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Observation of Aharonov-Bohm Electron Interference Effects with Periods 4/ e
and 4/2ein Individual Micron-Size, Normal-Metal Rings
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We report resistance oscillations as a function of magnetic field for individual aluminum and
silver thin-film rings, 1-2 um in diameter, between 1.2 and 10 K. This is the first observation in
single rings of oscillations with a flux period of h/2e predicted by Al’tshuler e al. Oscillations
periodic in h/e are also seen in the 1-um Ag rings at higher fields. These electron interference ef-
fects in metal rings are the solid-state analog of the Aharonov-Bohm effect for electrons in vacu-

um.

PACS numbers: 71.55.Jv, 72.15.Lh, 73.60.Dt

In recent years there has been major interest, and a
dramatic advance, in the understanding of electron
transport in random systems, especially those of re-
duced dimensionality.! The early studies of one- and
two-dimensional systems verified the picture, original-
ly proposed by Thouless, of localization effects which
reduce the conductivity at 77— 0. It is now clear that
localization phenomena result from electron interfer-
ence: Coherent backscattering adds quantum correc-
tions to the classical electron-diffusion results.! Local-
ization experiments confirm the striking result that the
length over which electrons can retain phase memory
and interfere is the inelastic diffusion length /, which
can be > 1 um at low temperatures. (1 um=10* A.)
In contrast, the mean free path /in typical metal films
is of order 10 to 100 A.

Recently there have been predictions?=> that expli-
cit, oscillatory electron interference effects should be
seen in the macroscopic electrical properties of small
metal rings and cylinders in a perpendicular (axial)
magnetic field B (=V xA). The vector potential A
adds to the quantum phase along a path from a to » by
an amount (in mks units)

A¢=27-r(e/h)j;bA-dl;

For electrons in vacuum this leads to the well-known
Aharonov-Bohm interference effect® for the electron
intensity, where the electron travels on either of two
paths which enclose a magnetic flux ® [see Fig. 1(a)].
The flux is given by ® =B x area =@ A -dl. The flux
periodicity of the resulting intensity is 4/e. Aharo-
nov-Bohm resistance oscillations have been reported
in very pure single-crystal cylinders with long mean
free paths,® with a period of h/e. Observation of such
interference effects in a ring of disordered metal (with
significant elastic scattering) would demonstrate ele-
gantly the connection between macroscopic transport
and the essentially quantum-mechanical behavior at
the microscopic level.

The first prediction of interference effects in disor-
dered normal-metal rings and cylinders was by
Al'tshuler etal.? They predicted that the low-tem-
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perature resistance would be a periodic function of the
enclosed flux, with a period of A/2e. This periodicity
results from the interference paths shown in Fig.
1(b).” Different theoretical arguments, which start
with a model of a closed chain of atoms, also predict a
fluxsperiodicity of h/2e for various physical quanti-
ties.

Interference effects with a flux periodicity of A/2e
have been seen in the resistance of metal cylinders® 3
and arrays.’ For single rings, however, numerous ex-
periments to date have failed to find the interference
effect predicted by Al’'tshuler e al., despite significant
experimental effort.!® A single ring is presumably the
simplest theoretical case, and the absence of this in-
terference effect in single rings has led to questions
about the theoretical understanding of such phenome-
na.

A qualitatively different prediction for electron in-
terference effects is given in Ref. 4. The theoretical
framework employed is the formalism developed by
Landauer. In the work by Biittiker ef al. the ring is
treated as an assemblage of quantum channels and
scatterers, with coupling between channels. A quan-
tum interference effect for the resistance is predicted,
with a fundamental period of #/e [Fig. 1(a)]l. Har-
monics of this period may also be possible, but these
are not equivalent to the effect predicted by Al’tshuler

a. b. C.

v

(h/e) (h/2e)

FIG. 1. (a),(b) Paths for h/e and h/2e interference ef-
fects. Input electron is heavy arrow; transmitted waves,
light arrows. (c) Drawing of a typical 2-um Al ring, from
scanning electron microscopy micrograph.
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et al. Very recently, interference effects with a period
of h/e have been observed in a single ring below 1
K.1! h/e interference effects are not expected,* and
have not been observed, in cylinders or arrays.

The experiments we report here are designed to test
the two different predictions for quantum interference.
We observe both predicted quantum interference effects in
a single ring, with periods of h/2e and h/e. These
results constitute the first observation in a single ring
of the h/2e interference effect predicted by Al’tshuler
et al. h/e oscillations are observed in the same ring,
but with a different field and temperature dependence.
This demonstrates clearly that the h/e and h/2e in-
terference effects can occur in the same system, but
that these two effects arise from different interference

3R
R

I4Rg 27 d
W (h/2e?) h/2e

ris the radius of the ring and B is the Larkin electron-
electron interaction parameter,!?® related to Maki-
Thompson superconducting fluctuations; 8 diverges as
T— T,. The second term in each bracket is oscillato-
ry, with a flux period of h/2e. I4 is the phase-breaking
length for the ‘‘singlet’ term,

=—(B+3) 1+cos

15t = (B~ 42,72, (2a)
with

[(B)~2=[(0) "2+ +(WeB/r)2. (2b)
The phase-breaking length for the “‘triplet’’ term!* is

given by
2=4(B) 2+ $12+ 22

Is is the diffusion length for magnetic scattering
=(D7y)"?, I, the diffusion length for spin-orbit
scattering, D the diffusion constant = %vpl, and W the
linewidth. The zero-field inelastic length is /(0)
=(D7,)Y2,  Inelastic and magnetic scattering
processes destroy the phase coherence of the two elec-
tron waves, as does application of a magnetic field.

TABLE 1. Sample parameters.

—2mr/ l¢]

mechanisms.

The systems we have studied are single thin-film
rings of aluminum and silver, of diameter 1 or 2 um,
with thickness ~ 200 A and linewidth between 1000
and 2300 A. A drawing of a typical ring is given in
Fig. 1(c). Samples are patterned with electron-beam
lithography and liftoff,!? by use of an adapted scanning
electron microscope. The sample resistance is mea-
sured with a four-terminal ac bridge between 1.2 and
10 K, with measuring currents 0.5-10 wA, small
enough to avoid self-heating. Sample parameters are
given in Table I. Aluminum is a superconductor at
temperatures below ~— 1.2 K, so that here it is a nor-
mal metal.

The theoretical prediction? for the resistance change
due to localization effects in a large ring (2mr > I,) is
i 1¢R|:] 1+COS[ 271“1:]8—21"/7‘#].

Bl = 1
2 W(h/2e?) W

Equation (1) correctly reduces to the one-dimensional
localization result'* when 2mr >> I5. An expression
exactly analogous to Eq. (1) has been shown to pro-
vide a quantitative description of the low-field experi-
mental data for cylinders of Li? and Al and Mg.?

The oscillatory component of Eq. (1) may be rewrit-
ten, after some manipulation, as

h/2e
3R 098¢ 27D
[ ] (o8 [ [m

—2mr/ I¢]

(3)
for the case that /[, << l?. N is the number of atoms
in the wire cross section.” /is 50-160 A in the films
studied.

The prediction for the h/e interference effect at
T=0is*

h/e
SR a_ o5 272 |
Nesr hle

a is a constant of order unity and vy, is a phase factor

= « 4)

Al films are 250 A thick, Ag films 150 A thick.

T.=1.2-1.3 K for the Alrings. Rgis at 4.5 K, /4(0) at ~ 1.7 K except for sample E, for

which I, is at 4.5 K. h/e interference was not searched for in samples A and B. [, is
~ 0.5 um for all the rings.
Rg Diam w I4(B=0) h/e

Sample Film Q) (um) (um) (um) effect

A Al 1.1 2.3 0.19 1.7

B Al 1.6 2.3 0.23 2.0 coee

C Al 3.0 1.1 0.19 1.0 ?

D Ag 2.5 1.0 0.14 0.9 yes

E Ag 1.6 1.0 0.14 0.7 yes
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which may be different for each ring. Equation (4)
may represent a lower bound.* The relation of N to
N is discussed in Ref. 4. For our experimental regime,
significant averaging (reduction) of the result of Eq.
(4) occurs,* though a full theoretical prediction is not
yet available. When < 7rr we anticipate that Eq. (4)
must at least be multiplied by exp(—mr/}). Unlike
the case of Eq. (3), here / is apparently the zero-field
inelastic length, as the experimentally observed A/e in-
terference effects are not significantly attenuated in
large magnetic fields. For the #/e interference effect,
the restrictions of k-space scattering paths are ap-
parently quite different from the restrictions on the
h/2e interference term of Al’tshuler ef al.! The effects
of spin-orbit and magnetic scattering for #/e interfer-
ence are not yet known.

Experimental results for the magnetoresistance of a
2.3-um-diam aluminum ring at 1.7 K are shown in Fig.
2. The length /4(0) determined from fitting of the os-
cillatory curve in Fig. 2 is 1.7 um. This fit uses the full
theoretical expression, without the restriction applica-
ble to Eq. (1) that /4 < 27r. High-field magnetoresis-
tance data for a similar ring are shown in the inset.
For sample B, data are available at 4.5 K which allow
extraction of / by fitting of either the low-field oscilla-
tions or the high-field data. These values of /; at 4.5
K, ~ 1.2 um, agree to 20%. Values of /4(0) derived
from fitting of the low-field oscillations are also in
good agreement with results from previous experi-
ments on aluminum films!?® and wires.!* The high-
field magnetoresistance, at low temperatures only,
cannot be satisfactorily fitted. This appears to be an
unresolved problem with the one-dimensional theory
as applied to short samples (/,~r). This issue
deserves further study. At 4.5 K, //2e oscillations are
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FIG. 2. Magnetoresistance of 2.3-um aluminum ring,
sample A. Solid curve is theoretical fit with the parameters

listed in Table I and B8=5.3. Inset: High-field magne-
toresistance of sample B.
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still clearly observed. Here 8=0.7, so that at this tem-
perature the localization contribution to SR/R is signi-
ficant. Above 4.5 K, interference effects are too small
to be resolved in 2-um rings. In all eleven rings stu-
died, interference effects with a period of 4/2e are ob-
served at low fields.

Experimental results for a 1-um Ag ring are shown
in Fig. 3. Oscillations of period 4/2e are seen at low
fields (see below); they are observable to 8 K. At
higher fields (B > 250 G) we observe clear oscilla-
tions with a period of /e (AB =152 G), with a magni-
tude 6x10~° at 1.7 K. These oscillations persist to a
field of at least 1 kG. The h/e oscillations are ob-
served up to 10 K, dying out with an increasing tem-
perature somewhat faster than 7~ !. The weakening or
beating of the oscillations at B~ 650 G is also seen at
higher temperatures. Such beating is also seen in the
experiments of Ref. 11 and in simulations by Stone
and Imry.*

The low-field data for the Ag ring in Fig. 3 cannot
be fully fitted with the h/2e theory of Al’'tshuler et al.
alone. However, if one assumes a reasonable #/e con-
tribution at low fields (shown by the dotted line) the
predicted total 8R/R fits the data rather well. (The
h/e contribution is assumed to be damped after a few
periods, consistent with the ‘‘beating’’ pattern seen at
high fields.) This fitting is not taken to prove defini-
tively the existence of A/e interference at low fields.
What this fitting does show is that the Al’tshuler et al.
h/2e oscillations are clearly evident in the data. The
fitted h/2e period is 24 G, corresponding to r=0.53
um. A Fourier analysis of the high-field data shows a
clear peak at a field period nearly, but not exactly,
twice this value: AB =52 G, for re=0.50 um. This
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FIG. 3. Magnetoresistance of a 1-um-diam Ag ring, sam-
ple D. Heavy dots show the experimental low-field oscilla-
tions. Dashed line, Al’tshuler #/2e contribution; dotted line,
assumed k/e term; solid line, sum of these two terms. h/2e
period is —24 G. Inset: High-field magnetoresistance,
showing A/ e oscillations, period ~ 52 G (see text).
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~ 5% difference in effective radius may indicate a dif-
ferent mode of averaging of the flux in the metal for
the h/e interference, and should be addressed in fu-
ture studies.

In the 1-um Al ring, sample C, h/e oscillations can-
not be resolved with certainty. The effect may be
larger in the silver rings because the Ag film in the re-
gion of the ring is somewhat granular, as in a strongly
conducting percolation system. The effective line-
width may thus be smaller than the lithographically de-
fined linewidth. In any case, the 4/e interference ef-
fects we observe in Ag rings must arise from a path
encircling the ring itself, as no other path encloses a
sufficiently large flux.

The Al’tshuler et al. theory for h/2e oscillations in
single disordered metal rings is thus clearly confirmed
at low fields in our experiments. The absence of this
effect for the rings studied in Refs. 10 and 11 may be
due to magnetic scattering, for example, or may have
resulted from insufficient measurement sensitivity.

Our work points toward a number of issues which
need to be resolved to better understand the physical
mechanisms for the two observed interference effects.
It is clearly desirable to produce a theoretical predic-
tion for both types of interference effects within a sin-
gle theoretical framework. This would illuminate more
clearly the k-space restrictions on h/e scattering. The
length scale for damping of the 4/ e effect needs to be
established more rigorously, and justified physically.
Experimentally it is clear that the h/e and the #/2e ef-
fects have different dependences on the transport
scattering processes. Finally, the case of strong quan-
tum interference, when /s > mr, needs to be explored.
Samples in this size regime in fact constitute litho-
graphically produced, quasiatomic systems, with the
possibility of even more novel behavior.!6

In conclusion, our work demonstrates unambigu-
ously that single rings do exhibit electron quantum in-
terference effects, with a flux period of h/2e at low
fields, and with a flux period of h/e clearly visible at
higher fields. Our results provide strong evidence that
these two interference effects, which are seen in the
same ring, arise from different interference mechan-
isms. Further studies are desirable to advance the
physical understanding of the theoretical predictions.

We thank P. Santhanam, Y. Imry, M. Buittiker,
R. A. Webb, D. Stone, and C. P. Umbach for informa-
tive discussions. This research was supported in part
by National Science Foundation Grant No. DMR-
8207443 and for one of us (M.J.R.) by National Sci-
ence Foundation Grant No. ECS-8305000. Support of
lithography facilities at Yale was provided also by Na-
tional Science Foundation Grant No. DMR-8213080,
IBM Corp., and Shipley, Inc.

(@Section of Applied Physics.

(®Department of Physics.

1G. Bergmann, Phys. Rep. 107, 1 (1984); P. A. Lee and
T. V. Ramakrishnan, Rev. Mod. Phys. 57, 287 (1985).

2B. L. Al’tshuler, A. G. Aronov, B. Z. Spivak, D. Yu.
Sharvin, and Yu. V. Sharvin, Pis’ma Zh. Eksp. Teor. Fiz.
35, 476 (1982) [JETP Lett. 35, 588 (1982)], and references
to previous work therein.

3N. B. Brandt, E. N. Bogachek, D. V. Gitsu, G. A.
Gogadze, I. O. Kulik, A. A. Nikolaeva, and Ya. G. Po-
nomarev, Fiz. Nizk. Temp. 8, 718 (1982) [Sov. J. Low
Temp. Phys. 8, 358 (1982)].

4Y. Gefen, Y. Imry, and M. Ya. Azbel, Phys. Rev. Lett.
52, 129 (1984); M. Biittiker, Y. Imry, R. Landauer, and
S. Pinhas, Phys. Rev. B 31, 6207 (1985). A. D. Stone and
Y. Imry, unpublished, and Y. Imry, private communication,
suggest that, in Eq. (4), Neg= (I/r)N, N is the number of
atoms in the wire cross section = the number of channels.
For a large array of rings, Blittiker ef al. predict that the A/e
interference will be averaged out, since the phase of this ef-
fect is different for each ring.

5J. P. Carini, K. A. Muttalib, and S. R. Nagel, Phys. Rev.
Lett. 53, 102 (1984).

6Y. Aharonov and D. Bohm, Phys. Rev. 115, 485 (1959).

TThe physical explanation for the factor of 2 in the flux
period, i.e., that the period is 4 (A/e), is that the interfer-
ence effect is due to two counterpropagating electron waves,
each of which travels fully around the ring. This is in accord
with the general picture presented by Bergmann (Ref. 1),
and by Yu. V. Sharvin, Physica (Amsterdam) 126B, 288
(1984). Two full paths can be a time-reversed pair as dis-
cussed in Ref. 1, unlike the paths shown in Fig. 1(a).

8D. Yu. Sharvin and Yu. V. Sharvin, Pis’ma Zh. Eksp.
Teor. Fiz. 34, 285 (1981) [JETP Lett. 34, 272 (1981)];
M. Gijs, C. Van Haesendonck, and Y. Bruynseraede, Phys.
Rev. Lett. 52, 2069 (1984), and Phys. Rev. B 30, 2964
(1984); J. M. Gordon, Phys. Rev. B 30, 6770 (1984).

9B. Pannetier, J. Chaussy, R. Rammal, and P. Gandit,
Phys. Rev. Lett. 53, 718 (1984); D. J. Bishop, J. C. Licini,
and G. J. Dolan, Appl. Phys. Lett. 46, 1000 (1985).

10W. J. Skocpol, L. D. Jackel, R. E. Howard, P. M. Man-
kiewich, R. E. Behringer, L. A. Fetter, and D. M. Tennant,
in Proceedings of the International Conference on Localization,
Interaction and Transport Phenomena in Impure Metals, Suppl.
(PTB, Braunschweig, 1984), pp. 7-10; G. Blonder, Bull.
Am. Phys. Soc. 29, 535 (1984); C. P. Umbach, S. Wash-
burn, R. B. Laibowitz, and R. A. Webb, Phys. Rev. B 30,
4048 (1984).

1IR. A. Webb, S. Washburn, C. P. Umbach, and R. B.
Laibowitz, Phys. Rev. Lett. 54, 2696 (1985).

12Gee, e.g., R. E. Howard and D. E. Prober, in VLSI Elec-
tronics: Microstructure Science, edited by Norman G. Ein-
spruch (Academic, New York, 1982), Vol. 5, pp. 145-189.

BBA. 1. Larkin, Pis’ma Zh. Eksp. Teor. Fiz. 31, 239 (1980)
[JETP Lett. 39, 219 (1980)].

14p Santhanam, S. Wind, and D. E. Prober, Phys. Rev.
Lett. 53, 1179 (1984).

I5P, Santhanam and D. E. Prober, Phys. Rev. B 29, 3733
(1984); J. M. Gordon, C. J. Lobb, and M. Tinkham, Phys.
Rev. B 29, 5232 (1982).

16R. Landauer and M. Biittiker, Phys. Rev. Lett. 54, 2049
(1985).

1613



