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The Ah ironov-Bohm effect h'is recently been questioned on theoretic;il ind experiment'il
grounds. Such discussions h ive suffered from imbiguities which resulted from their focusing
on scattering st ites. It is noted here th it the bound-st ite problem is much simpler, To ivoid
the Aharonov-Bohm effect in theory requires us to ib indon the most fund iment il ide;is of
quantum mech'inics. The quantization of flux in superconducting rings ind Josephson junctions
is i powerful experimental confirm'ition.

According to conventional quantum mechanics, the
behavior of charged particles can be influenced by
external magnetic fields which are confined to a re-

gion from which the charged particles are excluded.
That comes about in the theory because the Hamil-
tonian for an electron with coordinate x depends
upon the external vector potential A( x), and A( x)
in turn depends upon the magnetic field B( x ) at all

I

positions x, even those from which the electron is

excluded, Aharonov and Bohm' pointed out in 1959
that when electrons are confined to a multiply
connected region, such as the exterior of a cylinder,
this has observable consequences; the scattering of
electrons from the cylinder depends upon the mag-

netic, flux 4 through the cylinder and the scattering
cross section is in fact periodic in 4 with period hc/e,
about 10 ' G cm'. That observation stimulated
several scattering experiments, ' which confirmed it in

the opinions of the experimenters. There was also
much theoretical discussion at that time as to how we

should interpret the influence of remote magnetic
fields on charged particles. '

Lately, it has been claimed" that the Aharonov-
Bohm effect does not exist in theory or does not im-

ply an effect of inaccessible fields, and that the ex-
periments really do not confirm it. Such claims in-

variably involve scattering situations, where the op-
portunities for ambiguous interpretation of the theory
are almost unlimited, and where experiments can al-

ways be challenged on the grounds that return fields,
however small or remote, are in principle accessible
to the electron and may somehow be responsible for
the observed phenomena. The arguments are diffi-
cult to evaluate objectively because the flux 4

through the cylinder is equal to the integrated return
flux in the accessible region so that the value of 4
can be said to be available in some sense to the elec-
tron.

In this paper, I will bypass the discussions of
scattering states and consider bound states, where ir-

relevant ambiguities do not appear. I will show in a

direct way that nonexistence of the Aharonov-Bohm
effect denies the very basis of quantum mechanics,
and that the observed quantization of the fluxoid in

superconducting rings with quanta equal to hc/2e is a

powerful experimental confirmation of the Ah &ro-

nov-Bohm effect.
Consider a single spinless electron of ch;irge e, con-

f'ined to i torus of major radius t and negligible
minor radius, lying in the xy plane and centered on
the z axis. The Hamiltonian in the presence of in
external magnetic field is given by

H =(2m) '( p —eA/c)'

This is a gauge-invariant quantity. If the external
magnetic field does not touch the torus, .then the
gauge can be chosen so that A, = A, = 0 on the
domain of H, where the electron moves. I n that
case,

H = (2inr2) ' (L, —er A~/c )

= (2mr') '(L, —e4/2vrc)'

where CI is the flux threading the torus, The eigen-
values of the energy are then given by

E( = (S'/2 mr') ( I —e C&/hc ) '

where the values of I are the integers. Thus the
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eigenvalue spectrum of H depends upon the flux 4.
Anybody who says that the Aharonov-Bohm effect
does not exist in theory either has to say that the
Schrodinger equation (and the Dirac equation) is

wrong or that energy differences are not observable
in principle. Giving the torus a finite minor radius,
thereby allowing the electron to move in three di-

mensions, changes nothing essential.
It has been observed in experiments with widely

differing geometries that the equilibrium state of a
superconducting ring depends upon the external mag-
netic flux which threads the ring, even when that
flux is confined not to touch the ring. If the flux is a
multiple of hc/e (in fact, of hc/2e), there is an
equilibrium state in which no net current flows
around the ring. For other external flux values, a
net current generally does flow and its magnitude
depends upon the flux. This is an ideal test of the
Aharonov-Bohm effect in principle because there is
no need for any external field to touch the supercon-
ductor where the electrons are, and no need for un-
physical currents at infinity. ' (In the experiments
which involve Josephson junctions, external flux

does touch the superconductor. However the
phenomena are observed to depend upon the flux in
the nonsuperconducting region with the same period-
icity in hc/2e. ) The periodicity in 4& with period hc/e
follows from the general form of the Schrodinger
equation with electromagnetic current interactions,
and requires no assumptions about the dynamics of
superconductors. That 4 also has period hc/2e fol-
lows from nothing more than the assumption that su-.
perconductivity is based on time-reversal pairs, or
that the superconducting state has off-diagonal long-
range order, assumptions which are central to every-
thing we know about superconductivity.

In practice, there will always be some small leakage
fields which do touch the superconductor. However,
the quantum of necessary external flux threading the
ring to achieve zero net current at equilibrium is
equal to hc/2e, independently of the flux that actual-
ly strikes the ring, and the flux threading the ring is
not determined even in principle by the external field
which is accessible to the electrons.

This work was performed under the auspices of the
U.S. DOE.

'Y. Aharonov and D. Bohm, Phys. Rev. 115, 485 (1959)~

~R. G. Chambers, Phys. Rev. Lett. 5, 3 (1960)„D,
Mollenstedt and W. Bayh, Phys. Bl. 18, 7 (1962).

3Some e arly examples are F. G. %'erner and D. R. Brill„
Phys. Rev. Lett. 4, 344 (1960); %. H. Furry and N. F.
Ramsey, Phys. Rev. 118, 623 (1960); M. Peshkin, I.
Talmi, &nd L. J. Tassie, Ann, Phys. (N.Y.) 12, 426 (1961).

4P. Bocchieri ~nd A. Loinger, Nuovo Cimento A 47, 475
(1978); P. Bocchieri, A. Loinger, ~nd G. Siragusa, ibid.

51, 1 (1979).
~S

~ M. Roy, Phys. Rev. Lett. 44, 111 (1980).
B. S. Deaver, Jr. , and %. M. Fairbank, Phys. Rev. Lett. 7,

43 (1961); R. Doll and M. Nabauer, ibid. 7, 51 (1961);J.
M. Rowell, ibid. 11, 200 (1963); J. E. Zimmerman and A.
H. Silver, Phys. Lett. 10, 47 (1964); R. C. Jaklovic, J.
Lambe, A. H. Silver, and J. E. Mercereau, Phys. Rev.
Lett. 12, 159 (1964).

7For this reason, the theorem of Ref. 5 is irrelevant. See H.
J. Lipkin, Phys, Rev. D (in press).

P. %. Anderson, J. Phys. Chem, Solids 11, 26 (1959); N.
Byers and C. N. Yang, Phys. Rev. Lett. 7, 46 (1961);J.
M. Blitt, Prog. Theor. Phys. (Kyoto) 26, 721 (1961); M.
Peshkin, Phys, Rev. 132, 14 (1963).

C. N. Yang, Rev. Mod. Phys. 34, 694 (1962).


