous
results concerning the magnetic field. The use of an
<effective’’ dimension z,''™? is justified if a criterion
for the determination of z, were to be given (as was
done in''**), The value of z, depends on the field con-
figuration, and can be determined only if one knows the
field distribution. In addition, the resolution of the
instrument in these experiments'*******! was possibly
insufficient to obtain data on the internal structure of
the boundary. For a one-dimensional magnetic field
with a known distribution it is possible, by using simple
relations, to determine its maximum value from the
angle of rotation of the image. The fields of an artificial
sample—a ferromagnetic strip—were measured in this
manner at different values of the magnetization in the
direction normal to the surface'''®!, The results were
in good agreement with the results of measurements by
the ballistic method. The rotation of the image was used
also to estimate the field of superconducting sections of
a niobium sample in the intermediate state™*'!,

A more rigorous approach to the problem of magnetic
contrast for weak microfields was developed
in {128,185, 117,135,131 - The game simplifications were
used as for the emission microscope. For the case of
small perturbations, the azimuthal displacement of the
electron trajectories on the screen, under the influence
of the magnetic microfields, is given by

S(X)=7(X)R, (5)

where y(X) is the local angle of rotation on the image,
and R is the distance from the point on the screen to the
optical axis. The contrast is connected with the dis-
placement of the electron trajectories as a result of the
action of the microfields:

J(X) =1+ (dS (X)/dX)], (6)

where j(X') is the current density on the screen at the
point X’ = X + §(X), and X is the coordinate of the place
where the undeflected electron strikes the screen. The
expression for y has the form of a convolution, and the
solution of the inverse problem leads to the following
expression for the normal component of the magnetic
field on the surface of the sample:

o0

Bute =4/ | §

¥ (z, !/)(Ez‘:—(flz)sz y—m) dedn, (7)
where A is a coefficient that depends on the geometry of
the objective.

Thus, to determine the microfield it is necessary to
know the local angle of rotation of each point of the im-
age. This can be done directly by measuring the angle
or the displacement on the photograph of the image. To
this end, a film of nonmagnetic material is sputtered on
the sample through a regular grid with sufficiently fine
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FIG. 14, Distribution of normal component of the magnetic field on
the surface of a magnetized ferromagnetic strip, as determined from the
displacements of the points on the image of the strip in the EMM with
the magnetizing current turned on and off [117].
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FIG. 15. Determination of the dis-
placements from the integral curves S0
(integral of the current on the image). =
Io—no perturbing field, I, —in the pres-
ence of a perturbing field {!}7].
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FIG. 16. Distribution of the normal component of the magnetic
field on the surface of a magnetic-recorder head when magnetizing cur-
rent flows; the distribution is determined from the displacements ob-
tained from the integral curves in the EMM [!!7].

mesh. The displacements are determined from the dis-
tortion of the image of the grid. A computer is then
used to calculate the field from the displacements by
means of formula (7). This was done™"’ for a sample
with a ferromagnetic strip (Fig. 14). In addition, for
one-dimensional fields that can be turned off, the dis-
placement can be determined from the integral curves
(the integral of the electron current on the image)

(Fig. 15).

This method was used to obtain'**"! the dependence
of the normal component of the magnetic field of a mag-
netic-recorder head (Fig. 16). For a one-dimensional
field, formula (2) can be used to calculate also the tan-
gential component. The measurement of the displace-
ments by means of a photograph is a more sensitive
method than the integral-curve method. The displace-
ments on the image are already appreciable before the
contrast becomes noticeable.

If it is known beforehand that the field varies like
B,z(x) = B, cos wx, the expression for the contrast takes
the form(1¢?:123]

K(X'y={1— A,0"% exp (— oh) B, sin ox]?,
X’:X+MA,(1)“UZexp(—mh)Bocosmz, (8)

where A; = (R/M)vVrel/2mV,, M is the magnification of
the EMM, h is the height of the reflection of the elec-

trons, and [ is the distance from the sample to the dia-
phragm. To determine the displacements, the integra-
tion can be carried out from a point where the displace-
ment is equal to zero—the density current is minimal or
maximal. In this case it is not necessary to demagne-
tize the film or to sputter on it a scale grid. However,
this procedure cannot be used even for arbitrary
periodic fields.

A check on the measurement accuracy for a sample
with a known field distribution—a current-carrying
wire™3*1%*) _hag shown that the method has sufficient
accuracy, 10—-159%,. However, all the remarks concern-
ing calculations with an emission system remain in
force also in this case. The reduction of the EMM sys-
tem to a shadow-projection system!'*’ has made it
possible to estimate the influence of the finite dimen-
sions of the electron source on the image contrast and
to write down relations for the diffraction contrast of
magnetic structures in the EMM.,

In conclusion we note an interesting use of a hybrid
instrument—a raster electronic mirror™* %" _for the
investigation of magnetic microfields. In this instru-
ment the high sensitivity of the EMM to the microfield
is retained, but there are no image distortions (wedging,
etc.). It should be borne in mind here that the raster
microscope has its own peculiarities, since the resolu-
tion depends on the diameter of the probing beam, whose
dimensions can be increased in the decelerating fields.

The resolution of the emission, mirror, or raster de-
vices (~ 100 A) is inferior to that of the 100 kV trans-
mission electron microscope (several A). At the same
time, these three instruments make it possible to study
qualitatively and quantitatively the properties of mag-
netic structures of bulky objects, something that cannot
be done even by an high-voltage transmission electron
microscope with (1.5—3.0) x 10° V, the use of which is
so far limited to micron thicknesses.

The intensive development of microscopy gives
grounds for expecting for further progress in the study
of magnetic structures with even better image quality.

At the same time, great progress has already been
attained in the use of transmission electron microscope
for the investigation of magnetic structures of thin
films,
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