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Polarized excitons in nanorings and the optical Aharonov-Bohm effect
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The quantum nature of matter lies in the wave function phases that accumulate while particles move along
their trajectories. A prominent example is the Aharonov-Bohm phase, which has been studied in connection
with the conductance of nanostructures. However, optical response in solids is determined by neutral excita-
tions, for which no sensitivity to magnetic flux would be expected. We propose a mechanism for the topologi-
cal phase of a neutral particle, a polarized exciton confined to a semiconductor quantum ring. We predict that
this magnetic-field induced phase may strongly affect excitons in a system with cylindrical symmetry, resulting
in switching between ‘‘bright’’ exciton ground states and novel ‘‘dark’’ states with nearly infinite lifetimes.
Since excitons determine the optical response of semiconductors, the predicted phase can be used to tailor
photon emission from quantum nanostructures.
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It is known that the quantum mechanical phase of a s
wave function is not a physical observable. This understa
ing, true in its absolute form, does not preclude the import
possibility of observingrelative phasesin a suitably prepared
system. In fact, much of the physics in meso- and nanosc
systems is intrinsically connected to interference or pha
shift phenomena that manifest themselves in a numbe
experimentally measurable quantities. Prominent exam
include the superconducting quantum interference dev
~SQUIDs!1 the quantum-phase factors induced by adiab
changes~known as geometric Berry phases!,2 their generali-
zation to nonadiabatic changes due to Aharonov
Anandan,3 and the well known Aharonov-Bohm~AB!
effect.4 Such a case appears naturally in systems with r
geometry in the presence of a magnetic field. In fact, rece
available semiconductor rings.10–100 nm in diameter al
low one to explore this interesting physics in readily atta
able magnetic fields. We report here on a mechanism
phase difference acquired in a magnetic field by acomposite
andpolarizableobject with overallzero charge. Such neutral
particles, called excitons, are bound states of an electron
a hole in semiconductors, and are responsible for opt
emission of crystals at low temperatures. The predicted
terference effect has important observable consequence
it affects the exciton emission and lifetime in nanosco
semiconducting rings and provides a novel phase inter
ence phenomenon, the ‘‘optical’’ AB effect. In particular, w
predict a striking effect: the exciton emission can be stron
suppressed in certain magnetic-field windows.

The AB phase is most simply described as the phase
quired by a charge as it traverses a region where a mag
0163-1829/2002/66~8!/081309~4!/$20.00 66 0813
te
d-
t

ic
e-
of
es
es
ic

d

g
ly

-
of

nd
al
-
as

c
r-

y

c-
tic

flux exists,while no effects of the classical Lorentz force a
present. The AB effect has been verified in a number
experiments using superconducting rings,5 where electrons
move in the regions with zero magnetic field. In semicond
tors, the AB effect has been used in fascinating experime
to measure the relative phases of alternative paths in e
tronic interferometers,6 and proposed as a mechanism to d
tinguish singlet and triplet states in coupled quantum dots
connection with their use in solid state quantu
computers.7,8

Excitons in quantum dots with a few tens of nanomet
in radius and an even smaller height, have been studie
recent times.9–12 Moreover, thanks to the infrared absorptio
studies of Lorkeet al., we know that semiconductor quantu
rings are possible,13 where the electrons are coherent arou
the ring and nonlocalized. In this type of structure, excito
in individual nanorings in strong magnetic fields can be ge
erated and monitored using near-field scanning op
techniques.9,14 Indeed, microphotoluminescence (mPL) ex-
periments in individual quantum rings would provide an o
portunity to explore the AB effect in neutral excitons.15,16We
should emphasize that the AB oscillations of the ground s
are predicted to benegligibleat typical size/fields in the one
dimensional~1D! rings.16 However, as we explain below, th
in-plane radial polarization of the exciton in finite-widt
quantum rings produces a strong modulation of the oscilla
strength of the excitonic transition with magnetic field, d
to the AB effect.

Figure 1~a! illustrates Berry’s gedanken experiment to e
plain how the adiabatic evolution of the Hamiltonian in
system gives rise to an additional phase.2 The Berry phase is
©2002 The American Physical Society09-1
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accumulated as the particle placed in an isolating box
slowly rotated around the field lines. Since the evolution
adiabatic, the system returns to its original state after a
cycle, and only a topological phase accumulates. The ph
is given by the total flux in terms of the flux quantum
F/F0, and is equivalent to the AB phase. When the objec
a composite of two particles, one can imagine a similar ad
batic evolution, although here we rotate apolarizedexciton
having a radial dipole moment. After one full revolution, th
particles obtain topological phases again, but these ph
will be different, since the electron and hole have differe
trajectories. The phase difference is due to the unequal m
netic fluxes penetrating their paths. It is important, howev
that the net relative phase would be effectively sampl
measured when the two carriers in the system combin
emit the photon seen in the PL experiment. The accumula
phase shift depends intrinsically on the polarizability of t
composite object, and can even make optical transitions
possible, resulting in suppression of optical emission in w
defined windows of magnetic field. We demonstrate this
fect using a model of a polarized exciton rotating in
quantum ring~QR!. Notice that topological phases on poi
dipoles have been considered,17 but their internal structure
was not of interest in this case.

Today’s semiconductor technology offers a variety
nanometer-size structures, including self-assemb
QR’s,13,18 and type-II quantum dots.19,20 In a ring-shaped
nanostructure, any asymmetry in the confinement poten
may cause the polarization of excitons in the radial direct
@Fig. 1~c!#, so that an electron and hole may move alo

FIG. 1. ~a! and ~b! illustrate origin of Berry phase for a singl
charged particle and for an exciton, respectively.~a! An electron is
placed in an isolating box and rotated along a closed path.
Berry phase, related in this case to the AB effect, is proportiona
the magnetic flux penetrating the electron trajectory,Fe . ~b! For
the polarizedexciton, one can adopt the same picture, placing
electron and a hole in separate boxes. After a full revolution,
electron and hole accumulate different phases, yielding arelative
phase in the pair proportional to the radial dipole moment. As
electron and hole induce opposite currents, the AB effect in
case originates from the magnetic flux through the area betwee
two trajectories, DF. ~c! Atomic-force micrograph of self-
assembled InAs nanorings on a substrate of GaAs. Due to diffe
effective masses, the rotating electron and hole are polarized in
radial direction. The electronic radius of nanorings is less that
structural one, according to spectroscopy experiments.13
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different circles. In fact, the existence of such an asymme
is natural since an electron and hole have very differ
masses and move in different potentials,Ue and Uh .21

Namely, in self-assembled QR’s@Fig. 1~c!#, the lighter elec-
tron tends to tunnel toward the ring center, whereas
heavier hole is localized mostly near the ring radius, prod
ing a net radial polarization.20 Such polarization is easily
calculated from a parametrized model of a quantum ri
Ue(h)5me(h)Ve(h)

2 (r e(h)2Rr)
2/2, wherer is the distance to

the center of the ring, andme(h) andVe(h) are the effective
masses and single-particle confinement frequencies, res
tively. Moreover, the radial polarization in the exciton ca
also appear due to the deformation potential in a QR, wh
can produce drastically different effective potentials in t
valence and conduction bands. The structural in-plane ra
of a QR determined from atomic force micrographs is ab
40 nm@Fig. 1~c!#, however the electronic radiusRr estimated
from optical experiments turns out to be much smaller,Rr
.16 nm.13 As the verticalz extension of the QR’s is much
smaller than their lateral size, we consider here only the
plane motion, assuming strong quantization in thez direc-
tion. In the case of type-II quantum dots, the radial dipo
moment in an exciton appears because the quantum
structure potential in its center forms a barrier for electro
and a well for holes. This situation results then in the el
tron and hole moving along different circles.22 To describe
excitons in both of these systems, we use a model of
‘‘parallel’’ one-dimensional rings having different radii,Re
andRh , respectively. The Hamiltonian of the exciton in th
model reads

Ĥtot5T̂e1T̂h1Ue1Uh1UC~ ure2rhu!, ~1!

wherere(h) are the in-plane coordinates,T̂e(h) are the kinetic
energies in the presence of a normal magnetic field, andUC
is the Coulomb potential. Now we assume that the quant
tion in the radial direction is stronger than that in the a
muthal direction. It allows us to separate variables in
exciton wave function,C(re ,rh)5 f e(re) f h(rh)c(ue ,uh).
Here r5(r,u). The radial wave functionsf e(h) are strongly
localized near the radii,Re(h) . The Hamiltonian describing
the angular wave functionc(ue ,uh) is ~up to a
B-independent constant term!,

Ĥexc52
\2

2meRe
2

]2

]ue
2

2
i\ve

2

]

]ue
2

\2

2mhRh
2

]2

]uh
2

1
i\vh

2

]

]uh
1

meve
2Re

21mhvh
2Rh

2

8
1uC~ uue2uhu!,

~2!

whereve(h)5ueuB/@me(h)c# are the cyclotron frequencies o
the particles,B is the normal magnetic field, anduc is the
Coulomb potential averaged over the coordinater involving
the radial wave functions. Now it is convenient to introdu
new variables,Du5ue2uh , and u05(aue1buh)/(a1b),
whereue(h) are the angular coordinates of each particlea

5meRe
2 , and b5mhRh

2 . The Hamiltonian then readsĤexc
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5Ĥrot(u0)1Ĥint(Du), where the translation of the whole ex
citon around the ring and the internal motion are separ
The eigenfunctions are of the form c(ue ,uh)
5c0(u0)c1(Du). Here,Ĥrot is given by

Ĥrot~u0!5«0F2 i
]

]u0
1

FDR

F0
G2

, ~3!

where «05\2/(2R0
2M ), R05(Re1Rh)/2, M5(meRe

2

1mhRe
2)/R0

2 , FDR5p(Re
22Rh

2)B52pDRR0B is the mag-
netic flux penetrating the area between the electron and
trajectories@Fig. 1~b!#, andDR5Re2Rh .

The internal-motion HamiltonianĤ int involves the Cou-
lomb potential. In small QR’s, the quantization due to kine
motion is much stronger than the Coulomb interaction, a
the picture is basically that of single particles. This lim
corresponds toRe(h),a0* , wherea0* is the effective Bohr
radius in the semiconductor. In large QR’s, whereRe(h)

.a0* , the motion becomes strongly correlated as the p
ticles form a tightly-bound exciton and move togeth
around the ring.

For small QR’s, the electron and hole move independe
~Fig. 2, inset!. There, the exciton spectrum is given by

FIG. 2. Exciton spectrum and emission intensity in two para
rings for weak Coulomb interaction~small ring radii!. Upper two
panels are forRe560 Å andRh590 Å; lower panel shows emis
sion intensity for a smaller ring. Insert: uncorrelated motion of p
ticles in a ring. At low temperatureT the exciton emission from a
ring is strongly suppressed in well-defined windows of magne
field which scale with ring radii. With increasing temperature t
excited exciton states become accessible and the suppression
pronounced, although strong oscillations with magnetic field
main. A ‘‘bright’’ ground state hasL50, and it is ‘‘dark’’ otherwise.
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Eexc5Eg1
\2

2meRe
2 S Le1

Fe

F0
D 2

1
\2

2mhRh
2 S Lh2

Fh

F0
D 2

,

~4!

whereEg is the magnetic field-independent term which i
cludes the band-gap energy.Le andLh represent the angula
momenta. The magnetic fieldB enters Eq.~4! through the
magnetic fluxesFe(h)5pRe(h)

2 B, which describe the quan
tum phase accumulating in the wave function of each part
as it travels along the ring.

For the limit of the tightly-bound exciton~Fig. 3, inset!,
the spectrum is determined byĤrot and takes the form

Eexc8 5Eg81
\2

2MR0
2 S L1

DF

F0
D 2

, ~5!

where L5Le1Lh is the total momentum,M, R0 are as
above, andEg8 is field independent. The net magnetic flu
through the area between the electron and hole trajecto
DF, is proportional to the radial dipole moment of the e
citon, D52e(Re2Rh).

The B-dependent terms from Eqs.~4! and ~5! are shown
in the upper panels of Figs. 2 and 3. Emission spectra

l

-

c

less
-

FIG. 3. Exciton spectrum, optical emission intensity, and m
netization in rings for strong Coulomb interaction~large ring radii!.
Insert: correlated motion of electron-hole pair in parallel rings. T
character of exciton spectrum is different in the case of uncorrela
electron-hole pair~Fig. 2!. This leads to the existence of a magne
field threshold that is well expressed at low temperatures,T. Lowest
graph illustrates magnetization of an exciton in the ground stat
low temperature,m52]Eexc/]B, proportional to the persisten
current in the ring.23 Threshold for emission intensity coincide
with the well-known jump in persistent current vs flux.
9-3
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semiconductors at low temperatures are governed by the
citon ground state. The figures show that the ground s
changes with increasing magnetic field, and may acq
nonzero angular momentum values. For small quantum r
~Fig. 2!, the ground state (Le ,Lh)5(0,0) changes succes
sively in favor of the states (0,11), (21,11), (21,12),
etc., as the field increases, producing a sequence of gro
state total angular momentum values of 0, 1, 0, 1, etc. On
other hand, for the strongly correlated exciton in large rin
~Fig. 3!, the ground-state momentum changes increasin
from L50 to L511,12,13 . . . , with magnetic field.

Only the excitons with zero total momentum can em
photons. This condition arises as the photon’s angular
mentum is exhausted by the atomic wave functions invol
in the optical transition. The optical selection ruleL50
means that the emission intensity of a QR can be dram
cally suppressed inB intervals where the exciton groun
state acquires a nonzero momentum. This suppression
plies that the exciton lifetime becomes significantly long
as its dipole-allowed decay is forbidden, as seen in the lo
panels of Figs. 2 and 3. Thus we predict a striking manif
tation of the AB effect in the emission spectra of QR’s at lo
temperatures. Of course, the emission intensity as a func
of the magnetic field strongly depends on Coulomb corre
tions in the exciton~compare Figs. 2 and 3!. However, the
appearance of theB windows in the emission of QR’s o
various sizes has a common origin—the electric dipole m
ment in the radial direction. The dipole moment is therefo
responsible for the magnetic interference effect while the
citon moves along the QR. Previous models of QR’s w
Re5Rh could not ~and did not! exhibit this important
effect.15
s
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a
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Our discussion implies the conservation of angular m
mentum in a QR which can be, in principle, destroyed
defects. However, as mentioned already, recent experim
on optical and electronic properties of QR’s give strong e
dence of coherent motion of electrons in these self
assembled nanostructures.13

It is important to emphasize that these transitions dep
on the net magnetic fluxDF through the areabetweenthe
electron and hole trajectories@Fig. 1~b!#. Due to the global
conservation of angular momentum, the exciton spinn
with nonzero momentum cannot emit a photon and beco
dark ~very long lifetime! in well-defined intervals of mag-
netic field, which can be observed as a noticeable ‘‘blinkin
PL response for different fields.

The novel property of the topological Berry phase for
polarized exciton lies in the complex nature of this quasip
ticle. For an electron and hole in the exciton, thedifference
of phases plays an important role rather than simply
phase of the single particle. Since the exciton ‘‘stores’
photon, such a phase difference determines whether the
is bright or dark in optical emission. This offers us th
unique opportunity to observe microscopic electronic pha
in optical emission experiments.
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