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FIG. 3. Schematic of hologram formation with an
electron biprism. (a) Electron microscopic image.
(b) Off-axis electron hologram.

in Fig. 2(a) shows that magnetization rotates
clockwise. However, in Fig. 2(b), the black and
white streaks indicate the existence of several.
domains.

Off-axis holograms of the samples were formed
in a 100-kV field-emission electron microscope. '
The principl. e of hologram formation is shown in
Fig. 3. A sample is situated in onl.y one-half of
the specimen plane. A col.limated electron beam
ill.uminates it, and the image is formed through
a lens. A reference beam passing close to the
sample reaches the image plane directly [Fig.
3(a)]. These two beams are superimposed to
form an image hologram with an el.ectron bi-
prism [Fig. 3(b)].

Optical reconstruction for interference micro-
scopy was carried out with a He-Ne laser (wave-
length: 6328 A) ~ A schematic of the reconstruc-
tion is shown in Fig. 4. The collimated I.aser
beam is split into two beams by a Mach-Zehnder
type interferometer. When they il.luminate a
hol.ogram, each beam is parti. y transmitted and

partly diffracted in two directions, where the
original. image and its conjugate are reconstruct-
ed. When the directions of the two incident beams,

A and B, are adjusted so that the transmitted
beam of A and the diffracted beam of B travel.
along an optical axis to pass through an aperture
[Fig. 4(a)], a normal. interference micrograph is
obtained by superposition of the reconstructed
image and the pl.ane wave.

The higher-order diffracted beams generated
by a, high contrast hologram can be util. ized to
amplify the phase information; i.e. , 2n-times
amplification can be attained by use of the anth
order diffracted beams [Fig. 4(b)].

First, magnetic ft.ux l.caking from a sampl. e was

FIG. 4. Schematic of optical reconstruction for in-
terference microscopy. (a) Normal interference mi-
crograph. (b) Doubly amplified interference micro-
graph.

confirmed to be l.ess than the al. l.owabl. e val.ue of
k/4e. The sample interference micrograph shown
in Fig. 5 has a phase amplification of 4. Since
the contour l.ines directly indicate magnetic flux
flow in It/4e units, "it can be seen from this
micrograph that the amount of leakage flux is
less than h/4e.

Total. magnetic fluxes inside the toroidal mag-
nets with negl. igibl. e leakage fiel.ds were meas-
ured in interferograms obtained by sl.ightl. y til.ting
the two l.aser beams in the reconstruction system
so that paral. lel fringes could be observed in the
f1m-free part of the image. Flux quantization in
h/e units could then be checked by ascertaining
whether the interf erence fringes are on the same

2
FIG. 5. Interference micrograph of a toroidal mag-

net (four-times phase amplification). A magnetic flux
of k/4e flows between two adjacent contour lines. No
leakage Qux is observed even in this four-times phase-
amplified inter ference micrograph.
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FIG. 6. Interferograms of toroidal magnets (a.) C = 1.2(h/e). (b) C = 2.0(h/e). (c) 4 = 2.8(h/e). Fringes are, in
general, not on the same straight lines in the two spaces inside and outside a toroid, except for accidental coinci-
dence (b). This proves that magnetic Qux is not quantized in h, /e units.

straight l.ines in spaces both inside and outside
the toroid. Onl. y three examples of different mag-
nets are shown in Fig. 6. In general, interference
fringes are not on the same straight l,ines in the
two spaces. Therefore, it is concluded that the
magnetic flux is not quantized in h/e units.
Fringe steps at the magnet edges are due to re-
fraction effects and have no influence on the meas-
urement, since the fringe shift at the outer edge
is always cancelled at the inner edge.

The possibility of the smaller quantum, h/2e,
can also be checked from these interferograms.
However, this can be done more precisely from
doubl. y phase-amplif ied interf erence micrographs,
such as those shown in Fig. 7. For flux quantiza-
tion of h/2e, the interference fringes must be on
the same straight l,ines in both spaces. The in-
terferograms in Fig. 7 thus show that magnetic
flux is not quantized in h/2e units either.

Thus, magnetic fl.ux in a toroidal. magnet was
determined to have a continuous value within an
experimental. error of +h/los. The error can be
estimated from the deviation of the fringes ob-
served in the free spaces in Figs. 6 and 7 from
straight lines.

These experimental results negate the possi-
bility of magnetic-flux quantization in a toroidal
magnet. Furthermore, this gives further evi-
dence for the existence of the AB effect, even in
the case of an impenetrabl. e magnet.
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of Tokyo University for proposing this experi-
ment. We also grateful. ly acknowledge the valua-
ble advice and stimulation given by Dr. H. Wa-
tanabe, Dr. Y. Takeda, Dr. S. Harada, Dr. M. Ku-
do, and Dr. A. Fukuhara of Hitachi Ltd. Thanks
are also due to Mr. Y. Maruyama and Mr. Y. Koi-
so of our laboratory for their experimental. sup-
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