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Abstract. We studied the optical Aharonov-Bohm effect for an exciton in a semiconductor
quantum ring. A perpendicular electric field applied to a quantum ring with large height, is able
to tune the exciton ground state energy such that it exhibits a weak observable Aharonov-Bohm
oscillations. This Aharonov-Bohm effect is tunable in strength and period.

1. Introduction
The electron and hole wave functions acquire an extra phase when moving in the presence of
a perpendicular magnetic flux. The phase difference between the electron and the hole wave
function can be observed through photoluminescence (PL) experiments, which exhibits an optial
Aharonov-Bohm (AB) effect. Experimentally, this effect has been reported in PL measurements
of radially polarized neutral excitons in a type-II quantum dot structure. [1, 2]. But the optical
AB effects will be strongly suppressed [3] when both the electron and the hole are spatially
confined within the same geometry, i.e. in a quantum ring (as in a type-I quantum dot).
Theoretically, this optical AB effect in a quantum ring can be enhanced when the exciton is
radially polarized, either by the application of an external electric field [6, 7] or due to a radial
asymmetry in the effective confinement for electrons and holes [8, 9].

Studies [3, 8, 9] on one dimensional rings predict that for a quantum ring whose radial size is
comparable to the exciton Bohr radius (in the weakly bound regime), the ground state energy
can display a nonvanishing AB oscillation. However, numerical calculations on two dimension
narrow rings [4, 5] show that there is no AB oscillation observable for the exciton ground state
energy, except for some low-lying energy levels. [5]. In this paper, we calculate the exciton
energy in three dimension volcano-like quantum rings by using the configurational interaction
method for small quantum rings where the exciton is in the weakly bound regime. We found
that for such quantum rings with large height and in the presence of a strong perpendicular
electric field, the exciton ground state energy shows a weak but nonvanishing Aharonov-Bohm
oscillation as function of the external magnetic field.

2. Model
The geometry of the quantum ring is schematically depicted in Fig. 1: a volcano-like GaAs ring
surrounded by a Al0.3Ga0.7As barrier. We consider a ring with inner (ourter) radius R1 = 8
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Figure 1. Schematics of the
volcano-like quantum ring made
of GaAs with Al0.3Ga0.7As as the
barrier material. Here h1 = 0.5 nm,
h2 = 8 nm, R1 = 8 nm and R2 = 14
nm. Inset: the cross section of the
quantum ring in the ρ-z plane.

(R2 = 14) nm, which is sufficiently small such that the exciton is in the weakly bound regime
(the effective Bohr radius here is about 12 nm). In GaAs, the electron and hole effective mass
are me/m0 = 0.063 and mh/m0 = 0.51, respectively. The static dielectric constant is ε = 12.5ε0

and the band gap is Eg = 1.42 eV at helium temperature. While for Al0.3Ga0.7As, we have
me/m0 = 0.082, mh/m0 = 0.568, ε = 12.5ε0, and a band gap of Eg = 1.78 eV. There is a band
gap difference of ΔEg = 360 meV between GaAs and Al0.3Ga0.7As, which leads to a conduction
band offset of ΔEc = 250 meV and valence band offset of ΔEv = 110 meV.

In a three dimensional semiconductor quantum ring, the full Hamiltonian of the exciton
within the effective mass approximation is given by

Htot =
∑

j=e,h

(
�Pj + qj

�Aj

) 1
2mj

(
�Pj + qj

�Aj

)
+ Vc (�re − �rh) +

∑
j=e,h

Vj(�rj) − eEze + eEzh, (1)

with Ve(�re) (Vh(�rh)) the confinement potential of the electron (hole) due to the band offset
of the two materials. We take Ve(h)(�re(h)) = 0 inside the ring and ΔEc(v) outside the ring.
Vc (�re − �rh) = e2/4πε| (�re − �rh) | is the Coulomb potential between the electron and the hole.
As the difference in the dielectric constant and in the lattice constant of GaAs and Al0.3Ga0.7As
is very small, we do not take the dielectric mismatch effect and strain into account, as it is
negligible as compared to the other terms. The last two terms of Eq. (1) are the potential
energy in the presence of a perpendicular electric field E.

3. Results and discussions
We calculate the total exciton energy by using the configurational interaction (CI) method. The
total Hamiltonian is diagonalized in the space spanned by the product of the single particle
states. The Hamiltonian of the exciton is Htot = He + Hh + Uc, with He(h) the single particle
Hamiltonians, and Uc the Coulomb energy.

We first solve the single particle Schrödinger equation. As the electric field is applied in
the perpendicular direction, the system is cylindrical symmetric and the single particle wave
function is of the form Ψ(ρ, z, θ) = ψne(h)

(ρ, z)e−ile(h)θ. After averaging out the angular part
of the wave function, we calculate ψne(h)

(ρ, z) by solving the resulting 2D Schrödinger equation
using the finite element method:
(
− h̄2

2me(h)

( ∂2

∂z2
+

∂2

∂ρ2
+

1
ρ

∂

∂ρ
−

l2e(h)

ρ2
− q2B2ρ2

4me(h)

)
− qBle(h)h̄

2me(h)
+ V (�re(h)) + qEze(h)

)
ψne(h)

(ρ, z)

= Eρ,zψne(h)
(ρ, z), (2)

where q is −e for electron and e for hole.
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Figure 2. Single particle energy levels of (a) the electron and (b) the hole for ne = 1(solid line),
ne = 2(dash line) and different values of le. The top (bottom) subplot is for E = 0 (E = 200
kV )

Figure 2 shows our numerical results for the magnetic field dependence of the electron (hole)
energy for different values of the quantum number ne(h) and le(h)(le = −lh), in the presence of
a perpendicular electric field directed from the bottom to the top of the ring structure. Notice
that the energy difference between levels with the same angular quantum number l and different
n are much larger than those between the same n but different l. Both the electron and the hole
ground state energy exhibit angular momentum transitions from small absolute values of angular
moment l to large ones. But as the inner radius of the ring is small, the period of the oscillation
is large and thus we can only observe few transitions for a magnetic field up to B = 30T . In
the presence of a strong perpendicular electric field, the energy difference between the electron
(hole) levels with different quantum number ne (nh) are smaller (larger). Notice that there is
another angular momentum transition of the hole ground state energy in the B = 30T range.
The reason is that the electric field pushes the hole upwards in the quantum ring where the
effective radius is larger, resulting in Aharonov-Bohm oscillations with a smaller period.

As a result of the cylindrical symmetry, the total angular moment is a good quantum number.
The exciton wave function is expanded as ΨL (�re, �rh) =

∑
k CkΦk (�re, �rh) for fixed total angular

moment L. Here, Φk (�re, �rh) = ψne(ρe, ze)e−ileϕeψnh
(ρh, zh)e−ilhϕh , with le+lh = L, and k stands

for the collection of indices (ne, nh, le, lh). With these wave functions, we construct the matrix
of the total Hamiltonian and after diagonalizing the obtained matrix, we find the eigenvalues
and eigenvectors. As the energies of the eigenstates with large le (lh) and large ne (nh) are much
larger as compared to the one with small quantum numbers, only several tens of low lying levels
have to be included, in order to obtain sufficient accuracy.

Our results for the exction ground state energy is shown in Fig. 3, the blue (green) line is for
E = 0 (E = 200 kV), we should specify here that the ground state is always the exciton state
with total angular moment quantum number L = 0 for B < 30T . From Fig. 3 no oscillatory
behavior is seen for E = 0 as a function of magnetic field B, which is similar for a two dimension
quantum ring as shown in Ref. 4. The magnetic field dependence of the exciton energy for E = 0
is almost a parabola, but from the second derivative of the energy with respect to the magnetic
field a weak oscillation appears (see inset of Fig. 3). But when we apply a strong perpendicular
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electric field, the exciton ground state energy shows an observable Aharonov-Bohm oscillation.
The reason is that the perpendicular electric field pushes the hole to the top area of the ring with
a larger value of z where the exciton will be more extended in the ρ-direction, while it pushes
the electron to the bottom of the ring. This polarizes the exciton and weakens the Coulomb
interaction between the electron and the hole. From the inset of Fig. 3, we find that although
the applied electric field makes the Aharonov-Bohm effect stronger and more easy to observe,
the period of oscillation increases. The first oscillation ends at B = 18T (B = 20.5T ) for E = 0
(E = 200 kV). We should mention here that in our case the electric field is in the perpendicular
direction, which is different from Refs. 6 and 7 where an electric field in the lateral plane was
applied.

Figure 3. Exciton
ground state energy as
a function of the mag-
netic field, in the ab-
sence (blue) and in the
presence (green line) of
a strong perpendicular
electric field. Inset: sec-
ond derivative of the ex-
citon energy with respect
to the magnetic field.

4. Conclusion
In this paper we studied the ground state energy of a neutral exciton in a semiconductor quantum
ring within the configurational interaction method. No observable Aharonov-Bohm effect was
found for the neutral exciton ground state energy. We showed how a perpendicular electric field
applied to a pyramidical shaped quantum ring is able to induce the Aharonov-Bohm effect.
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