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Abstract
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We found that optical Aharonov-Bohm oscillations in a single GaAs/GaAlAs quan-

tum ring can be controlled by excitation intensity. With a weak excitation intensity of

1.2 kWcm−2, the optical Aharonov-Bohm oscillation period of biexcitons was observed

to be half that of excitons in accordance with the period expected for a two-exciton

Wigner molecule. When the excitation intensity is increased by an order of magnitude

(12 kWcm−2), a gradual deviation of the Wigner molecule condition occurs with the de-

creased oscillation periods and diamagnetic coe�cients of both excitons and biexcitons

along with a spectral shift. These results suggest that the e�ective orbit radii and rim

widths of electrons and holes in a single quantum ring can be modi�ed by light intensity

via photo-excited carriers, which are possibly trapped at interface defects resulting in

a local electric �eld.

The Aharonov-Bohm (AB) e�ect has been investigated mostly by electrical experiments in

mesoscopic ring structures, where oscillations of the conductance and persistent current with

external magnetic �eld (B) were observed at extremely low temperature (< 100mK) due

to the fragile quantum coherence in sub-micron sized systems.1�6 Recently, the AB e�ect

became accessible to optical experiments by using type-II quantum dots (QDs) and quan-

tum rings (QRs), where quantum coherence on a nanometer scale (∼ 50 nm) is observed at

temperatures up to three orders of magnitude higher (< 100K).7�12

While either an individual electron or hole rotates in the shell of a type-II QD, both elec-

trons and holes orbit around the circumference of a QR. When a strong Coulomb interaction

is present between the electron and the hole in a QR, the exciton (X) can be approximated

by a single particle. However, charge neutral Xs require di�erent orbital radii for the elec-

tron and the hole (Re 6= Rh) in order to give rise to the AB e�ect.6 In this case, a di�erence

between the magnetic �uxes threading their orbits (Φ = Bπ|R2
e −R2

h|) determines the phase

of a radially polarized X (φ = eΦ/h̄). Therefore, oscillations in the X energy can be observed

optically as B increases. When a one-dimensional (1D) model is assumed for a QR structure,

the X AB oscillation period ∆BX = (h/e)/(π|R2
e −R2

h|) can be estimated.

On the other hand, when N electrons are strongly correlated in a ring structure, they can
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behave as a composite rigid body, called a Wigner molecule (WM).13�16 In this case, the AB

oscillation period of anN -electron WM with applied B becomes fractional (∆BNe = ∆Be/N)

when compared to that of a single electron ∆Be = (h/e)/(πR2
e),17�20 and the presence of

a two-electron WM has been claimed in a large quantum dot14�16 and a clean carbon nan-

otube13 by electrical measurements. In an optical analogy, biexcitons (XXs) in a QR can be

a two-X WM.9 If a pair of Xs located at opposite positions in a QR are strongly correlated

like a rigid dumbbell, the AB oscillation period of the XX WM (∆BXX) is expected to be

half that of the X (∆BX), i.e. ∆BX/∆BXX = 2.

Although the orbits of electrons and holes in a QR are often simpli�ed into 1 dimen-

sional loops, the rim width is considerable in comparison to the QR radius. In this case,

the wavefunctions and the Coulomb interaction of electrons and holes in a �nite rim width

need to be considered to predict optical AB oscillations of X and XX, and the two-X WM

criterion is also known to be vulnerable to the Coulomb interaction. Nevertheless, this subtle

range has barely been investigated experimentally so far. In addition, the presence of a local

electric �eld (ELoc) is quite likely at the interface between a QR and the capping barrier

material. Suppose that carriers excited in a capping barrier a�ect ELoc at the interface,

the wavefunction modi�cation of a QR might be susceptible to optical excitation intensity

changes. In this work, we have found that optical AB oscillations of both Xs and XXs in a

single GaAs/AlGaAs QR, can be controlled by the optical excitation intensity, whereby the

two-X WM criterion is scrutinised in terms of ∆BX/∆BXX.

For the growth of a GaAs QR on AlGaAs substrates, gallium molecular beams are

supplied initially without arsenic ambient, leading to the formation of droplet-like clusters

of gallium atoms on the substrate.21,22 As an arsenide �ux is supplied in the chamber, the

gallium droplet becomes crystallised into GaAs ring structures, where the morphology is gov-

erned by the interplay between the migration of surface adatoms and their crystallisation. In

Fig. 1(a) and (b), the rim height of an uncapped GaAs QR grown by the droplet epitaxy21,22

is anisotropic, where a di�erence between the maximum and minimum rim height along [11̄0]
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(a) (b)

(c) (d)

Figure 1: AFM images of a single GaAs QR in a top (a) and side (b) view. (c) With an
excitation intensity of 12 kWcm−2(10P ), the micro-PL spectra of a single GaAs/AlGaAs QR
were observed as a function of B, where the Zeeman doublet spectra of X and XX were �tted
by Gaussian functions (d).
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and [110] is ∼ 2 nm, and the lateral size is also elongated along [11̄0]. In this volcano-like

structure, the wavefunction is likely to be localised in a crescent-like shape unless su�cient

magnetic �eld B is applied,23�26 and the two separate localised states become merged be-

yond a characteristic magnetic �eld (Bc). As a result, AB oscillations of a QR begin when

B ≥ Bc.
5

As the excitation intensity (Iex) increases, an additional PL peak becomes signi�cant at

∼ 1meV below the X PL spectrum, which has been attributed to XX by the quadratic Iex de-

pendence of the integrated PL intensity (∼ I2
ex) and the short PL decay time (τXX ∼ 370 ps)

compared to that of X (τX ∼ 820 ps). Although charged excitons are rarely seen at either

∼ 4meV below and ∼ 2meV above the X PL spectrum, a charged exciton-free QR was care-

fully selected. As shown in Fig. 1(c), the micro-PL spectrum of a single QR was measured

at 4K for increasing B by using a resistive DC magnet with 52mm bore diameter, where

excitation by a continuous-wave Ar+ laser (488 nm) was introduced to the position-controlled

sample through a multi-mode �ber, and the PL was collected through a single-mode �ber.

The wiggling of the energy for B in Fig. 1(c) became clari�ed by plotting the PL peak

emission energies of the Zeeman doublet (EPL(σ+) and EPL(σ−)), which were obtained by

Gaussian �tting with an accuracy of ∼ 2.5µeV (Fig. 1(d)). As the Zeeman doublets of X

and XX become resolvable for B > 2T (Fig.1 (d)), a ring shape wavefunction is possibly

formed from separate crescent-like ones possibly near Bc ∼ 2T.

Recently, we have studied a strongly localised exciton state in a GaAs QR,26 and the

lateral wavefunction shape was known to be crescent-like. For a micro-PL spectrum near

1.812 eV of the strongly localised state, we found both the excitonic g-factor (∼ −0.2) and

diamagnetic coe�cient (γX ∼ 1.3µeVT−2) were very small. Therefore, the Zeeman splitting

was not signi�cant unless strong magnetic �eld (B > 4T) is applied. On the other hand,

when a relatively low energy micro-PL spectrum (∼ 1.732 eV) was investigated in a GaAs

QR,9 we found the Zeeman doublet spectra of X and XX become separable near 2T, and

the excitonic g-factor (∼ −1.3) and diamagnetic coe�cient (γX ∼ 1.3µeVT−2) are enhanced
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Figure 2: PL spectra of X and XX are measured under weak (P = 1.2 kWcm−2) (a) and
strong excitation (10P ) (b) for increasing B up to 1.6T, where the Zeeman doublets look
inseparable. (c) When excitation is increased from P to 10P in the absence of B, both X
and XX show a blueshift in PL spectrum.
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by an order of magnitude compared to those of the strongly localised state. Therefore, one

may suggest that Bc seems to depend on the degree of localisation and the QR anisotropy.

While strongly localised states in a volcano-like QR require a large Bc to give rise to AB

oscillations, a small Bc is expected for the weakly localised states. As shown in Fig. 2(a)

and (b), the Zeeman doublet spectra of X and XX are not as separated as energy shift of

photoluminescence spectrum unless su�cient magnetic �eld (B > 2T) is applied. Therefore,

those PL spectra can be attributed to localised states in a QR. In Fig. 2(c), both X and

XX show a blueshift for increasing excitation in the absence of B. As carriers are excited

non-resonantly in the barrier, the blushift is possibly associated with excitation-induced local

�eld ELoc.

B-dependence of the average energy [EPL(σ+) + EPL(σ−)]/2 of X (Fig. 3(a),(b), and

(c)) and XX (Fig. 3(d), (e), and (f)) were plotted for three di�erent excitations of P ,

5P , and 10P , respectively. All show clear AB oscillations along with a diamagnetic en-

ergy increase, where the diamagnetic coe�cients (γ) were obtained by a quadratic �tting

∼ γB2. In Fig. 3(g), [EPL(σ+) − EPL(σ−)]/2 of X and XX were also plotted, and a linear

�tting function of gµBB enables to estimate the g-factors of X (gX ∼ −1.61± 0.05) and XX

(gXX ∼ −1.31± 0.08). A subtle deviation from the linear dependence may be explained by

B-dependence of g-factor, and this is possibly associated with a wavefunction modi�cation

in a QR structure. On the other hand, the diamagnetic coe�cients of both X (γX) and XX

(γXX) decrease by 20 % (Fig. 3(h)) as the excitation intensity increases from 1.2 kWcm−2

(P ) to 12 kWcm−2 (10P ). Because a diamagnetic coe�cient is proportional to its lateral

wavefunction area, the decrease of γX and γXX implies a shrinkage of the wavefunction rim

width for excitation. Additionally, both X and XX show a blueshift of ∼ 0.2meV at B = 2T

for an order of magnitude increase of excitation intensity from P to 10P . Therefore, excited

carriers seem to change the potential energy possibly via ELoc, resulting in a modi�cation of

the ring orbit wavefunctions.

As a prerequisite condition for an optical AB e�ect, a built-in electric �eld in a QR is
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Figure 3: (a) [EPL(σ+) + EPL(σ−)]/2 of X (a,b,c) and XX (d,e,f) with B are plotted
to obtain the diamagnetic coe�cient γ for P , 5P , and 10P excitation, respectively. (g)
[EPL(σ+) − EPL(σ−)] of X (�lled circle) and XX (open circle) are assumed to be gµBB in
order to obtain g-factor for P , 5P , and 10P excitation, respectively. (h) The diamagnetic
coe�cients of X and XX are decreased for increasing excitation power.
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known to play a crucial role in the charge separation (Re 6= Rh).
6 Provided that the tunneling

towards the direction away from the ring centre is dominated by light electrons, the heavy

hole resides near the ring centre. In this case, Re > Rh (Fig. 4(a)) can be assumed. As strain

due to indium is known to induce an internal electric �eld in InAs and InGaAs QRs,27,28 it

is advantageous for the charge separation. Although GaAs QRs are strain-free during the

gallium droplet formation and crystallisation, a surface surfactant and low substrate tem-

perature are used in order to suppress the migration length of gallium atoms. Therefore,

Ga-rich growth conditions and the lack of As-interdi�usion may give rise to defects at the

interface between the GaAs QR and AlGaAs barrier such as Ga-antisites and As-vacancies.

Consequently, trapped carriers at the defects result in a localised electric �eld ELoc. Suppose

optically excited carriers a�ect ELoc, a potential energy change can be induced in a QR. This

process may give rise to an excitation intensity dependence of the PL energy, diamagnetic

coe�cient, and AB oscillation period.

When an electron-hole pair in a QR is considered (Fig. 4(a) and Supporting Infor-

mation), the total orbital angular momenta (`X = `e + `h) is given by the sum of the

individual orbital angular momentum of an electron and a hole, and the X orbit radius

RX = [(meR
2
e +mhR

2
h)/(me +mh)]

1/2
is de�ned in terms of the orbit radii (Re,h)

? and the

e�ective masses (me,h) for an electron and a hole. According to the simpli�ed one-dimensional

(1D) model, the eigenstates can be given by Ψ`X
X (θX, φ) = ei`XθXψ`X(φ), where two azimuthal

angles are de�ned in the centre-of-mass (CM) coordinate (θX =
meR2

eφe+mhR
2
hφh

meR2
e+mhR

2
h

) and the rela-

tive coordinate (φ = φe− φh) with the individual azimuthal angles of an electron and a hole

(φe,h) respectively. The Coulomb interaction in the relative coordinate is given by

Veh = − e2

4πε

[
(Re −Rh)2 + 4ReRh sin2(

φe − φh

2
)

]−1/2

. (1)

Provided that the e-h pair is tightly bound with the total mass mX = me +mh, the relative

motion can be described by a Gaussian function, ψ`X(φ) ∝ exp{−φ2/(2ξ2
X)} through the
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Figure 4: Schematic diagram of X (a) and XX (b) in a QR. Optical AB oscillations of X
(c,d,e) and XX (f,g,h) were obtained after removing the �tted quadratic functions for an
excitation of P = 1.2 kWcm−2, 5P , and 10P . Theoretical AB oscillations (solid line) were
also compared. The XX binding energy in the absence of B (i) and ∆BX/∆BXX (j) vary for
increasing excitation.
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second order approximation for φ. If the X localisation angle is small enough (ξX < 2π),

the X energy in the relative coordinate (Erel
X ) becomes independent of `X. Therefore, the

electron-hole pair in a QR can be considered as a single particle, and the energy of a rotating

X in a QR under an external B becomes dominated by the energy in the CM coordinate as

E`X
X (B) =

h̄2

2mXR2
X

[
`X +

π(R2
e −R2

h)B

h/e

]2

+ Erel
X , (2)

where Erel contributes as a B-independent constant.

Likewise, a XX in a QR can be considered with a pair of localised Xs (Fig. 4(b) and

Supporting Information), where the total XX orbital angular momentum (`XX = `X1 + `X2)

is given by the sum of the two individual X orbital angular momenta (`X1 and `X2). In this

case, the dipole-dipole interaction between a pair of X dipoles can be described as

Vdd(θ) =
e2(Re −Rh)2

4πεR3
X

(
1 + sin2 θ

2

)
8
∣∣∣sin3 θ

2

∣∣∣ (3)

, which depends on the azimuthal angle di�erence (θ = θ1−θ2) of the two Xs. Vdd(θ) becomes

minimised when the two Xs are maximally separated, i.e. θ = π. Thus, the XX wavefunction

of the relative motion becomes localised near θ = π as ψ(θ) ∝ exp[−(|θ| − π)2/(2ξ2
XX)], and

ξXX ≈ [RX/(Re − Rh)]5/4ξX can be used to characterise the two-X WM. If the quantum

�uctuation size is small (ξXX < π/2), the XX energy of the relative motion (Erel
XX) can be

considered `XX-independent. Consequently, the total XX energy is also dominated by the

energy of two Xs in the CM coordinate, and Erel
XX becomes a B-independent constant as

E`XX
XX (B) =

h̄2

2(2mX)R2
X

[
`XX + 2

π(R2
e −R2

h)B

h/e

]2

+ Erel
XX. (4)

By plotting Eq. (2) for B, a series of parabolas are overlapped for various `X states,

and the X orbital angular momentum changes from `X to `X − 1 on the cusps of X AB

oscillations to minimise the energy. Therefore, the X AB oscillation period is given by
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∆BX = (h/e)/(π|R2
e−R2

h|). On the other hand, a saw-like abrupt decrease of the XX energy

is seen at the �rst transition magnetic �eld where `X changes. This can be explained by

the selection rule for the transition between E`XX
XX (B) and E`X

X (B). For example, consider-

ing the XX energy near the transition magnetic �eld where `XX changes from 0 to −1 to

minimise energy, E`X=0
X (B) still remains less than E`X=−1

X (B) due to the long AB oscillation

period of the minimum E`X
X (B) compared to that of the minimum E`XX

XX (B). Therefore, the

selection rule enforces the XX emission transition from E`XX=−1
XX (B) to E`X=−1

X (B), and the

abrupt decrease of XX PL energy corresponds to the energy di�erence between E`X=−1
X (B)

and E`X=0
X (B) at the transition magnetic �eld (Supporting Information).

Although the 1D model provides an intuitive picture for the X in a QR, it needs to be

re�ned with a quasi 1D QR model, i.e. 2Wh < Re,h, where the �nite rim widths of electrons

(2We) and holes (2Wh) are considered. Provided that the radial con�nement potential en-

ergy for electrons and holes can be approximated29,30 as Ve,h(r) ∼ h̄2

2me,hW
4
e,h

(r − Re,h)2, the

eigenenergy (En,m
e,h ) and eigenfunction (Ψn,m

e,h ) of the single-particle states can be obtained

analytically for electrons and holes, which are represented by a radial quantum number (n)

and an angular momentum (m).30 In order to consider the Coulomb interaction, these states

were used to diagonalise the total Hamiltonian numerically. By using the exact diagonal-

isation method, the eigenenergies of X (E`X
X (B)) and XX (E`XX

XX (B)) can be obtained for

various ring orbital angular momentum states (`X,XX = 0,±1,±2,±3, · · ·) (See Supporting

Information).

Experimental AB oscillations of X (Fig. 4(c,d,e)) and XX (Fig. 4 (f,g,h)) were obtained

after removing the �tted quadratic functions for an excitation of P = 1.2 kWcm−2 (Fig.

3(a,d)), 5P (Fig. 3(b,e)), and 10P (Fig. 3(c,f)), respectively. The excitation dependence of

∆BX and ∆BXX is seen clearly. For three excitations P , 5P , and 10P , both the AB oscilla-

tion periods of X (∆BX = 1.97T, 1.85T, and 1.77T) and XX (∆BXX = 0.92T, 0.68T, and

0.48T) were observed to decrease. As the AB oscillations of X and XX are sensitive to the

wavefunction change, ∆BX and ∆BXX can be a measure of the wavefunction susceptibility
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to excitation intensity. Although the detailed wave modi�cation mechanism by ELoc has

not been clari�ed, we suggest that the increased excitation possibly enhances ELoc via the

trapped carriers. Suppose the trapped charge distribution is random and non-uniform, the

excitation dependence can be considered in terms of Re,h and We,h as e�ective parameters.

Because the observed ∆BX and ∆BXX in a QR decrease with increasing excitation, it is

plausible to assume large Re,h regarding ∆BX = (h/e)/(π|R2
e − R2

h|). On the other hand,

the decrease of γX and γXX with excitation (Fig. 3(h)) implies a decrease of We,h. In order

to reproduce the experimental AB oscillation periods and diamagnetic coe�cients of X and

XX for three excitations P , 5P , and 10P , we found the optimum parameters of Re (32.0 nm,

38.4 nm, and 48.0,nm), Rh (20.0 nm, 24.0 nm, and 30.0,nm) and We,h (4.0 nm, 3.8 nm, and

3.6 nm), respectively. It is noticeable that our model does not explain how di�erent exci-

tation gives rise to a modi�cation of the wavefunction in a QR. Nevertheless, we used our

calculations as a reference when experiments were compared.

Given calculation results of E`X
X (B) and E`XX

XX (B) with the optimum parameters (Sup-

porting Information), the AB oscillations (solid lines in Fig. 4(c,d,e,f,g,h)) were also obtained

after removing the quadratic B-dependence terms. The experimental ∆BX and ∆BXX of

both X and XX were successfully reproduced theoretically. However, a magnetic �eld di�er-

ence (δB) is seen as a shift in the oscillation extremum. Because the wavefunction remains

localised for B < Bc due to the anisotropic QR structure, the AB oscillations begin at a

�nite magnetic �eld. It is interesting that δB also changes for increasing excitation. This

result is also consistent with our conjecture, i.e. excitation dependent ELoc modi�es the

potential environment, whereby a full rotational motion around the rim becomes enabled at

a di�erent Bc.

Our quasi-1 model is also useful to estimate the degree of localisation in wavefunctions

of both electron and hole. Given the optimum parameters, we calculated the probability of

�nding either an electron (ρee) or a hole (ρhe) at the position of a �xed electron (See Support-

ing Information). For example, with the optimum condition (Re = 32.0 nm, Rh = 20.0 nm,
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and We,h = 4.0 nm), we found the ρhe of X is comparable to ξX ∼ 25◦ in Fig. 4(a). This

result is also in agreement with the 1D model, where an electron-hole pair in a QR can be

considered as a single particle. On the other hand, in the case of XX, the four-body Coulomb

interaction can be glimpsed through the distribution of the other electron (ρee) and the two

holes (ρhe) with respect to a �xed electron separately (Supporting Information), and this

result is also in an agreement with our 1D model, i.e. a pair of Xs in our QR are localised at

opposite positions as a consequence of the dipole-dipole interaction (Fig. 4(b)). Because the

dipole-dipole interaction between the two Xs is relatively weak compared to the Coulomb

between the electron and the hole, ξXX ∼ 71◦ was obtained.

As shown in Fig. 4(i), we found that the XX binding energy in the absence of B decreases

with increasing excitation. The decreased binding energy of XX for increasing excitation is

consistent with the enlarged orbits of XX in our model. The enlarged orbit radii result in

a short AB oscillation period. For increasing excitation from P to 10P , the ∆BX and ∆BX

becomes decreased by 10% and 40%, respectively. According to the 1D model, the two-X

WM criterion is given in the limited condition of a 1D structure, where the wavefunction

localisation in a widthless rim is strong enough to assume the second order approximation

for φ and θ. Speci�cally, two Xs can be bound as a dimer as long as the pair of Xs ful�lls

ξXX < π/2, whereby the total energy is dominated in the CM coordinate and the decoupled

motion in the relative coordinate becomes a constant. However, when �nite rim widths are

considered in the quasi-1D model, the two-X WM condition looks sensitive to the wavefunc-

tion shape. Although ∆BX/∆BXX = 2 can be obtained in the 1D model by using Eq. (2)

and Eq. (4), ∆BX/∆BXX becomes increased up to 3.72 with increasing excitation (Fig. 4

(j)). Therefore, the decreased XX binding energy seems to deteriorate the WM nature of the

two-body rigidity, and this may explain why a subtle deviation from the XX WM condition

(∆BX/∆BXX > 2) emerges for strong excitation.

In summary, we have found that both X and XX in a single GaAS/AlGaAs QR show an

excitation dependence in the AB oscillation periods and the diamagnetic coe�cients with a
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spectral blueshift. This can possibly be attributed to a modi�cation of the wavefunctions

by optically controllable ELoc at interface defects. While the XX binding energy decreases

for increased excitation, we also found that a gradual deviation from the XX-WM condition

(∆BX/∆BXX = 2) occurs.
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