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Figure 4. Principle of magnetic line observation by 
interference electron microscopy. A and B indicate two 
points in the specimen plane. 

for no leakage flux due to the Meissner effect. There
fore, the conclusion is now obvious. A relative phase 
shift of 1r (Fig. 3b), which means that an odd number of 
flux quanta are trapped in a superconductor, is produced 
even when the magnetic fields are confined within the 
superconductor and shielded from the electron wave. 
This proves conclusively that the AB effect exists. It 
can be seen from eq. (1) that electromagnetic fields can 
be observed quantitatively in electron waves as phase 
shifts. In fact, the development of a "coherent" field
emission electron beam has opened the way for the 
observation of microscopic electromagnetic fields. 

Applications of Interference Microscopy 

Magnetic domain structure 

The interpretation of an interference micrograph of 
a ferromagnetic thin film is straightforward. The con
tour fringes follow the projected magnetic lines of force 
in hie flux units. This is easily derived from eq. (1). 
The relative phase shift t.<I> between two beams starting 
from a point, passing through two points A and B in the 
specimen plane and meeting at another point in the 
observation plane (Fig. 4) is given by the magnetic flux 
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enclosed by the two electron trajectories. When the two 
points, A and B, are along a single magnetic line of 
force, t.<I> vanishes, i.e., the phase contour lines lie 
along the magnetic lines. When two electron beams, 
passing through A and B, enclose a flux of hie, then t.<I> 
= 21r. Therefore, a constant magnetic flux of hie flows 
between two adjacent contour lines in an interference 
micrograph. 

An example for a hexagonal cobalt particle is shown 
in Figure 5. No information can be obtained from the 
electron micrograph, or reconstructed image (Fig. Sa). 
This is because the sample thickness is uniform and the 
magnetization has no influence on the intensity of the 
transmitted electron beam. Information about the mag
netization distribution is contained in the phase distribu
tion. In fact, it can be seen from the two-times phase
amplified interference micrograph (Fig. Sb), how mag
netic lines of force rotate in such a fine particle. The 
contour map (Fig. Sb) itself does not allow one to decide 
whether the magnetization direction is clockwise or 
counter-clockwise, since these two possibilities corre
spond to whether the wavefront protrudes like a moun
tain or is hollow like a valley. This can, however, be 
decided from the interferogram, (Fig. Sc), which is ob
taine.d by slightly tilting two interfering beams in the 
optical reconstruction stage. The wavefront of the trans
mitted electron beam is first retarded at the particle edge 
because of the thickness effect. Then, it is advanced 
inside the particle because of the magnetic effect. This 
means that the magnetization direction is clockwise. 

It has been difficult to experimentally determine the 
magnetization distribution in such a fine particle. The 
magnetic structure is difficult to identify even when ob
served by Lorentz microscopy, which provides magnetic 
domain structure information with the highest spatial
resolution currently available. This is because the large 
defocusing needed for observation of domain structures 
results in the magnetic contrast overlapping the diffrac
tion pattern of the particle. A Lorentz micrograph of 
the particle is shown in Figure 5d. This micrograph was 
optically reconstructed by merely defocusing the recon
structed image from the same electron hologram, which 
is possible because a hologram contains all the informa
tion of the scattered electron wave from an object. 
Because the outer shape of the particle is completely 
blurred, as can be seen in Lorentz micrograph (Fig. 5d), 
it is not easy to predict the magnetization distribution. 

Flux quantization process 

The process of magnetic flux quantization can be 
observed directly using the toroidal ferromagnet (Fig. 2) 
used in the AB effect experiment. Holographic interfer
ence microscopy was used to measure, at various tem
peratures, the relative phase shift between two electron 
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Figure 5. Interference micrograph of hexagonal cobalt particle: (a) Reconstructed image; (b) Two-times phase-ampli
fied contour map; (c) Two-times phase-amplified interferogram; and (d) Lorentz micrograph. No contrast can be seen 
in the reconstructed image (a), whereas in-plane magnetic lines of force are displayed as contour fringes in the contour 
map (b). The direction of magnetic lines can be determined to be clockwise from the interferogram (c) . The Lorentz 
micrograph (d) can be obtained optically from the hologram, from which it is difficult to determine the magnetic domain 
structure. 
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Figure 6. Temperature dependence of electron inter
ferogram of toroidal samples. (a) A<I> = 0.3 1r at T = 

300 K; (b) A<I> = 0.81r at T = 15 K; (c) .lei> = 1r at T 
= 5 K. M: Magnetization; J: supercurrent. 

-------------------------------------
beams, one passing through the hole and the other pass
ing outside the toroidal sample. 

315 

l l l 
~ 

-,~ 
7 

7 
Vortex lattice 

Electron 
beam 

Figure 7. Experimental arrangement for observing 
magnetic vortices. 

An example of this result is shown in Figure 6. 
The phase shift at room temperature was 0.31r, as shown 
in Figure 6a. However, when the sample temperature 
was reduced, the phase shift gradually increased to 0.81r 
at T = 15 Kand then jumped to 1r at Tc(= 9.2 K). 

This behavior can be interpreted as follows. Above 
Tc, the phase shift is determined by the magnetic flux 
flowing inside the magnet. The temperature dependence 
of the phase shift from 300 K to 15 K arises from the 
fact that magnetization in the permalloy increases by 5 % 
due to the decreasing thermal fluctuations of the spins. 

When T decreases below Tc, supercurrent begins to 
flow in the inner surface layer of the hollow supercon
ducting torus, so that the total magnetic flux is an inte
gral multiple of h/2e. The phase shift becomes 1r, since 
the number of flux quanta trapped in this sample is odd. 


