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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 thge 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

The study of the periodicity of the conductance oscilla-Rashba spin-orbit interaction [3]. We have found that a
tions observed in mesoscopic Aharonov-Bohm (AB) ring-splitting in the peak corresponding to thée periodicity
shaped conductors [1] has played a key role in clarifyings present in several samples. The splitting may be a mani-
the distinction between sample specific and ensembldestation of the geometric phase induced on the spin of an
average behavior of physical quantities. It is by now wellelectron traversing the ring (whose relevance was first rec-
established [1] that the Fourier spectrum of sample spesgnized by Loss and co-workers [4]) by the presence of
cific oscillations measured in a single AB ring exhibits aspin-orbit interaction [4—-9].
main peak corresponding to/e fundamental periodicity The rings (Fig. 1; diameter in between 0.9 and gm;

(in magnetic flux through the ring area), whereas, upon enarms width ranging from 130 to 170 nm) have been
semble average, this peak disappears (because of the ramalized using the two-dimensional electron gas (2DEG)
dom phase of thé/e oscillations) so that the fundamental present in an AISAnAs/AISb heterostructure, the 2DEG

peak in the Fourier spectrum of ensemble averaged oscibeing hosted in the InAs layer. Technological details
lations corresponds th/2e. have been described in Ref. [10], and here we only recall

The suppression of the/e peak upon ensemble averag- that reflection from the edges of the rings is specular.
ing is a consequence of the way in which the average is pefrhe electron density and the elastic mean free path are
formed. Specifically, thé:/e peak disappears when one N = 1.0 X 10'® m™2 andl, = 1 um. (Transport in the
averages the conductance and then calculates the Fouramms of the rings is not fully ballistic.)
spectrum. However, one can also take an ensemble of
rings, determine the amplitude of the Fourier spectrum [2]
of each ring separately and sum all the amplitudes. The
quantity thus obtained may be named “ensemble averag
Fourier spectrum.” It is obvious that thg e peak will be
present in this quantity.

Investigations of the:/e versush/2e periodicity issue
have resulted in a thorough analysis of the properties
of the Fourier spectrum of the average conductance
[1]. On the contrary, the average Fourier spectrum has
never been studied extensively and the possibility that
this quantity can contain new useful information has
never been considered, neither theoretically nor experi-
mentally.

In this paper we demonstrate that the analysis of the
ensemble average Fourier spectrum can indeed providi
new physical information, not easily accessible otherwise.
Specifically, we have studied the ensemble average sped
trum of the Aharonov-Bohm conductance oscillations meag|G. 1. One of the rings used in our investigations. The white
sured in two-dimensional rings in the presence of strongar shown i€).5 um long.
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The presence of uniform spin-orbit Rashba interactioran ensemble average over measurements obtained from
in this heterostructure produces a clear beating patterdifferent microscopic realizations of the same ring. In
in the Shubnikov—de Haas oscillations observed in therder to explain how this has been accomplished in
longitudinal magnetoresistance measurements performguactice we start with pointing out that, even though
in a standard Hall-bar geometry [11]. The analysis [12]we observe clear AB oscillations, the samples’ electrical
of this beating pattern permits one to infer the strengttstability is not perfect, owing to switching events that
of the interaction, which can be quantified by a parameteslightly change their resistance. This effect is already
a (in the notation of Ref. [3]), approximately equal to apparent in the data of Fig. 2, which do not satisfy the
5.5 X 1071° eV cm, with variations 0&=~20% in different  reciprocity relationR(B) = R(—B), mandatory for a two
samples. terminal measurement of a stable sample. The switching

The AB effect in the rings has been investigated by meaevents are due to defects present in the heterostructure,
suring their resistanck as a function of a perpendicularly but the specific mechanism at their origin is unclear.
applied magnetic field#. The resistance is measured us- We have monitored the samples’ behavior by continu-
ing a standard four probe lock-in technique in an essensusly measuring magnetoresistance traces (like the one of
tially two terminal configuration (the rings are separatedrig. 2) for several days, and we have characterized how
from the probes by a wide 2DEG area). The magnetithe switching affects electronic transport by analyzing the
field, generated by a superconducting coil, is swept duringtatistical properties of the set of measur@) curves.

a typical R(B) measurement from=—0.35 to +0.35 T. It results that twoR (B) curves measured at a distance of
The data discussed here have been taken at 100 mK. days, with the sample constantly kept at 100 mK, differ
Figure 2 shows aR(B) curve of one of the large by less than=0.2¢%/h for any values ofB; the average

(=2.1 um diameter~=150 nm arms width) rings. Resis- (with respect taB, in the range-0.35 to +0.35 T) differ-
tance oscillations are apparent, and their period in magence between the two curves is typica#.05¢2/h; the
netic field &=1.2 mT) corresponds to the one expected forAB oscillations root mean square amplitude is essentially
h/e oscillations. The envelope of the curve shows sampléhe same for all th&®(B) curves,=0.02¢2/h [14].

specific conductance fluctuations (due to the random inter- It follows from these data that the magnitude of the
ference of the electronic wave) superimposed on a negalifference between any tw@R(B) curves in the set
tive magnetoresistance due to the classical dynamics @fmeasured at a distance of days) is essentially identical to
electrons in a laterally confined geometry [13]. Aroundthe magnitude of the aperiodic conductance fluctuations
B = 0, a conductance dip is visible (observed in all theobserved as a function & in a single magnetoresistance
samples) due to weak antilocalization. A clear peak idrace (Fig. 2). Since the aperiodic fluctuations are due
present in the Fourier spectrum BfB) (inset of Fig. 2), to the random variations in the sample specific behavior
whose width is in fair agreement with the value expectedof the rings (induced by changes in magnetic flux of the
because of the finite area enclosed by the arms of the ringrder of 2/e through the arms of a ring, which affects
The rough shape of the peak is determined by the randomime electronic interference), the above equality strongly
sample specific nature of thig e oscillations. suggests that the switching events are also modifying

Our experiment aims at [9] eliminating the samplethe ring sample specific properties only, and not its
specific features superimposed on the peak by performingverage behavior. We therefore assume tthastatistical
properties of the set oR(B) curves generated by the
uncontrollable switching events are equivalent to those
of curves that one would obtain by measuring different
microscopic realization of the same sam[l§].

This assumption is supported by additional experimen-
tal evidence. For instance, the averaQéB) curve of
0.60 0.75 0.90 1.05 Fig. 3, obtained by summing about &IB) curves like
the one of Fig. 2, satisfies quite accurately the equality
R(B) = R(—B). This remarkable fact can be easily un-
derstood in terms of our hypothesis. In fact, switching
events occurring in the course of a measurement in-
duce “transitions” among different sample realizations and
3750 1 . 1 . 1 break the symmetry constraiR{ B) = R(—B) on a single

=200 0 200 magnetoresistance trace. The constraint is restored upon
B (mT) averaging, because switching events occur with equal

FIG. 2. Single magnetoresistance trace measured in the ABrObab”Ity at any value of and they do not modify the

ring discussed in the text. The insets show an enlargemer‘f’lVerage sample prqpertles. .
of the conductance oscillations and the peak in their Fourier Further support is found by a_naIyZIng how the mag-
spectrum £ axis units are in mT!). nitude of the conductance oscillations observed in an
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obtained by summing the spectra sf/0 different R(B)
curves like the one shown in the inset of Fig. 2. It is
apparent how this procedure smooths the shape of the
peak. Theaveraged Fourier spectrum reveals that the
h/e oscillations do not produce a single peak and that a
clear splitting and structure on the sides is visible.

A splitting emerging (the splitting is already visible after
summing approximately 20 curves) from the averaging
procedure has been observed in rings of different diameter;
it has also been reobserved in the same ring, albeit with a
different (but comparable) value, after thermal cycling the
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3800 , : . ) sample to room temperature. The values of the observed
-200 0 200 splittings are within a factor o2 from each other.
We want to explicitly point out that we have carefully
B (mT) checked the procedure used to calculate the Fourier

FIG. 3. Average of=30R(B) curves (the inset is an enlarge- Specjm,lm of our data .a.nd that we can rule out the
ment of the small part of the curve). Note how the reciprocityP0ssibility that the splitting is a product of such a
relation is rather accurately satisfied, far better than in the datprocedure (e.g., due to aliasing or other effects). We have
of Fig. 2. also considered the possibility for the splitting to be an
artifact of experimental nature, but we could not find any

averageR(B) curve depends on the numba&r of traces Sp_erﬁ'f'c rr:e(irk]lanlsr? Cﬁpable of a(c:icountt;ng _for lttshptresence.
over which the average is done. The magnitude of the '€ ONly theoretically proposed mechanism that we are

oscillations is quantified by the height of the¢e peak in  2Wware of, capable of producing a splitting [18] in the

the amplitude of the Fourier spectrum. Figure 4 clearlyfrequency of the AB pondu_ctgnce oxillatio_ns, .iS related
shows that, for sufficiently large [16Y, this amplitude to the presence of spin-orbit interaction, which induces a

decays likel /+/N, and that it extrapolates tin the limit geometric (Berry's or Aharonov-Anandan) phase on the

N — o, This corresponds exactly to expected behaviorSpin of electrons t_raversing the AB ring.[4—8]. In its
of a true ensemble average [17] essence the effect is the following. The spin of an electron

On the basis of the above considerations we cafl the 2DEG “sees” Rashba spin-orbit interaction as if an

now use the set of measureR(B) curves to perform effective magnetic field was present, whose direction lies

an average of the Fourier spectrum. Figure 5 showg1 the plane of the 2DEG, perpendicqlar to the elec_trqn
the average Fourier spectrum of thegle oscillations, momentum. For an electron propagating in a 1D ballistic

ring, the effective magnetic field felt by its spin follows
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FIG. 4. Height of the peak in the Fourier spectrum of the frequency (mT'1)

averageR(B) curve as a function of the inverse square root

of the number of traces involved in the average. The lineFIG. 5. The peak of the average Fourier spectrum: the
shows that for sufficiently largev the height decays linearly splitting is evident, as well as some structure on the sides
with N~/ and extrapolates t0, as expected for an ensemble (pointed by the arrows). The inset shows the same curve on a
average. For smalN this is not true because consecutively larger frequency range: note the presencé/gf noise resulting
measured? (B) traces are not completely uncorrelated. from the switching events.
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the change of direction of the electron momentum. When  of the sum of the squares of the real and the imaginary

the electron has completed a revolution inside the ring, the  parts of the Fourier transform.

effective field has done the same. If the effective field is [3] See, e.g., Yu.A. Bychkov, V.I. Mel'nikov, and E.I.

sufficiently strong [5], the electron spin follows its motion ~ Rashba, Sov. Phys. JETR, 401 (1990) [Zh. Eksp. Teor.

and undergoes & rotation itself, thus acquiring a !:IZ. 98,.717 (1990)]. Rashba interaction is the. spin-orbit

Berry’'s phase £ 7, depending on the rotation direction). interaction that electrons confined to move in a plane
The Berry’s phase manifests itself when one measures experience if a uniform electric field perpendicular to that

; ; . lane is present.
the conductance of the AB ring as a function of an applied [4] B_ Lossp P. Goldbart, and A.V. Balatsky, Phys. Rev.

perpendicular magnetic field. The perpendicular field = | et 65 1655 (1990); D. Loss and P. M. Goldbart, Phys.
generates a magnetic flux piercing the ring and causing  Rev. B45, 13544 (1992); D. Loss, H. Schoeller, and P. M.
the AB conductance oscillations [1]. Besides, because of  Goldbart, Phys. Rev. B8, 15218 (1993).

Zeeman interaction, the perpendicular field competes with[5] A.G. Aronov and Y.B. Lyanda-Geller, Phys. Rev. Lett.
the spin-orbit effective field and tends to align parallel 70, 343 (1993); VY. Lyanda-Gellerbid. 71, 657 (1993).

to itself the electron spin, thus monotonously decreasing[6] T-Z. Qian and Z.B. Su, Phys. Rev. L&t2, 2311 (1994);
the (absolute value of the) geometric phase. Since the &959-7\)(" T.Z. Qian, and Z.B. Su, Phys. Rev.35, 10631
Berry’s phase acquired by the spin couples to the orbital .

electronic motion in a similar way as an AB gauge flux [7] A. Stern, Phys. Rev. Let68, 1022 (1992).

- 8] Y. Meir, Y. Gefen, and O. Entin-Wohlman, Phys. Rev.
does (see, however, Ref. [6] for relevant dlfferences),[ ] Lett. 63, 798 (1989); H. Mathur and A. D. Stonib,i%jl. 68,

the decrease of Berry’s phase (from7 — 0) with 2964 (1992).
increasing perpendicular field results irsplitting of the |97 |nvestigating the existence of a splitting is actually the
frequency of the AB oscillatiorj8]. original motivation of this work.

A word of caution should, however, be spent here, sinc¢10] A. F. Morpurgoet al., Appl. Phys. Lett67, 3569 (1997).
the existing theories consider only highly idealized 1D[11] J. Luoet al., Phys. Rev. B38, 10142 (1988).
ballistic rings [19], whereas our samples are multichannelfl2] J. P. Heidzet al.,in Proceedings of the 23rd International
(i.e., not 1D) and not fully ballistic, a fact that, in the pres- Conference on the Physics of Semiconductadited
ence of spin-orbit interaction, has important implications Py M. Scheffler and R. Zimmerman (World Scientific,
for the spin dynamics. For this reason itis also not possible ~ Singapore, 1996), Vol. 3, p. 2467, see also J. Nitta
to make a conclusive comparison between the value qf _ St @l Phys. Rev. Lett78, 1335 (1997). .

- - [13] C.W.J. Beenakker and H. van Houten, Solid State Phys.

the observed splitting and theory. Nevertheless, heuristi 44,1 (1991).
arguments based on the work of Refs. [5] and [7] mdu_:atei14 The finite phase coherence length,(= 4 to 5 um,
that in our samples an effect can be expected and give @ * 35 inferred from weak antilocalization measurements
theoretical estimate for the splitting value somewhat  performed on wires realized with the same material
smaller than, but not incompatible with, the observed one.  used in the present experiment) and the thermal length,

In conclusion, our work shows the relevance of Ly = +/hD/kgT = 6 um, are probably responsible for
studying the ensemble average Fourier spectrum of the the small AB oscillations amplitude.
Aharonov-Bohm conductance oscillations. The study of15] Equivalent, apart from the fact that the reciprocity relation
this quantity permits us to discriminate small effects from s not satisfied on single curves pertaining to the set, but
features due to the random sample specific behavior of the _ Only on average (see main text).
rings. This fact is demonstrated by the observation of i8] For small N subsequent measurements are correlated.
splitting in the frequency of the AB oscillations, possibly This means that one or few switching events are not

due t B ) Ah Anand tric oh sufficient to induce “transitions” between two completely
ue to a (Berry's or Aharonov-Anandan) geometric phase independent microscopic sample realizations.

acquired by the electron spin. _ [17] A large N average ofR(B) also decreases the aperiodic

at an early stage of this work. This work is financially [18] In real multimode rings this mechanism can affect the

supported by FOMNWO and KNAW (B. J.v. W.). frequency of the AB oscillations in a more complex way
(e.g., the frequency splitting can depend on the electronic
mode). This point may be relevant to interpret the peak

[1] See R. Washburn and R. Webb, Rep. Prog. P5§s1311 side structures shown in Fig. 5.
(1992), and references therein. [19] The analysis of Ref. [8], valid in diffusive systems, does
[2] In order to avoid misunderstandings, we define explicitly not consider the effect of Zeeman coupling of the spin to

the amplitude of the Fourier spectrum as the square root the external field, essential in the present context.
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