Ever since Yakir Aharonov and David
Bohm pointed out, in 1959, that elec-
trons propagating around a magnetic
field through a field-free vacuum
should exhibit a quite surprising inter-
ference effect, its experimental and
theoretical investigation has been con-
tributing to our understanding of the
fundamental character of the quantum
theory. The recent appearance of this
Aharonov-Bohm effect in a rather dif-
ferent context may eventually have a
profound effect on our view of the solid
state on a “mesoscopic” scale—between
the microscopic and the truly macro-
scopic.

The recent observation, by Richard
Webb and his IBM colleagues,' of clear
Aharonov-Bohm oscillations in very
small, nonsuperconducting metallic
rings indicates that electrons can main-
tain quantum-mechanical phase coher-
ence in quite ordinary materials at low
temperature over distances correspond-
ing to thousands of atomic diameters.
Quantum interference phenomena in
condensed matter that had previously
seemed the exclusive province of super-
conductors are entering the realm of
disordered normal metals and semicon-
ductors, when the devices are small
enough (10 000 A) so that the scattering
of electrons is almost entirely elastic.
On this mesoscopic scale—made avail-
able by the advance of microfabrication
technology—we are also beginning to
see the breakdown of the ensemble-
averaging description of lattice imper-
fections appropriate to solid-state sys-
tems with very large numbers of atoms;
sample-dependent idiosyncrasies are
showing up as ‘“fingerprints” of the
impurity distribution unique to an indi-
vidual tiny device.

Soon after the IBM discovery, the
same effect was seen by a group at
Yale,” and a Purdue group has now seen
Aharonov-Bohm oscillations in a tiny
semiconductor heterostructure.®

Aharonov and Bohm, in their classic
1959 paper, pointed out a straightfor-
ward but nonetheless counterintuitive
consequence of the appearance of the
vector potential in the Hamiltonian in
the standard quantum-mechanical
treatment of electromagnetic interac-
tions. They noted that the vector poten-
tial will affect the phase of an electron
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Gurrents in normal-metal rings exhibit Aharonov—Bohm effect

A gold ring used by the IBM group to ob-
serve Aharonov-Bohm oscillations in normal
metal. The microlithographic polycrystalline
ring has a diameter of 1 micron and a
linewidth of 0.03 microns. The gold leads in-
troduce a current that splits to traverse the
ring by separate semicircular routes, Quan-
tum interference is observed by measuring
the effective resistance of this parallel circuit
as a function of the magnetic flux threading
the ring.

wavefunction, with observable conse-
quences, even when the electron is
restricted to regions of space where the
electric and magnetic field intensities
vanish. They suggested the following
experiment: Let an electron beam (in
vacuum) be split coherently so that it
travels from a common source to a
common detector by two different paths.
Depending on the details of the two
paths, the reunited coherent beams will
exhibit interference at the detector.
The Aharonov-Bohm configuration pro-
vides no electric or magnetic fields
anywhere along either path. The only
magnetic field is confined to a long
solenoid that threads between the two
paths in a region excluded to the
electrons.

The surprising but inescapable pre-
diction—if standard quantum mechan-
ics is right—is that the interference
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pattern between the reunited beams
depends on the magnetic field strength
inside the solenoid, even though neither
this field nor any electric field is exper-
ienced directly by the electrons. Spe-
cifically, a total magnetic flux ® in the
solenoid should shift the phase of the
interference (relative to the case ¢ = 0)
by precisely ®e/#.

Because the wavelengths in question
are very small, the observation of this
effect would require an exceedingly tiny
solenoid. But the Aharonov-Bohm ef-
fect was soon verified with an ultrathin
magnetized iron ‘‘whisker” lying
between two slits in a vacuum electron-
beam apparatus. Since the early 1960s
the effect has been seen often enough in
vacuum so that only a few diehard
skeptics still doubt its reality. Just as
with the various experimental tests of
Bell’'s theorem (see PHYSICS TODAY,
April, page 38), quantum mechanics
always seems to triumph over chal-
lenges by “common sense.”

Interference in condensed matter. The
issue in the recent experiments and
their antecedents in the Soviet Union is
a different one. The question is
whether one can indeed observe such
quantum interference effects in ordi-
nary condensed matter between elec-
trons that have experienced many colli-
sions along their way. Long-range co-
herence is of course the essence of
superconductivity and related phenom-
ena—dJosephson oscillation, flux quan-
tization and the like. But what can one
expect to see in disordered normal
metals or semiconductors?

The recent story begins with a sur-
prising prediction by theorists Boris
Altshuler, Arkady Aronov and Boris
Spivak at the Leningrad Nuclear Phys-
ics Institute in 1981. Considering an
ultrathin normal-metal cylindrical
shell of moderate length but tiny trans-
verse dimensions at low temperature,
they asked how the “magnetoresist-
ance” (electrical resistance as a func-
tion of magnetic field) of such a struc-
ture would depend on the intensity of a
magnetic flux axially threading the
cylinder. Their curious conclusion was
that the magnetoresistance should be
an oscillating function of the total flux,
with a period of h/2e. But h/2e is just
the flux quantum one associates with
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superconductivity. The factor 2 multi-
plying the electron charge indicates
that supercurrents are composed of
Cooper pairs of electrons. Why should
one be seeing manifestations of the

superconducting flux quantum A/Z2e in
normal metals? The analogous “flux
quantum” in the Aharonov-Bohm ef-
fect should be h/e, without the factor 2.
That is to say, in the Aharonov-Bohm
effect the displacement of the interfer-
ence pattern depends on the flux modu-
lo h/e; increasing the flux by integral
multiples of h/e changes the interfer-
ence phase by multiples of 27. The
theory of Altshuler and company pre-
dicted the h/2e oscillations as a mani-
festation of “‘coherent backscattering,”
a phenomenon related to the ordinary
Aharonov-Bohm effect, but different
enough in detail so that the former, but
not the latter, was predicted to appear
in the cylindrical geometry.

The experimental verification was
furnished later that year by Yu.V.
Sharvin (Institute of Solid State Phys-
ics, Moscow) and his son D. Yu. Sharvin
(Institute of Physical Problems, Mos-
cow). With a metal layer a few hundred
angstroms thick deposited on a 10 000-
A-thick quartz fiber several millimeters
long, they did indeed see a few cycles of
magnetoresistance oscillation with a
flux period of h/2e. But there was no
evidence of the longer-period h/e oscil-
lations corresponding to the ordinary
Aharonov-Bohm effect. Some skepti-
cism was generated by the failure of the
first attempts to reproduce this extraor-
dinary result in the US and Western
Europe. But in the last two years the
Sharvin phenomenon has been firmly
established in a number of laboratories
with a variety of related geometries.

The Sharvin experiment, as well as
the subsequent IBM experiments that
ultimately found the h/e oscillation,
differ from the original Aharonov—
Bohm Gedankenexperiment in a way
that makes them seem, at first glance,
less counterintuitive. But this compli-
cation, forced by experimental necessi-
ty, is a quite secondary issue. In all of
these latter-day experiments with elec-
trons traveling through normal metals
rather than in vacuum, the magnetic
field does not, in fact, vanish along the
electron paths. The magnetic flux is
produced by a large solenoid surround-
ing the entire device. But, all the
theoretical analyses conclude, the es-
sential issue is the magnetic flux sur-
rounded by the electric currents. The
preponderance of this flux is in the hole
encompassed by the cylinder or ring in
question. The magnetic field in the
metal conductor itself is presumed to
produce only secondary effects.

The quest for h/e. In common with the
other geometries that yielded h/2e os-
cillations but no sign of the h/e period
required by Aharonov-Bohm, the Shar-
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vin device was very small in two dimen-
sions and much larger in the third.
This turned out ultimately to be the
crucial factor. What constitutes
“small” in this context? IBM theorist
Rolf Landauer has long advocated a
position in which electrical resistance is
calculated from reflection and trans-
mission probabilities. He argues that
true dissipation—'‘normal-sign resist-
ance”—occurs only when electrons ex-
perience inelastic collisions, principally
in scattering off lattice phonons. Elas-
tic scattering off impurities or lattice
imperfections, on the other hand, pro-
vides no mechanism for energy dissipa-
tion. Furthermore, while inelastic
collisions destroy quantum-mechanical
phase coherence, elastic scattering,
though it will in general shift phase,
preserves ‘‘phase memory”.

Can one avail oneself experimentally
of this phase memory? Landauer
points out that as one goes to very low
temperatures, the inelastic-scattering
mechanisms diminish with the weaken-
ing of lattice vibrations, leaving elastic
scattering dominant. At temperatures
on the order of a kelvin, therefore,
phase memory would be preserved in
disordered normal metals over phase-
coherence lengths of about 10 000 A—
the mean diffusion length between in-
elastic-scattering events. Landauer
suggests that one sees apparently nor-
mal resistance in a cold sample of this
size only because of the thermal reser-
voirs represented by the thick leads
usually present in resistance measure-
ments. Inducing a current by magnetic
induction in a sufficiently small loop of
normal metal at low temperature with-
out such leads, he speculated in an
unpublished 1966 IBM memorandum,
might produce all sorts of phenomena
reminiscent of superconductivity—per-
haps even persistent currents.

In the 1960s, suggestions that one
might see Aharonov-Bohm h/e oscilla-
tions in a small normal-metal device at
low temperatures were made by Nina
Byers and C. N. Yang at the Institute
for Advanced Study, Felix Bloch at
Stanford, and Leon Gunther and Yo-
seph Imry at Tufts. These early papers
did not treat the scattering problem in
any detail. In 1983, Imry (then at Tel
Aviv University) joined forces with
Landauer and Markus Biittiker at IBM.
Asking how a current would be induced
in a small, cold ring of normal metal
(without leads) by a time-varying mag-
netic flux threading the ring, they
predicted* that one would see some-
thing very much like the ac Josephson
effect in superconductors, except for the
factor of 2 that characterizes Cooper
pairs. A voltage V across a Josephson
junction induces a current oscillation
given by @ = 2eV/A. Biittiker and his
collaborators predicted a current oscil-
lation in the normal loop with a fre-

quency o =eV/#, V in this case bf.'mg
the emf induced in the loop by the time-
varying magnetic flux. Note that the
flux quantum—the change in flux re-
quired to get back to a given current—is
hle, the period characteristic of the
Aharonov-Bohm effect.

Perhaps the most striking prediction
of this paper is that the current will
persist after one stops changing the
flux. “If you can ignore inelastic scat-
tering, you can store energy, but you
can’t dissipate it,” Landauer explains.
MIT theorist Patrick Lee points out
that this prediction is highly specula-
tive, and its experimental test is still
some years off.

The actual experiment carried out by
Webb and his colleagues was helped
along by a series of more experimental-
ly relevant theoretical calculations. In-
stead of a leadless ring with magnetical-
ly induced current, Imry and his Tel
Aviv colleagues Yuval Gefen and Mark
Azbel considered® a ring with leads for
running an external current through
the ring and measuring its resistance.
If one runs a current into such a ring
through one lead and takes it out
through another lead at the other side,
one in effect splits the current tempo-
rarily into two parallel paths. If these
paths are shorter than the quantum-
mechanical phase-coherence length—
the diffusion length for inelastic scat-
tering—the two parallel current
branches will preserve their phase
memory until they reunite. Because
there will be many elastic-scattering
events and many possible microscopic
paths for an electron traversing either
finite-thickness path, one cannot spec-
ify the phase changes any coherent pair
of electrons will undergo on their sepa-
rated journeys. There will be an anar-
chic mix of constructive and destructive
interferences.

If one now threads a static magnetic
flux through the loop, all these phases
will change @ /a Aharonov-Bohm. One
cannot say a priori whether the new
interferences will decrease or increase
the current throughput that measures
the magnetoresistance of the ring. The
only thing that the Aharonov-Bohm
equation and the Landauer resistance
formalism tell us is that things will
revert to the status quo ante whenever
the total flux change is an integral
multiple of h/e. Thus, the theorists
predicted, one will see the magnetore-
sistance oscillate with increasing mag-
netic field with a flux periodicity of h/e.
But one cannot predict the initial phase
of this Aharonov-Bohm oscillation at
B = 0. That will be a sample-dependent
signature characteristic of the imper-
fections of each individual ring. Gefen
pointed out that this initial-phase ran-
domness yields the ultimate explana-
tion for why the h/e oscillation cannot
be seen in long, thin cylinders 7 - d other



Aharonov-Bohm
oscillations of
magnetoresistance
(top) measured across
a tiny gold ring at IBM
as a function of the
magnetic field intensity
threading the ring. The
principal period of
oscillation is 76 gauss,
corresponding to a flux
change of h/e

through the ring. The
Fourier transform
(bottomn) also shows a
second-harmonic peak
at Y3s gauss ',
corresponding to a flux
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geometries related to the Sharvin ex-
periment. In a subsequent paper,® Biit-
tiker, Imry, Landauer and Shlomo Pin-
has (Tel Aviv) generalized these ideas to
take account of the finite thickness of
the ring.

Webb and his colleagues Sean Wash-
burn, Corwin Umbach and Robert
Laibowitz put all of this theorizing to
the test in the spring of 1984. Their
first results were disappointingly am-
biguous, but they produced intriguing
“reproducible noise.” Using microlith-
ographic techniques developed at IBM,
the group produced gold rings with
diameters ranging from 0.2 to 0.8 mi-
crons and metal widths ranging from
0.04 to 0.13 microns. Though the di-
mensions are impressive, the gold was
quite ordinary polycrystalline material,
not particularly free of impurities. The
experiment is performed by placing
such a ring in the magnetic field of a
much larger solenoidal coil at a tem-
perature below 1 K. The solenoid pro-
duces an effectively uniform field trans-
verse to the ring plane, with a field
intensity that can be varied continuous-
ly from 0 to 80 kilogauss. With two thin
leads attached to opposite sides of the
ring, one runs a current through the
ring at a given magnetic field intensity
and measures the magnetoresistance of

10

20 30 40

FREQUENCY (kilogauss ')

the ring at that field intensity. As the
magnetic field was increased in the
early experiments, the group saw lots of
intriguing structure in the plot of mag-
netoresistance against field intensity,
but the picture was unclear. There
were hints of h/e periodicity and also h/
2e periodicity, but the overall curve
appeared disappointingly noisy and am-
biguous. One hopeful sign was that the
apparent noise was reproducible; run-
ning up the field a second time with the
same ring always reproduced the same
random, aperiodic pattern.

Encouraged by the reproducibility of
the “noise,” Imry and IBM theorist
Douglas Stone set out to suggest an
explanation and a remedy. If the metal
ring were infinitesimally thin, they
argued, one would expect a cycle of
magnetoresistance oscillation to be
completed whenever the magnetic field
intensity has increased by h/e divided
by the area enclosed by the ring. But if
the area of the metal itself is non-
negligible, a second, aperiodic pattern
of longer characteristic fluctuation
scale should be superposed on the
first—namely h/e divided by the area of
the metal, corresponding to a secondary
Aharonov-Bohm effect due to paths
encircling magnetic flux inside the met-
al rather than the hole.

The obvious remedy is to reduce the
area of the metal relative to the hole as
much as possible, so that the secondary
fluctuation will have a much longer
scale of variation, clearly distinguish-
able from the principal Aharonov—
Bohm oscillation corresponding to the
magnetic flux through the hole. Last
March, employing a ring of 0.8 microns
diameter and 0.04 microns metal width
with new, finer leads, the group finally
saw very well-defined h/e oscillations
persisting throughout the entire mag-
netic-field range from 0 to 80 kilogauss.
Given the area enclosed by the ring, a
single h/e oscillation corresponds to a
field change of about 76 gauss. Thus
the group observed more than a thou-
sand Aharonov-Bohm oscillations over
the magnetic range of the solenoid, with
no sign of signal weakening at high
fields. The h/2e oscillations observedin
cylinders, by contrast, wash out after
only a few oscillations as the magnetic
field is increased.

The Fourier transform (with respect
to reciprocal field intensity) of the
group’s data shows clearly that A/e is
the principal flux period of oscillation.
A second spectral enhancement shows
up at much longer periods, correspond-
ing to the aperiodic effect explained by
Stone and Imry. Finally, a significantly
weaker second-harmonic peak appears
at h/2e. Because this h/2e peak persists
out to the highest magnetic field intensi-
ties, the group does not attribute it to the
effect predicted by Altshuler and com-
pany and measured by the Sharvins, but
rather to a second harmonic of the
Aharonov-Bohm effect.

The h/2e oscillations first seen by the
Sharvins are attributed by the Alt-
shuler theory to a somewhat different
mechanism—coherent backscattering.
Imagine the cylinder sliced up into
many thin rings. Some trajectories will
bring an electron all the way around
such a ring and back to its starting
point. To every such trajectory there
corresponds a precise time-reversed im-
age, experiencing the same sequence of
scatterings in reverse order. When no
magnetic flux threads the cylinder,
such a clockwise—counterclockwise pair
of equivalent trajectories will always
reinforce one another, being perfectly
in phase. Therefore these equivalent
pairs will weigh heavily in ensemble
averages relative to more general pairs
of round-trip trajectories, which will
interfere with all sorts of phases. Turn-
ing on the magnetic flux in the hole
will, in general, scramble all the phases,
a la Aharonov-Bohm. But one returns
to the original state of affairs whenever
half an Aharonov-Bohm flux quantum
h/2e has been added to the field. It
requires only half a flux quantum
because each of the perfectly paired
electrons makes a complete circuit
around the flux in the backscattering
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case. Thus one needs only a phase shift
of 7 in each trajectory to regain coher-
ence. The resemblance to the supercon-
ducting flux quantum is, as they say,
coincidental.

In most light metals, when these
backscattering coherences are undis-
turbed, the magnetoresistance is a max-
imum—essentially because coherent
backscattering is an impediment to
diffusion. Thus, as one raises the flux
through a cylinder, one observes oscilla-
tory variation of its magnetoresistance
with a flux period of h/2e. But why is
this h/2e effect dominant in the long-
cylinder geometry, while the
Aharonov-Bohm h/e effect dominates
in thin rings? The essential difference,
implicit in the Altshuler-Aronov-Spi-
vak theory, is the starting phase. For a
thin ring, the starting phase of the h/e
Aharonov-Bohm oscillation at zero flux
is sample dependent in a random way.
The h/2e coherent-backscattering ef-
fect, by contrast, always yields maxi-
mum resistivity at zero flux.

In the Sharvin-type experiments, the
cylinder is much longer than the quan-
tum-mechanical phase-coherence
length; thus one can think of such a
cylinder as a series of independent thin
rings separated by inelastic-scattering
events. In such a series of rings the
Aharonov-Bohm h/e signal is complete-
ly washed out because each little ring
has its own random starting phase,
which depends on the distribution of
imperfections in that particular slice.
The coherent-backscattering h/2e oscil-
lation, on the other hand, will persist
because it has the same starting phase
all along the cylinder.

The IBM group, joined by Christian
Van Haesendonk, have in fact recently
demonstrated this effect with particu-
lar clarity. They repeated their h/e
experiment, but this time measuring
the summed magnetoresistance of an
array of rings in series. As they in-
creased the number of rings in the
circuit, they saw the h/e signal gradual-
ly replaced by h/2e oscillations. The A/
e signal decreases as the reciprocal
square root of the number of rings in
series, just as one would expect for an
averaging over random starting phases.

The h/e effect is really much more
spectacular to look at than is its h/2e
rival, because it persists through thou-
sands of oscillations out to very high
magnetic field intensities. Stone and
Imry have recently explained’ why the
h/2e coherent-backscattering oscilla-
tion dies out so quickly with increasing
field. The h/2e effect is a delicate
interference involving a sum over rela-
tively few coherent terms. This precise
balance, they pointed out, is easily
upset by any significant magnetic field
in the metal itself. The h/e oscillation,
by contrast, is a much more robust sum
over a large number of random terms—

20 PHYSICS TODAY / JANUARY 1986

which don’t quite cancel out if the
device is small enough. “You can't kill
adead horse,” says Imry, explaining the
immunity of the h/e oscillation to
magnetic fields in the metal. Unlike
the IBM experimenters, Daniel Prober
and his Yale colleagues have seen® h/2e
coherent-backscattering oscillation in
their small ring, whose dimensions are
similar to those of the IBM ring. Presu-
mably the difference is the presence of
fewer magnetic impurities in the silver
Yale ring.

The fact that the random h/e terms
don’t quite cancel when the device is
small enough points up the novel char-
acter of physics on the mesoscopic scale.
In the theory of Altshuler and com-
pany, the h/e oscillation is killed by
performing the customary ensemble
average over all possible impurity loca-
tions. This is appropriate for large
systems, and also for the relatively long
Sharvin cylinder. But on the new,
mesoscopic scale, ensemble averaging
appears to be too gross a treatment of
the relatively small number of scatter-
ing centers involved. “Device people
have been sensitive to this sort of
‘fingerprint’ variation of defect signa-
tures from one tiny sample to the next
for a long time,” Landauer told us.
“The solid-state theorists are just catch-
ing up.”

Intrigued as much by the aperiodic
reproducible noise in the IBM experi-
ments as by the /e periodicity, Lee and
Stone (now at Stony Brook) have pro-
posed® a rather general theory of univer-
sal conductance fluctuations in metals.
They argue that conductance fluctu-
ations on the order of e*/h with changing
magnetic field are a universal feature of

quantum transport in the low-tempera-
ture limit, independent of sample size or
degree of disorder. Their theory ac-
counts for the amplitudes of both the
periodic oscillations and aperiodic fluc-
tuations in the IBM experiments.
The recent observation of h/e Ahar-
onov-Bohm oscillations in a gallium
arsenide heterostructure by Supriyo
Datta and his Purdue colleagues® holds
out some technological promise. One
should be able to see such interference
effects in comparatively large semicon-
ductor devices, Datta argues, because
the electron wavelengths at the Fermi
level are so much longer than in metals.
“I believe that optimum semiconductor
structures can be fabricated by present
technology that will show large magnet-
ic and electrostatic Aharonov-Bohm
effects, with potential device applica-
tions,” Datta told us.
—BERTRAM SCHWARZSCHILD
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Hubble’s celebrated constant, which
relates the recessional velocities of
galaxies to their distances, is perhaps
the most important number in extraga-
lactic astronomy. Using it, along with
their favorite models, astronomers and
cosmologists derive the age of the
universe, estimate its size, calculate the
luminosity of quasars and much more.
Unfortunately, astronomers are far
from agreeing on a value for Hubble's
constant. Some believe that H,, is about
50 km/sec Mpc; others think it is closer
to 100 km/sec Mpc. Depending on the
details of the cosmological model cho-
sen, this can lead to a discrepancy of a
factor of 2—ten billion years or so—in
the age of the universe.

The controversy over the value of H,
is fueled by a lack of agreement on the
best method for determining the dis-
tances to galaxies. In his seminal 1929
publication, Edwin Hubble estimated
that H, was around 530 km/sec Mpc;

today, even astronomers who cannot
agree on a value of H, believe that
Hubble grossly underestimated the dis-
tances to the galaxies, making his
value far too large. Techniques for
measuring the distances to galaxics
have become considerably more sophis-
ticated in the last 50 years, but all
depend on a web of inference and
uncertainty that makes their ultimate
accuracy difficult to estimate. How-
ever, an ingenious new technique that
combines very-long-baseline interfero-
metry with optical observations of su-
pernovas promises someday to cut
through this confusing web.
High-school geometry. Reduced to its
conceptual bones, the new technique
uses concepts familiar to any student of
high-school geometry. Norbert Bartel,
Irwin Shapiro, Marc Gorenstein and
Carl Gwinn of the Harvard-Smithso-
nian Center for Astrophysics, Alan
Rogers of the Haystack Observatory,



