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A new holographic method utilizing the time-reversal operation of an electron beam has been de-
vised to observe separately electric and magnetic phase distributions as interference electron micro-
graphs, which had been unavailable using conventional methods. By this technique, both the mag-
netization and thickness distributions of three-dimensional cobalt particles have been determined.

I. INTRODUCTION

Holographic interference electron microscopy'~* has
recently been put to practical use with the development of
field-emission electron beams.* This technique is unique
in that the thickness contour lines® or magnetic lines of
force® are drawn as contour fringes on an electron micro-
graph. Since the fundamental principle behind this mea-
surement lies in the interaction of an electron beam with
electrostatic and magnetic vector potentials, the electron
phase shift consists of two contributions, electric and
magnetic. This ambiguity has often made the interpreta-
tion of interference micrographs difficult.

In magnetic domain structure observations,’” for exam-
ple, the specimen to be investigated must be uniform in
thickness.! Otherwise, it cannot be judged whether the
phase shift is due to the effect of magnetic structures or
that of specimen thickness variations.

In the present investigation, a holographic method is
devised for separating the electric and magnetic contribu-
tions in interference electron microscopy. This method is
then used to determine the magnetization distribution in-
side a fine particle which is not uniform in thickness.

II. PRINCIPLE OF HOLOGRAPHIC METHOD

The phase shift ¢ of an electron beam having passed
through weak electromagnetic fields is given by’

== [(mv—cAds. (1)
Here #, m, e, v, and A are Planck’s constant, electron
mass, electron charge, electron velocity, and vector poten-
tial, respectively. In this equation, the line integral is per-
formed along an electron path. The effect of the electro-
static potential ( ¥) is contained in mv such that
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The value of ¢ cannot be experimentally determined; in-
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stead, it is the phase difference A¢ between the two beams
that can be observed when there is interference as shown
in Fig. 1. Two coherent electron beams from a point pass
through a ferromagnetic thin film at P, and P,, and are
brought together by a prism at another point. Then, Ad is
given by Eq. (1), where the line integral is carried out
along a closed path determined by the two electron paths.
When there are no electromagnetic fields outside the film,
the phase difference between points P; and P, on the exit
film surface can be given by the above A¢ value. It has
recently become possible® to actually observe the A¢ dis-
tribution as an interference micrograph using electron
holography, where a reference point P, is chosen as a
point of free space away from the film.

If the film is uniform in thickness, A¢ is due complete-
ly to the magnetic structures inside the film, as given by
the following equation:

A¢p=——~PAds=—~ [ Bas. (2)
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FIG. 1. Phase difference between two electron beams
transmitted through a film.
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In this equation, the surface integral is performed over the
surface enclosed by the electron paths. It can be deduced
that the contour lines of A¢ follow the magnetic lines of
force, and that a constant magnetic flux of 4 /e is present
between two adjacent contour lines.

When the film thickness is not uniform, on the other
hand, a contribution due to the electrostatic potential is
added to Eq. (2). The specimen can be regarded as a space
having a higher electric potential than that of a vacuum
by inner potential V,.!° Thus, this contribution to A¢
can be calculated as

e e Vot
A= 7 Vor= 7 (3)
Here 7 is the transit time of an electron through a film,
and is consequently given by the film thickness ¢ divided
by the electron velocity v. As a result, the contour lines of
A¢ cannot generally be interpreted in physical terms as
they can in purely electric or magnetic cases.

In order to circumvent this difficulty, the principle
behind a new method, which can separate the thickness
and magnetic effects, is discussed.!! This method utilizes
the differing effects on time reversal,'* and consequently
requires two holograms of the specimen. These holo-
grams are taken from the standard specimen position and
with its face turned over. In these holograms, the thick-
ness contribution to A¢ is the same, but the magnetic con-
tribution is of opposite sign.

The occurrence of the opposite sign can be simply ex-
plained using the equation for electron motion in the elec-
tric and magnetic fields, E and B:

4y o (E+vXB). @
dt
The situation is now considered where an electron beam is
incident to the specimen along the same trajectory but
from the opposite direction, as illustrated in Fig. 2. This
situation is equivalent to the transformation of the time

reversal: t——t and v——v. Thus, the equation of
motion becomes
i1—"-=-—e(E—v><B) . (5)
dt

For purely electric cases (B=0), the resultant trajectory
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FIG. 2. Time reversal of electron trajectories in electromag-
netic fields.

is represented exactly by the original equation (4). For a
magnetic case, however, the trajectory is not the same un-
less the direction of magnetic field B is reversed (—B)."
These results based on the classical analysis also hold for
the wave-optical analysis, which can be more easily con-
firmed by Eq. (1). If the phase differences due to the elec-
tric and magnetic potentials are represented by A¢, and
A¢,, respectively, the total A¢ is given by Ad;+Ad,.
When an electron beam is incident to the film from the
opposite side, total A¢ is given by A¢d;—Ag¢,. This result
presents an unusual conclusion in that a specimen appears
different when looked at from upper and lower positions.

If the summation and subtraction of the two phase
differences are experimentally possible, the thickness con-
tours (2A¢;) and magnetic lines of force (2A¢,) can be
separately observed. The subtraction of the two phases
can be carried out only by overlapping the two beams to
form an interference pattern, and by then drawing contour
lines of the phase difference between them. For the sum-
mation, a phase-conjugate beam is used instead of one of
the two beams. This conjugate beam is formed during the
reconstruction stage of the holography and is the complex
conjugate of the original beam in terms of amplitude (i.e.,
phase value sign is reversed).

III. EXPERIMENTAL METHOD

A. Formation of electron hologram

An off-axis electron hologram was formed in an 80-kV
field-emission electron microscope, where an electron
biprism was installed between the objective and intermedi-
ate lenses. A schematic diagram of the electron-optical
system is shown in Fig. 3. A specimen is located in one
half of the specimen plane and its image is formed
through the objective lens. A reference electron beam
passes through the other half of the plane without any in-

Electrons

Specimen

Objective
lens

Prism

Magnifying
Lenses

Hologram

A

FIG. 3. Schematic diagram of electron-optical system for
hologram formation.
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fluence from the specimen. The two beams are over-
lapped using the biprism to form an interference pattern,
which is further enlarged by magnifying lenses, and this
pattern is recorded on film as a hologram. A pair of holo-
grams are formed for each specimen: conventional holo-
gram (I), and that for the reversed specimen (II). The
magnification of the specimen is approximately 40000
times.

B. Optical reconstruction system

When an electron hologram is illuminated using a col-
limated laser beam, the original electron wave is recon-
structed by the light wave (i.e., the electron wave front is
reproduced as a light wave front). Consequently, the im-
age of the specimen is formed in three dimensions. The
lateral and longitudinal image magnifications generally
differ, depending on the hologram magnification and the
ratio of the two wavelengths. When the magnification
equals the ratio of light to electron wavelength, the two
magnifications are equal, the reconstructed wave front is
an undistorted replica of the original one.

A conventional interference micrograph can be ob-
tained using the optical reconstruction system shown in
Fig. 4. A collimated laser beam is split by a Mach-
Zehnder-type interferometer into two beams traveling in
different directions. Each beam produces a reconstructed
image and its conjugate. The interference micrograph can
be obtained if the reconstructed image of one beam and
the other transmitted beam are adjusted to pass through
the aperture for overlapping on the observation plane.

An interference micrograph can easily be formed where
the phase distribution is given by the summation or sub-
traction of the two phase distributions. This method is
described by the schematic diagram shown in Fig. 5. A
pair of electron holograms of a specimen, I and II, are
combined so that the two images exactly overlap. Since
the specimen was viewed from the opposite direction in
forming hologram II, this hologram must be turned over
prior to combination. Furthermore, the carrier fringes in
two holograms do not always have to coincide with each
other, as illustrated in Fig. 6(a). In this figure, the two
images of a pentagonal particle exactly overlap, but the
directions of the carrier fringes differ between the two
holograms.
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FIG. 4. Schematic diagram of optical reconstruction system
for interference microscopy.
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FIG. 5. Optical reconstruction system for summation and
subtraction of two phase distributions.

The diffraction pattern formed on the back focal plane
of the lens (aperture plane in Fig. 5) when a collimated
laser beam illuminates the holograms is shown in Fig.
6(b). A pair of diffraction spots appear from hologram I,
one for a reconstructed image whose phase distribution is
expressed by A¢,+A¢,, and the other for its conjugate
—(A¢,+A¢,). The other pair of spots from hologram II
produce a reconstructed image A¢;—A¢d, and its conju-
gate —(A¢,—Ad,). Since two collimated beams il-
luminate a hologram, two sets of diffraction patterns such
as those shown in Fig. 6(b) are produced on the back focal
plane. By adjusting the incident angles of the illuminat-
ing beams, any arbitrary combination of only two beams
can be selected for passing through the aperture. In this
way, an interference micrograph can be formed between
the two beams on the observation plane.

If a reconstructed image from hologram I (Ad;+Ad,)
overlaps with a conjugate image from hologram II
(—A¢,+Ad,), an interference micrograph is formed with
phase distribution 2A¢;. This micrograph represents the
thickness contour map of the specimen which is phase-
amplified two times. Similarly, if a reconstructed image
from hologram I (A¢,+Ad,) overlaps with that from
hologram II (A¢,—A¢,), an interference micrograph is
produced with phase distribution 2A¢,. These contour
lines represent the magnetic lines of force.
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FIG. 6. Superposed two holograms. (a) Holograms. (b) Opti-
cal diffraction pattern.
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FIG. 7. Morphology of cobalt particle.

C. Specimen preparation

Cobalt fine particles were used as a specimen for the ex-
periment. They were produced by gas evaporation in a
10-Torr atmosphere of Ar gas, and then placed on a thin
carbon film. Among the several particle shapes, a pentag-
onal dodecahedron is selected as a specimen. This is be-
cause the magnetization in such a particle, which has a
three-dimensional shape, is difficult to determine by
Lorentz microscopy. The shape of such a particle is illus-
trated in Fig. 7. This particle consists of five regular
tetrahedrons having a common edge. However, a slight
opening does exist between them, so the particle is called a
multiply twinned particle'* or compound particle.'

(a)

IV. RESULTS AND DISCUSSIONS

Holographic interference electron microscopy was em-
ployed to determine the magnetic domain structure in co-
balt fine particles which have the morphology of a pen-
tagonal dodecahedron. The domain structure inside such
a three-dimensional particle is difficult to predict,'® since
many potential choices are available. In addition, the ef-
fect of nonuniform thickness also complicates the deter-
mination from an experimental point of view.

Interference micrographs of a cobalt particle viewed
from both directions were obtained as shown in Figs. 8(a)
and 8(b). The contour fringes in these micrographs ap-
pear different. First, the number of contour fringes ob-
served differs by approximately two times. Second, the
fringe spacing widens more at the particle center than at
the periphery in micrograph (b) while it narrows in micro-
graph (a). From these differences, it can be concluded
that a magnetic contribution exists which is comparable
to the thickness one. Without these differences, the same
micrograph should theoretically be obtained.

The summation and subtraction of these two phase dis-
tributions were carried out in the optical system of Fig. 5,
and the resultant interference micrographs are shown in
Fig. 9. Micrograph (a), which represents 2A¢,, shows the
thickness contour map of the particle phase-amplified two
times. The contour lines in micrograph (b) with 2A¢,
represent the magnetic lines of force. From micrograph

FIG. 8. Interference micrographs of a cobalt particle viewed from two opposite directions. (a) Ad;+Ad,. (b) Ag;—Ad,.
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(a)

(b)

FIG. 9. Interference micrographs of a cobalt particle. (a) Thickness contour lines (2A¢,). (b) Magnetic lines of force (2A4,).

(b), it can be concluded that the particle has an internal
rotational magnetization, as schematically shown in Fig.
10. Arii er al.'” previously reported that two kinds of dif-
ferent Lorentz micrographs exist for particles which are
similar in shape and size. This finding suggests the ex-
istence of rotational magnetization.

From the thickness contour map, it is found that the
fringe spacing is equal, which is consistent with the parti-
cle morphology illustrated in Fig. 7. A disturbance in the
contour fringes is observed in the left part of the particle

Magnetization
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FIG. 10. Rotational magnetization in cobalt particle.

in all of the interference micrographs. This disturbance
may be due to the crystalline imperfection at the opening
between the regular tetrahedrons. At that point, incident
electron beams undergo a slight phase shift due to the dif-
ferent Bragg-reflection condition.

Since the internal magnetization of the particle was
determined to be rotational, contour maps shown in Fig. 8
can also be explained by the calculation. Calculated re-
sults assuming the inner potential ¥,=30 V and magneti-
zation M =1450 Oe are shown in Fig. 11. Contour map
(a) (A¢;+A¢,) corresponds to a case where the rotational

FIG. 11. Calculated interference micrographs. (a) Ad,+ Ad,.
(b) Ad|—Ad,.
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magnetization direction is counterclockwise when the par-
ticle is viewed from the direction of the incident electron
beam. Contour map (b) (A¢;—Ad¢;), on the other hand,
corresponds to the incidence of an electron beam from the
opposite direction. The interference micrographs of Fig.
8 can be adequately explained from the calculated results:
The spacing of the contour fringes widens more from the
periphery to the center in Figs. 8(b) and 11(b), and be-
comes narrow in Figs. 8(a) and 11(a).

V. CONCLUSION

A new method using electron holography has been es-
tablished to circumvent the problem of inseparability be-
tween electric and magnetic effects in conventional in-
terference electron microscopy. In this method, two holo-
grams, a conventional one and that for a reversed speci-

men, are first formed for a single specimen. Then the
summation and subtraction of the two phase distributions
are carried out during the optical reconstruction stage to
form two interference micrographs. These micrographs
give phase distributions which are purely electric and
magnetic.

This method was then applied practically for determin-
ing the magnetization distribution in a three-dimensional
ferromagnetic particle. In such a specimen, the thickness
change produces an additional phase difference, which
has made it impossible to interpret by conventional in-
terference microscopy. However, it could be determined
by the new method that a cobalt fine particle with the
shape of a pentagonal dodecahedron has a rotational mag-
netization around the axis which is determined by the
common edge of five regular tetrahedrons forming the
particle.
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FIG. 5. Optical reconstruction system for summation and
subtraction of two phase distributions.
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FIG. 8. Interference micrographs of a cobalt particle viewed from two opposite directions. (a) Ad,+Agd,. (b) Ad—Ad,.
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FIG. 9. Interference micrographs of a cobalt particle. (a) Thickness contour lines (2A¢,). (b) Magnetic lines of force (2Ad,).



