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Experimental confirmation of Aharonov-Bohm effect
using a toroidal magnetic field confined by a superconductor
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The electron holography technique was employed to make a crucial test of the existence of the

Aharonov-Bohm (AB) effect. The relative phase shift was measured between two electron waves

passing through spaces inside and outside a tiny toroidal ferromagnet, covered completely with a su-

perconductor layer and a Cu layer. Below the transition temperature the relative phase shift was

measured to be 0 or m due to the magnetic-flux quantization in units of h /2e. The results directly

demonstrated the existence of the AB effect even when the magnetic field was confined by the sur-

rounding superconductor due to the Meissner effect and an electron beam was prevented from

penetrating the magnet.

I. INTRODUCTION

The Aharonov-Bohm (AB) effect' has become signifi-
cant as an important quantum effect. Aharonov and
Bohm predicted that an electron phase shift hP due to an
electromagnetic vector potential A should be observed:

e Ada,

A~A+ Vf,

%~%exp(ief /i'), (1.3)

where 4 is a wave function. They claimed that the vector
potential can be eliminated, by means of a function f
which generates a multivalued phase factor exp[(ie/R)f j,
in a multiply connected field-free region. Their assertions
were criticized on the basis of the single-valuedness of a
wave function or on the basis of interpretation of boun-
dary conditions in a multiply connected region.

Bocchieri et al. also appealed to the hydrodynamical

even when the electron wave travels through a magnetic-
field-free region. Since the potential A is the simplest ex-
ample of a gauge field, the AB effect directly shows that
electromagnetism conforms to the theory of gauge
fields. The AB effect has also received considerable
attention from experimentalists. In the year following the
prediction, the first experiment was done, followed by
several other tests.

Although the experimental tests supported the AB ef-
fect, the existence of the AB effect was strongly deniK by
Bocchieri and co-workers. They asserted that the AB ef-
fect was of purely mathematical origin. Their argument
was based upon the choice of the gauge representation. A
gauge transformation is generated by a scalar function f
in the following manner:

representation of the Schrodinger equation without poten-
tials. ' However, it was pointed out that their analysis did
not represent the topological conditions. In spite of these
objections the discussion of the effect continued.

They also pointed out" possible questions about the
leakage of magnetic flux in previous experimental tests.
Several ideas for refined experiments have been proposed.
Lyuboshits et al. ' suggested the use of a toroidal
solenoid. Kuper' proposed an experiment using a hollow
superconducing torus to confine the magnetic fiux. A
toroidal ferromagnet was suggested by Greenberger. '

The present authors established the existence of the AB
effect using a toroidal magnet without leakage flux the
relative phase shift observed by electron holography
agreed with the theoretical estimate. However, Bocchieri
et al. ' still argued that phase shift could be due to the
Lorentz force on the portion of the electron beam passing
through the magnet. In our recent experiment, ' the AB
effect was confirmed using an impenetrable toroidal mag-
net: Au 350 nm thick was deposited on the toroid surface
facing the incident electron beam. The experiment to be
described here is designed to provide a crucial test of the
AB effect. ' The conceptual diagram is shown in Fig. 1.
An electron is strictly excluded from the magnetic field:
A superconductor completely covering a toroidal magnet
confines the magnetic flux by the Meissner effect. In ad-
dition, the superconductor layer and a Cu layer are thick
enough to prevent electron penetration.

II. EXPERIMENTAL

A. Fabrication of toroidal magnets {Ref. 19)

A toroidal magnet covered by a superconductor is
shown in Fig. 2. Three kinds of toroidal samples were fa-
bricated for this experiment. Their sizes are listed in
Table I. A small supporting branch attached to each
toroid ensures thermal conductivity for cooling even
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TABLE I. Sizes of the toroidal magnets covered with a su-

perconductor.

Persistent
current

Reference

r "11 )ag

R1
R2
R3

1.5
2.0
2.0

5.0
5.0
5.5

3.0
3.0
3.5

Magnet Superconductor
Inner diam Outer diam Inner diam Outer diam

(pm) (pm) (pm} (pm)

6.5
6.0
7.0

FIG. 1. Conceptual diagram of the experiment. A Cu layer
for shielding from an electron wave is not shown.

under electron-beam radiation. Nb was chosen as a super-
conductor for the following reasons. The superconduct-
ing transition temperature is relatively high, T, =9.2 K,
and the penetration depth is as small as 100 nm. Further,
the processing methods for Nb have been well developed
in conjunction with 1osephson junction device.

The fabrication process is shown in Fig. 3. Permalloy
(83 wt. % Ni —17 wt. % Fe) thin film 20 nm thick was
evaporated onto a Si wafer covered with Al (300 nm
thick), Nb (200 nm thick), and SiO (50 nm thick). The Al
film is dissolved to ptx:1 off the completed toroid. The

SiQ film reduces the coercive force of Permalloy to as low
as 10 Qe, which is favorable for making a closed magnetic
circuit. After deposition of the SiO layer (200 nm t»ck),
a toroidal shape of the Permalloy sandwiched between the
SiQ layers was cut by ion etching. The Nb surface was
cleaned by Ar+ sputtering in order to remove a possible
oxide layer [Fig. 3(a)]. The upper SiO layer protects the
Permalloy toroid from Ar+ sputtering. The film was,
therefore, thinned to 50 nm in the cleaning process. After
deposition of the 300-nm-thick Nb layer [Fig. 3(b)], an
outer toroidal shape with a small supporting branch was
cut by plasma etching [Fig. 3(c)].

Superconducting contact between the two Nb layers
was checked as follows. A test device was prepared, hav-
ing a contact fabricated under the same conditions as that

V

FIG. 2. Scanning electron micrograph of toroidal magnet
covered by a superconductor.

(c)
+FIG. 3. Fabrication process of toroidal magnet. (a) Ar

sputtering for surface cleaning. (b) Sputter deposition of upper
Nb layer. (c) Completed toroidal magnet. A, Si wafer; 8, Al
(300 nm)„C, Nb (200 nm); D, SiO (50 nm); E, Permalloy (20
nm); F, SiO (200 nm); G„wb(300 nm).
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in which the toroidal sample was made. The measured
critical current density through the contact at 4.2 K was
40 mA/pm . On the other hand, the persistent current
density to quantize the magnetic flux was numerically cal-
culated to be less than 10 mA/IMm . The completed
toroid was peeled off from the Si wafer by dissolving the
Al layer in NaOH solution and was placed on a Cu mesh.

Finally, Cu was evaporated onto all the surfaces to
avoid both charging-up and contact-potential effects: (a)
An oxide layer of the Nb surface formed in the air would

destroy a charge balance under electron beam radiation
possibly because of the charge storage due to its low con-
ductivity or overemission of secondary electrons. It pro-
duces electric fields around the toroidal sample. (b) The
potential difference appears when the two different met-

als, Nb of the toroid and Cu of the mesh, are connected.
The value is equal to the difference between the two work
functions. The potential difference of 1 V between the
toroid and the mesh produces the phase shift of n between
two electron beams, one near the edge of the toroid and
the other 3 pm apart from it.

)cm
FIG. 5. Cross section of cooling stage. A, second shield; 8,

first shield; C, specimen holder; D, conducting rods; E-, heater;
F, objective pole-piece; 6, superconducting coil; H, heater; I,
Ge resistor; J, insulating supports; K, specimen.

B. Cooling apparatus

A cross-sectional diagram of an electron microscope
with cooling apparatus is shown in Fig, 4. A liquid-He
reservoir 8 is attached to the column. The toroidal sarn-

ple is placed at the cooling stage C in the column, which
is shown in Fig. 5. The stage consists of three cooling
parts for both radiation and condensation protection.
Part A is cooled by liquid N2 and the two inner parts, 8
and C, are cooled by liquid He. Each part is connected to
a conduction rod D from &he reservoir through a cylindri-
cal Ag foil with many slits for flexibility E. A specimen

is placed in part C (specimen holder). Thermal contact is
given careful attention. A tiny In ring is inserted between
the specimen and the holder. They are c1amped by a
screw cap. The temperature is controlled by a heater H,
and measured by a calibrated Ge resistor I (Scientific In-
struments, Inc.). The temperature can be controlled with
the precision AT/T & 10 in the temperature range
below 50 K. However, the apparatus is incapable of keep-
ing a specimen at a constant temperature higher than 50
K because of rapid evaporation of liquid He. A magnetic
field can be applied using a superconducting coil G.

The temperature difference between the toroid and the
holder is estimated to be less than 0.1 K under the follow-
ing assumptions: The current density of a 150-kV elec-
tron beam is 1X10 A/cm, the energy of all the elec-
trons hit the toroid changes into the thermal energy, and
the thermal conductivity of Nb is 0.2 W/cm K. It was
also confirmed experimentally that the difference was less
than 0.5 K. The superconducting transition temperature
T, =9.2 K of Nb was compared to that of a hoMer when
a trapped magnetic flux in a hole of Nb film leaked.

Careful attention was paid to the cooling procedure to
prevent gas condensation onto the sample, which would
create potential differences through charging up. The
specimen holder was kept at room temperature until part
8 cooled to 20 K, where all the residual gases except Ne,
H, and He were condensed onto part B. Further, part B
was cooled to 5 K while the specimen holder was kept at
20 K for Ne condensation. Finally the specimen was
cooled to liquid-He temperature. The gas from an elec-
tron beam line was reduced by inserting two apertures
cooled by liquid Nz into objective and projector lenses.

FIG. 4. Cross section of electron microscope with cooling ap-
paratus. A, field emission gun; 8, liquid-He reservoir; C, cool-
ing stage; D, ion pumps; E, biprism; I', condenser lens; G, objec-
tive lens; H, intermediate lenses; I, projector lenses.

C. Electron holography

Relative phase-shift detection was carried out by
measuring that of an optically reconstructed wave from
an electron hologram. The off-axis image hologram was
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formed in a Hitachi H-800 electron microscope installed
with a field emission gun (Fig. 4), which provided a
coherent electron beam.

Electrons were emitted from a cold (310)-oriented
tungsten tip, through the application of a 3—5-kV electric
potential between the tip and the first anode. The total
emission current was a few tenths of pA, while only a
several nA electron beam along the optical axis was fed
through apertures to form a hologram in order to elim-
inate electrons having trajectories distorted by the aberra-
tions of the accelerating lenses. The electron was ac-
celerated to 150 kV through a six-stage accelerating tube
to form a collimated beam. Illuminating condition (beam
divergence angle a and current density j) was controlled
by a condensor lens and an aperture.

Electron optical system for the hologram formation is
shown in Fig. 6. Only a half plane of a specimen position
was used. The other half was used for the reference beam.
The image of the specimen was formed on a photographic
film with the magnification of 1000 times. A
Mollenstedt-type electron biprism, located between an ob-
jective and intermediate lenses, was employed to overlap
an object wave and a reference wave to form a hologram.

The beam current density and exposure time were re-
stricted by coherence conditions of the electron beam and
stability of the apparatus. The beam current density at
the specimen was set to range from 1&&10 6 to 5&&10
A/cm2 and the exposure time was 10—30 sec. With these
parameters, the density of the electron beam is such that
on the average there is only one electron in the microscope
column. The specimen temperature is not influenced by
the beam radiation within the beam current range as

Mach-Zehnder
Interferometer

Hologram Interferenee
Image

FIG. 7. Optical reconstruction system for interference mi-
croscopy.

described in Sec. IIB. Actually the result was indepen-
dent of the value of the current density.

Optical reconstruction and relative phase-shift measure-
ment were carried out through use of the setup shown in
Fig. 7. A pair of collimated He-Ne laser beams (wave
length, 633 nm) made by Mach-Zehnder interferometer il-
luminated the hologram. Each beam produced the recon-
structed image and its conjugate. The reconstructed im-
age of one beam was superposed onto the transmitted
wave of the other wave to produce a standard interference
micrograph. The reconstructed and the conjugate images
of each beam were used for a doubly phase-amplified in-
terference micrograph. '

Here, two types of interference images are used: a con-
tour map and an interferogram. The former is obtained
by setting the reconstructed and the transmitted (conju-
gate, in case of double phase amplification) waves parallel
as illustrated in Fig. 7, which represents a contour map of
relative phase-shift distribution. If the object is a magnet-
ic field, the contour lines indicate projected magnetic lines
of force. i2 There, constant fluxes of h/e and h/2e flow
between two adjacent contour lines in standard and dou-
bly phase-amplified images, respectively. The latter, i.e.,
the interferogram, is obtained by tilting the two waves to
each other. The interference fringe spacing depends on
the angle between the beams ( —10 rad), however it does
not affect the result because the relative phase shift was
measured as a relative displacement to a regular fringe
spacing.

III. RESULTS

Biprisrn

Intermediate

Pro Jec t ion
lens

OlOQ r8rA

~ I ~ eeaare ~ eeeaea

FIG. 6. Schematic diagram of hologram formation.

A. Studies above 1;
Fabricated toroidal magnets were examined at room

temperature to select ones with closed magnetic circuits.
Contour maps in Fig. 8 show examples of toroids with
and without leakage magnetic flux. In Fig. 8(a) the pres-
ence of the magnetic poles are clearly seen at the upper
right of the toroid and its opposite position, where the
magnetic lines of force emerge. The toroidal magnet con-
sists of two magnetic domains having opposite magnetiza-
tion directions. On the other hand, no fields can be seen
around the toroid 8(b), substantiating a closed magnetic
circuit.

%'hether a closed magnetic circuit is formed or not de-
pends on the toroid's thickness and diameter. It was con-
firmed from the experiment that optimum thickness was
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FIQ. 8. Contour maps of toroidal magnets at room temperature. (a) Toroid with leakage field (phase amplification, g2). (b)

Toroid without leakage field (phase amplification, g 2).

20 nm, and smaller diameter was favorable for producing
a closed circuit. Approximately 60% of all the toroids fa-
bricated formed closed circuit for the dimension employed
in this experiment.

When the toroid was cooled from room temperature,
the phase-shift value was detected to change. This is ex-
plained using the Weiss theory of ferromagnetism, predic-
ing that spin orientation in the Permalloy is aligned due to
the reduction of thermal vibration. Therefore, spontane-
ous magnetization increases to change the phase-shift
value. The change of measured phase shift for 20 toroidal
magnets is shown in Fig. 9. The cross sections of the
toroids were so designed as to have the same dimensions,
1 pm wide and 20 nm thick. The width fluctuates +0.1

pm due to the precision of a photo mask. This is the
reason why phase shift varies from sample to sample.
The measured difference between the phase shift at 15 K,
b,((I» it, and the phase shift at 300 K, lLP30o K, is given by
the following equation:

~4'is K —~ADO it=+0 45~+2+~

0

&43ooK
FIG. 9. Relation between relative phase shift at 300 K

(b $30O ~) and at 15 K (hP)g K).

where the term 2nm is trivial, and can be eliminated by
gauge transformation. The positive and negative signs in
the first term of the right side corresponding to the lines
A and 8 in Fig. 9 are due to the different directions of the
rotation of the magnetization. The value 0.45m+0. 05~
can be well explained as follows: According to the experi-
mental data by Crangle and Hallam, the magnetization
of the Permalloy of the composition employed here in-
creases by 5% when cooled from 300 to 15 K. The
amount of the total flux confined in a toroid at 300 K is
approximately 5(h/e) (M, =0.95 T; cross section is 1

pmX20 nm. ) Then the relative phase-shift change is
0 5nThu. s ..it is clearly demonstrated that the relative
phase shift is controlled by the magnetic flux confined in
the toroid.

B. Studies below T,

The toroids were further cooled below T, for magnetic
shielding by the Meissner effect. The superconducting
state of Nb was confirmed through observation of the flux
quantization.

Figures 10(b) and 10(e) are doubly phase-amplified in-
terferograms of two toroids cooled at 5 K. There is no
relative displacement between the fringes inside and out-
side the rings, i.e., the images of the toroids, while dis-
placements are seen in the interferograms of the toroids
cooled at 15 K [Figs. 10(a) and 10(d)]. Therefore, the
phase shifts at 5 K are integral multiples of n, consistent
with the quantization of the confined flux in units of
h /2e. The transition was observed to take place reversi-
bly at 9 K+1 K, which is good agreement with the super-
conducting transition of Nb ( T, =9.2 K).

In standard interferograms, i.e., interferograms without
phase amplification, it can be counted whether the n, the
multiplication number of the unit flux Ii/2e, is even or
odd. In case of odd n, the relative phase shift is m, and
the shift is 0 for even n. Thus, they are distinguished as
just half-spacing displacement [Fig. 10(f)] and no dis-
placement [Fig. 10(c)]. Further evidence for the supercon-
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FI(s. lo. Interferograms of toroids at 15 and S K. (a), (b), and (c): magnetic flux is quantized in n(h/2e) (n is even) below T, .
The toroid is gl {see Table I); (d), (e), and (fl: magnetic flux is quantized in n (li /2e) (n is odd) below T, . The ««id is &2. (a)»d
(d), T=15 K (phase amplification, X2). (b) and (e), T=5 K (phase amplification, X2). (c) and (f), T=5 K (Phase amPlification,

X 1).

ducting transition are given by comparing the phase shift
below T, (0 or n) and above T, (0—2m). In Fig. 11, the
phase-shift change is consistent with the theoretically
predicted relationship shown by the dotted line. The flux
quantization occurs so as to minimize the Gibbs free ener-

gy. Energy of the magnetic field to add for quantizing
the flux is minimized.

The observations described above substantiate the su-

perconducting state of the surrounding Nb layer, which
confines the magnetic flux. Then the observed relative
phase shift min the cas. e of odd n clearly demonstrates the
existence of the AB effect.

IV. DISCUSSION AND CONCLUSION

A magnetic field produced by the objective pole piece
would be the primary magnetic source except the toroidal

I

l
I
I
I
I
I
I

I

l
I

l
I

I

I

& n

FIG. 11. Relation between relative phase shift below T,
{hP, ) and above T, (dP„).

magnet. To reduce the field, the specimen was separated
from the gap center of the pole piece by 6 cm, and the ob-
jective lens was used at weak excitation as small as 1000
ampere turn. Estimated magnetic flux flowing through
the toroidal hole is less than li/100e. The magnetic field
originated outside the microscope was shielded by a 5-
cm-thick p, -metal column, and only a field of an order of
pG remNned.

Further, we confirmed experimentally that interference
fringes were not shifted in our setting if nonmagnetic
specimen were introduced at 5 K and at room tempera-
ture. A test specimen was fabricated, which was identical
to the specimen except that it had no Permalloy toroidal
magnet. It was prepared in the same way as the specimen
for holographic measurement. Resultant interferograms
of both double and standard phase amplifications are
shown in Fig. 12. No relative phase shift was detected be-
tween inside and outside the toroid in the measurement
precision of Ii /50e.

Electron beam touching the magnetic field was noted'
as possible cause of the fringe shift in our previous experi-
ment. '5 The portion of electrons penetrating through the
Cu and Nb layers is estimated. Only coherently transmit-
ting electrons are evaluated here, as possible contributors
to the formation of the interference fringes. Further, both
plasmon and core-electron excitations are considered to be
incoherent scattering. Under these assumptions, the opti-
cal potential method is employed with the potential
value numerically calculated by Radi. The relative in-
tensity of electrons penetrating to meet the magnetic flux
is thus estimated to be 5 / 10 from thicknesses 300 and
100 nm of Nb and Cu layers and from the penetration
depth 100 nm of the magnetic Aux into Nb; the shielding
by the Nb and Cu layers is considered to be satisfactory.
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FIG. 12. Interferograms of toroid without magnet. (a) Phase amplification, X 1. (b) Phase amplification, )&2.

Sufficient shielding from electron penetration was also
supported by the experimental results in which the change
in Cu layer thickness from 50 to 200 nm had no effect in
inteference fringes around the quantized magnetic flux.

The leakage flux from the magnet, if any, would cause
interaction betwo:n electron waves and the magnetic field.
However, it could be shielded by a superconducting Nb
layer by the Meissner effect. It is estimated that the leak-
age flux is far less than h /200e, since the leakage flux just
above the transition temperature is less than h/20e and
the minimum thickness and London penetration depth of
Nb are 250 and 100 nm, respectively.

In conclusion, the existence of the AB effect was con-
firmed under the conditions of no leakage field and of no
electron penetration. It was also supported by observation
of the expected dependence of the relative phase shift to
the inagnetic flux confirmed through temperature depen-
dence of spontaneous magnetization.
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