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Evidence for Aharonov-Bohm Effect with Magnetic Field Completely Shielded
from Electron Wave
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Evidence for the Aharonov-Bohm effect was obtained with magnetic fields shielded from the
electron wave, A toroidal ferromagnel was covered with a superconductor layer to confine the
field, and further with a copper layer for complete shielding from (he electron wave, The expected
relative phase shift was detected with eleciron holography between two electron beams, one passing
through the hole of the toroid, and the other passing outside. The experiment gave dirccl cvidence

for flux quantization also.

PACS numbers: 03.65.82, 41.80.1)d

The Aharonov-Bohm (AB) effect' has recently re-
ceived much attention as an unusual but important
quantum cffect.? The predicted effect is the produc-
tion of a relative phase shift between two electron
beams enclosing a magnetic flux even if they do not
touch the magnetic flux. Such an effect is inconceiv-
able in classical physics and directly demonstrates the
gauge principle of electromagnetism.’

Although the affirmative experimental test was of-
fered® soon after its prediction, Bocchieri er al.’® and
Roy® questioned the validity of the test, attributing the
phase shift to leakage fields. The authors’ recent ex-
periment’ using a toroidal magnet established the ex-
istence of the AB effect, under the condition of com-
plete confinement of the magnetic field in the magnet;
electron holography confirmed quantitatively the ex-
pected relative phasc shift between the (wo beams.
Bocchieri, Loinger, and Siragusa® still argued that the
phasc shift could be due to the Lorentz-force effect on
the portion of the electron beam going through the
magnet.’

The present experiment'? is designed to provide a
crucial test of the AB effect. A tiny toroidal magnet
covered enlirely with a superconductor layer and fur-
ther with a copper layer is fabricated. The two layers
prevent the incident electron wave from penetrating
the magnet. In addition, the magnetic ficld is confined
to the toroidal magnet by the Meissner effect of the
covering superconductor. Then the relative phase
shift between two electron beams, one passing through
a region enclosed by the toroid and the other passing
outside the toroid, is measured by means of electron
holography. The cxperimental results detected the
predicted relative phase shift, giving conclusive cvi-
dence for tlhe AB effect. This experiment also demon-
strated the flux guantization."'

nAa

Tiny toroidal samples were fabricated by use of pho-
tolithography. A Permalloy (80% Ni and 20% Fe) thin
film, 200 A thick, was prepared by vacuum evapora-
tion on a silicon wafer covered with Al (3000 A thick),
Nb (2500 A thick), and SiO (500 A thick); the SiO
layer serves to reduce the coercive force of the Per-
malloy. After evaporation of a 2000-A-thick layer of
SiO on the Permalloy, the toroidal shape was cut out to
the depth of the Nb surface. The NbO produced by
the lithography processes at the Nb surface had to be
removed to ensure a perfect contact with the Nb layer
(2500 A thick) that was subsequently sputtered on the
whole structurc (see Fig. 1). The superconducting
contact was confirmed by another experimenl. We
note that the thickness of the upper SiO layer de-
creased to 500 A after the ion spultering.

A toroidal sample with a tiny support bridge (see the
scanning clectron micrograph in Fig. 2) was then cut
so that the Permalloy toroid was completely covered
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FIG. 1. Schematic diagram for fabrication of the 1oroida
magnet.
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FIG. 2. Toroidal f"moncr i Scanning 2lecteon micro-
praphy (9) diagram, The orowd 15 connested to o Nt plate by

o uny brides Cor bigh thermai canductivily.

by the superconducting bulk Nb. Tha toroidi! sample
was peeled off the welsr Uy Cissolving the A “d()‘{
solution, and was placed ort a Cu mes:. Sy, oa
copper Tilm 500-2000 A thick was evaporatcd on all of
its surfaces; Lhe film seyves 1o preveat penetration of
the zlectron wavz, and to keep the sample from ex-
perienicing charge-up and corituct-polential effacts.

Electron helograrns wete formed in a 150-kV field-
emission electren microscope {(wavelength, 0.030 &)
that had a liquid-He—cooled specimen stage auached.
The object wave, phase shified by e sample, and the
referance wave were brought togetihier by the eleciron
biprism to form an interference patlern, as snovn in
Fig. 3. The paltern was enlarged 1000 tirmes by elec-
iron lenses and recordead on film as a holograr.

The phase shift due 1o the sarnple wis reconstructed
by means of ..e-Ne luser hight {wavziength, 6328 A)
in the oplical systerm shown in Fig. 4. Two waves, A
and B, illumninited the hologram. Each wave produces
two diffracted waves, one which reconslructs the phase
shift due to the sample, and the other. its conjugate.
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CLOSLOPY.
An inizrlerence rmicrouraph is oblained when the
reconsteacied irmage of beurm A s superposed with
bear B afler passags th\'on;u an aperturg. viorsover
o (wice—phase-amplifisdt interference microgravh T g
tormsd when the tseonsivucted jnage of beam /4 and
the conj u,g,mf’ image ol beam I are superposed oy the
tilting of beam B,

The leakuge [uxes of fabricated sarples &t room
lzriperature  were quantiiatively measuced’ by in-
erference electron microscopy, and only sarmples wilh
flux less than h/20e '* were selected for this experi-

ment. Figure 3 shows an example of a twice-phnase-
amplified interference microgreph, which indicates a

very large leakage flux of ~— 24/

Now, the AB effect is the produclion of a relalive
ohase shift of /1 2/2¢ ) between twe aleciron bearns
enclosing magnetic Nux ¢. The inter{erence micro-
graph in Fig. 6(a} is clear evidence Jor the AS elfecl
Cach interference fringe iaside the ring, i 2., the image
of the toroidal samole, lies just in the middlz of two
fringes outside the ring. This shows thal thare is 4 roi-
alive phase shilt #n7o (n odd), us expected from ihe
quancized magnetic flux b/ 2e enclosed within Lhe su-
perconducting Nb. That the relative phase shifl here s
an integral multiple of 7 can be seer. precisely from
the twice—phase-amplified micrograph oblained frore
ihe same hologram {Fig. 6(b!], in which there are no
relative displacements belween the fringes inside &nd
ouiside the ring. We emphasize that the magnetic flux
is confined within the superconductor 4nd that thz

FiG. 5. Leakage Mz2kis rom u toroidul rmagret {snusc am-
plificaticn, 2% 3. Leakage flux can be guanutatively mea-
aen o adla
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FIG. 5. Interferenss misrographs of 2 taroidal rmagnat ot bow teriperatures. () T=4.5 X (phuse srnplification, [x g (o)
T =45 K fphase aruntification, 2% 3, (e} T'=13 K {phass amplilicaticn, 2% /. The sncosed T is quoniized o0 unis of hfzz2

whet T < 7, I =02 10 The numbar ol Tlunons is oddd.

fizld is snielded from: the zlectron wave by the Cu and
Nb covennyg. liis estirnaled that the leakage flux is {ar
(38 than #/20e, since the lsukaze flux ar roam tem-
peraturs is lass than /20 2nd the minimum thickness
anc penetrasion depth of Nb are 2300 and 1100 K.
respectively.  Oniy a slight portion, approximately
1073, of the incoming electron wave iy estimated (0
reach the magnetc field coherently, since a 130-xV
electron peam has o penetrate through the Cu
(~ 1000 2) and Nb (2500 A) layers for it. The suffi-
cient shielding of clectron penetration is also suppori-
ed by the experimental result that the change in the
Cu-layer thickness from 300 0 2000 A had no effect
on the interference fringes around the guantized rag-
netic Tlux.

I the temperature 7 of the sample is raised, the in-
ierierence paliern changes abruiptly when 7 crosses the
superconducting critical temperature 7, the relative
phase snift is no longer an (ntegral multiple of w. In
the case of Figs. 6(a) and 6(b), il in fact becomes
(0.32 = nier as cun be seen from Fig, §(2). The transi-
tion was confirrned to be reversible. This behavior is
svidence for the effect of the superconductlor that con-
fines the maznel flux cuanta below 7.

Of course, there a2 caies of aven n, in which no
relative displacements are ubserved, ay show: in Figs.
7(a) and 7{by. With this sample, the relalive displace-
nent can be seen only when its temperature i3 rased
above T,; the displacerment in Fig, 7(c) represeats 4
‘ziative phase shifl of (0.25+»)x (neven).

When 1he tempzriture 7 of the sataple was furlter
raised 10 roomn lemperature, the celative displacement
changed by nalf .he fringe spacing in & twise-phass
amplified inteiference microgiaph; this coiresponds (o
the estimalzd decrease (- 3%} in the magnetization
of the Permalloy. This iemperalure dependence sup-
ports our view that the relative phasze shift is con-
trelled by the magnetic Nux of the Permalloy.

The experimerial resulls described above provide
crucial evidence for the existence of the AB effeci.
Furthermore, the quantization of the {jux trapped by a
superconductor was directly observed with use of the
AbB effact of an elestron beam.

The mosi conlroversial poini in the dispute over ex-
perimental evidence for the AB effect has been wheth-
27 or not the phase shifl would te observed when dboth
slectron intensity and magnetic field were extremely
small in the region of overlap. Since experimenial
tzalization of absolutely zero field is impossible, ine
contnuily of phvsical phenomena in the iransution
{ram negligibly +mnall feld to zero field should be ac-
cepted instead of perpetual demands for the ideal; if a
discontinuity thers is asserted, only a futile agnosti-
Cls(n resuiis.
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desarving of thanks are Dr. Ushio Kawabe of Hitachi,
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of Hitachi, Lid., for his help in preparing samples, and
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FIG. 7. nwerference miccopraphs of a toroidal magner at fow lemnperatures. (a) 7=4.5 X (phase umplification, 1x ) (p)
T 5 (ahase wraptification, 2% 3 () 7 == 15 K {phasz amalification, 2:¢ ). The number of flixens is evern.
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Mr. Shuji Hasegawa of Hitachi, Ltd., for his assistance
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manuscript given by Professor Hiroshi Ezawa of
Gakushuin  University, and also by Dr. Akira
Fukuhara of Hitachi, Ltd. Thanks are duc to Professor
Ryozo Aoki of Kyushu University for his coopcration
in developing a liquid-He-cooled specimen stage.
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