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Ensemble-Average Spectrum of Aharonov-Bohm Conductance Oscillations: Evidence
for Spin-Orbit-Induced Berry’s Phase
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We have experimentally investigated Aharonov-Bohm conductance oscillations in two-dimensional
rings in the presence of a strong Rashba spin-orbit interaction. The peak of the ensemble average
spectrum corresponding to thehye oscillations is split in several samples. We argue that the splitting
originates from the geometric phase acquired by an electron spin under the influence of the spin-
orbit interaction. Our results demonstrate how the ensemble average spectrum provides information
otherwise not easily accessible. [S0031-9007(97)05168-5]

PACS numbers: 73.23.Ps, 03.65.Bz, 71.70.Ej
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The study of the periodicity of the conductance oscilla
tions observed in mesoscopic Aharonov-Bohm (AB) ring
shaped conductors [1] has played a key role in clarifyin
the distinction between sample specific and ensemb
average behavior of physical quantities. It is by now we
established [1] that the Fourier spectrum of sample sp
cific oscillations measured in a single AB ring exhibits
main peak corresponding tohye fundamental periodicity
(in magnetic flux through the ring area), whereas, upon e
semble average, this peak disappears (because of the
dom phase of thehye oscillations) so that the fundamenta
peak in the Fourier spectrum of ensemble averaged os
lations corresponds tohy2e.

The suppression of thehye peak upon ensemble averag
ing is a consequence of the way in which the average is p
formed. Specifically, thehye peak disappears when one
averages the conductance and then calculates the Fou
spectrum. However, one can also take an ensemble
rings, determine the amplitude of the Fourier spectrum [
of each ring separately and sum all the amplitudes. T
quantity thus obtained may be named “ensemble avera
Fourier spectrum.” It is obvious that thehye peak will be
present in this quantity.

Investigations of thehye versushy2e periodicity issue
have resulted in a thorough analysis of the properti
of the Fourier spectrum of the average conductan
[1]. On the contrary, the average Fourier spectrum h
never been studied extensively and the possibility th
this quantity can contain new useful information ha
never been considered, neither theoretically nor expe
mentally.

In this paper we demonstrate that the analysis of t
ensemble average Fourier spectrum can indeed prov
new physical information, not easily accessible otherwis
Specifically, we have studied the ensemble average sp
trum of the Aharonov-Bohm conductance oscillations me
sured in two-dimensional rings in the presence of stron
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Rashba spin-orbit interaction [3]. We have found tha
splitting in the peak corresponding to thehye periodicity
is present in several samples. The splitting may be a m
festation of the geometric phase induced on the spin o
electron traversing the ring (whose relevance was first r
ognized by Loss and co-workers [4]) by the presence
spin-orbit interaction [4–9].

The rings (Fig. 1; diameter in between 0.9 and 2.1mm;
arms width ranging from 130 to 170 nm) have be
realized using the two-dimensional electron gas (2DE
present in an AlSbyInAsyAlSb heterostructure, the 2DEG
being hosted in the InAs layer. Technological deta
have been described in Ref. [10], and here we only re
that reflection from the edges of the rings is specu
The electron density and the elastic mean free path
N  1.0 3 1016 m22 andle . 1 mm. (Transport in the
arms of the rings is not fully ballistic.)

FIG. 1. One of the rings used in our investigations. The wh
bar shown is0.5 mm long.
© 1998 The American Physical Society
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The presence of uniform spin-orbit Rashba interactio
in this heterostructure produces a clear beating patt
in the Shubnikov–de Haas oscillations observed in t
longitudinal magnetoresistance measurements perform
in a standard Hall-bar geometry [11]. The analysis [1
of this beating pattern permits one to infer the streng
of the interaction, which can be quantified by a parame
a (in the notation of Ref. [3]), approximately equal to
5.5 3 10210 eV cm, with variations ofø20% in different
samples.

The AB effect in the rings has been investigated by me
suring their resistanceR as a function of a perpendicularly
applied magnetic fieldB. The resistance is measured us
ing a standard four probe lock-in technique in an esse
tially two terminal configuration (the rings are separate
from the probes by a wide 2DEG area). The magne
field, generated by a superconducting coil, is swept duri
a typical RsBd measurement from.20.35 to 10.35 T.
The data discussed here have been taken at 100 mK.

Figure 2 shows aRsBd curve of one of the large
(.2.1 mm diameter,.150 nm arms width) rings. Resis-
tance oscillations are apparent, and their period in ma
netic field (.1.2 mT) corresponds to the one expected fo
hye oscillations. The envelope of the curve shows samp
specific conductance fluctuations (due to the random int
ference of the electronic wave) superimposed on a ne
tive magnetoresistance due to the classical dynamics
electrons in a laterally confined geometry [13]. Aroun
B  0, a conductance dip is visible (observed in all th
samples) due to weak antilocalization. A clear peak
present in the Fourier spectrum ofRsBd (inset of Fig. 2),
whose width is in fair agreement with the value expecte
because of the finite area enclosed by the arms of the ri
The rough shape of the peak is determined by the rand
sample specific nature of thehye oscillations.

Our experiment aims at [9] eliminating the sampl
specific features superimposed on the peak by perform

FIG. 2. Single magnetoresistance trace measured in the
ring discussed in the text. The insets show an enlargem
of the conductance oscillations and the peak in their Four
spectrum (x axis units are in mT21).
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an ensemble average over measurements obtained f
different microscopic realizations of the same ring.
order to explain how this has been accomplished
practice we start with pointing out that, even thoug
we observe clear AB oscillations, the samples’ electric
stability is not perfect, owing to switching events tha
slightly change their resistance. This effect is alrea
apparent in the data of Fig. 2, which do not satisfy th
reciprocity relationRsBd  Rs2Bd, mandatory for a two
terminal measurement of a stable sample. The switch
events are due to defects present in the heterostruct
but the specific mechanism at their origin is unclear.

We have monitored the samples’ behavior by contin
ously measuring magnetoresistance traces (like the on
Fig. 2) for several days, and we have characterized h
the switching affects electronic transport by analyzing t
statistical properties of the set of measuredRsBd curves.
It results that twoRsBd curves measured at a distance
days, with the sample constantly kept at 100 mK, diff
by less thanø0.2e2yh for any values ofB; the average
(with respect toB, in the range20.35 to 10.35 T) differ-
ence between the two curves is typicallyø0.05e2yh; the
AB oscillations root mean square amplitude is essentia
the same for all theRsBd curves,.0.02e2yh [14].

It follows from these data that the magnitude of th
difference between any twoRsBd curves in the set
(measured at a distance of days) is essentially identica
the magnitude of the aperiodic conductance fluctuatio
observed as a function ofB in a single magnetoresistanc
trace (Fig. 2). Since the aperiodic fluctuations are d
to the random variations in the sample specific behav
of the rings (induced by changes in magnetic flux of th
order of hye through the arms of a ring, which affect
the electronic interference), the above equality strong
suggests that the switching events are also modify
the ring sample specific properties only, and not
average behavior. We therefore assume thatthe statistical
properties of the set ofRsBd curves generated by the
uncontrollable switching events are equivalent to tho
of curves that one would obtain by measuring differe
microscopic realization of the same sample[15].

This assumption is supported by additional experime
tal evidence. For instance, the averageRsBd curve of
Fig. 3, obtained by summing about 30RsBd curves like
the one of Fig. 2, satisfies quite accurately the equa
RsBd  Rs2Bd. This remarkable fact can be easily un
derstood in terms of our hypothesis. In fact, switchin
events occurring in the course of a measurement
duce “transitions” among different sample realizations a
break the symmetry constraintRsBd  Rs2Bd on a single
magnetoresistance trace. The constraint is restored u
averaging, because switching events occur with eq
probability at any value ofB and they do not modify the
average sample properties.

Further support is found by analyzing how the ma
nitude of the conductance oscillations observed in
1051
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FIG. 3. Average of.30RsBd curves (the inset is an enlarge-
ment of the small part of the curve). Note how the reciprocit
relation is rather accurately satisfied, far better than in the da
of Fig. 2.

averageRsBd curve depends on the numberN of traces
over which the average is done. The magnitude of th
oscillations is quantified by the height of thehye peak in
the amplitude of the Fourier spectrum. Figure 4 clear
shows that, for sufficiently large [16]N , this amplitude
decays like1y

p
N , and that it extrapolates to0 in the limit

N ! `. This corresponds exactly to expected behavio
of a true ensemble average [17].

On the basis of the above considerations we ca
now use the set of measuredRsBd curves to perform
an average of the Fourier spectrum. Figure 5 show
the average Fourier spectrum of thehye oscillations,

FIG. 4. Height of the peak in the Fourier spectrum of th
averageRsBd curve as a function of the inverse square roo
of the number of traces involved in the average. The lin
shows that for sufficiently largeN the height decays linearly
with N21y2 and extrapolates to0, as expected for an ensemble
average. For smallN this is not true because consecutively
measuredRsBd traces are not completely uncorrelated.
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obtained by summing the spectra of.70 different RsBd
curves like the one shown in the inset of Fig. 2. It i
apparent how this procedure smooths the shape of
peak. Theaveraged Fourier spectrum reveals that the
hye oscillations do not produce a single peak and that
clear splitting and structure on the sides is visible.

A splitting emerging (the splitting is already visible afte
summing approximately 20 curves) from the averagin
procedure has been observed in rings of different diamet
it has also been reobserved in the same ring, albeit with
different (but comparable) value, after thermal cycling th
sample to room temperature. The values of the observ
splittings are within a factor of.2 from each other.

We want to explicitly point out that we have carefully
checked the procedure used to calculate the Four
spectrum of our data and that we can rule out th
possibility that the splitting is a product of such a
procedure (e.g., due to aliasing or other effects). We ha
also considered the possibility for the splitting to be a
artifact of experimental nature, but we could not find an
specific mechanism capable of accounting for its presen

The only theoretically proposed mechanism that we a
aware of, capable of producing a splitting [18] in the
frequency of the AB conductance oscillations, is relate
to the presence of spin-orbit interaction, which induces
geometric (Berry’s or Aharonov-Anandan) phase on th
spin of electrons traversing the AB ring [4–8]. In its
essence the effect is the following. The spin of an electro
in the 2DEG “sees” Rashba spin-orbit interaction as if a
effective magnetic field was present, whose direction lie
in the plane of the 2DEG, perpendicular to the electro
momentum. For an electron propagating in a 1D ballist
ring, the effective magnetic field felt by its spin follows

FIG. 5. The peak of the average Fourier spectrum: th
splitting is evident, as well as some structure on the sid
(pointed by the arrows). The inset shows the same curve on
larger frequency range: note the presence of1yf noise resulting
from the switching events.
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the change of direction of the electron momentum. Whe
the electron has completed a revolution inside the ring, th
effective field has done the same. If the effective field i
sufficiently strong [5], the electron spin follows its motion
and undergoes a2p rotation itself, thus acquiring a
Berry’s phase (6p, depending on the rotation direction).

The Berry’s phase manifests itself when one measur
the conductance of the AB ring as a function of an applie
perpendicular magnetic field. The perpendicular fiel
generates a magnetic flux piercing the ring and causin
the AB conductance oscillations [1]. Besides, because
Zeeman interaction, the perpendicular field competes wi
the spin-orbit effective field and tends to align paralle
to itself the electron spin, thus monotonously decreasin
the (absolute value of the) geometric phase. Since t
Berry’s phase acquired by the spin couples to the orbit
electronic motion in a similar way as an AB gauge flux
does (see, however, Ref. [6] for relevant differences
the decrease of Berry’s phase (from6p ! 0) with
increasing perpendicular field results in asplitting of the
frequency of the AB oscillations[18].

A word of caution should, however, be spent here, sinc
the existing theories consider only highly idealized 1D
ballistic rings [19], whereas our samples are multichanne
(i.e., not 1D) and not fully ballistic, a fact that, in the pres
ence of spin-orbit interaction, has important implication
for the spin dynamics. For this reason it is also not possib
to make a conclusive comparison between the value
the observed splitting and theory. Nevertheless, heuris
arguments based on the work of Refs. [5] and [7] indica
that in our samples an effect can be expected and give
theoretical estimate for the splitting value somewha
smaller than, but not incompatible with, the observed on

In conclusion, our work shows the relevance o
studying the ensemble average Fourier spectrum of t
Aharonov-Bohm conductance oscillations. The study o
this quantity permits us to discriminate small effects from
features due to the random sample specific behavior of t
rings. This fact is demonstrated by the observation of
splitting in the frequency of the AB oscillations, possibly
due to a (Berry’s or Aharonov-Anandan) geometric phas
acquired by the electron spin.

We acknowledge discussions with L. P. Kouwenhove
at an early stage of this work. This work is financially
supported by FOMyNWO and KNAW (B. J. v. W.).
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