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Symmetry and size effects on energy and entanglement
of an exciton in coupled quantum dots*

Shen Man(Jf, )%, Bai Yan-Kui(/1Z %), An Xing-Tao(% %), and Liu Jian-Jun(Xl|%2%5)2)°) T

a) College of Physics Science & Information Engineering and Hebei Advanced Thin Film Laboratory,
Hebei Normal University, Shijiazhuang 050024, China

b) School of Sciences, Hebei University of Science and Technology, Shijiazhuang, 050018, China

C)Physics Department, Shijiazhuang University, Shijiazhuang 050035, China

(Received 6 August 2012; revised manuscript received 16 October 2012)

We study theoretically the essential properties of an exciton in vertically coupled Gaussian quantum dots in the
presence of an external magnetic field. The ground state energy of a heavy-hole exciton is split into four energy levels due
to the Zeeman effect. For the symmetrical system, the entanglement entropy of the exciton state can reach a value of 1.
However, for a system with broken symmetry, it is close to zero. Our results are in good agreement with previous studies.
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1. Introduction

A system consisting of coupled quantum dots (CQDs)

is called an artificial molecule.!'-3]

CQDs are interesting
because they lead to the appearance of additional spectral
lines. Moreover, they are very useful because of their po-
tential applications not only in quantum device design, but
also in the currently active field of quantum information
processing.[*~71 It has been proposed that quantum bits (qubits)

can be represented by either electron spin states!®~10]

or ex-
citon states.!'"'?] Since the entanglement of qubits plays
an important role in quantum communication and quantum
computation, it is essential to study entanglement in these
systems.[”13] For exciton states, Bayer et al.l'>!*! have the-
oretically predicted that there is a large entanglement in sym-
metric CQDs. However, in a system with broken symmetry,
which may be induced by strain or alloy fluctuation,!'>16! the
entanglement of exciton states has been found to be very small
for both small and large inter-dot distances. Several exper-
iments on optical signatures!'>!”~1° and several theoretical
studies'!'>1%%0] have been devoted to determining the effects
of system asymmetry and external field on exciton entangled
states.

In this paper, we report on exciton states with emphasis
on the energy of the radiative interband transition, the bind-
ing energies, and the behavior of entanglement in CQDs in
the presence of an external magnetic field. By optimizing the
structural and band parameters of the CQDs, the behavior of

the entanglement can be modulated, which is important for
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producing a stable and controllable quantum information pro-
cess. This will lead to a better understanding on the properties
and the applications of the exciton in low-dimensional semi-

conductor systems and quantum computation.

2. Theoretical model

In our model, an exciton is located in the CQDs. The
lateral confinement potential in the xy plane is assumed to
be a harmonic oscillator configuration. Such a parabolic
lateral confinement is known to mimic most of the impor-
tant features of various self-assembled quantum dots (QDs)
and gives results that are in good agreement with those of
experiments.[>!°! Along the longitudinal direction, i.e., the z
direction, the external magnetic field is applied, and the carri-
ers are confined by the Gaussian potential that is based on the

Gaussian distribution of indium concentration

X(z1) = Xoexp(—(zi—a/2)*/Z;?)
+ Xoexp (—(zi +a/2)%/Z,%), (1)

where i = e, h, and X is the indium concentration at the
center of the dot, a is the distance between the centers of
the two QD’s, and Z; (Z) is the half thickness of the right
(left) QD. In Fig. 1, the geometry of the CQDs along the z
direction and the shape of the Gaussian potential are shown
schematically. When Z; is equal to Z,, the system is sym-
metrical. Otherwise, the symmetry is destroyed. The wetting-
layer thickness is expressed as Ty, the barrier thickness is
defined as t = a — Z; — Z», and the spacer thickness is given

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61176089 and 10905016) and the Natural Science Foundation of Hebei

Province, China (Grant Nos. A2011205092 and A2011208010).
fCorresponding author. E-mail: liujj@mail.hebtu.edu.cn
© 2013 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

047101-1


http://dx.doi.org/10.1088/1674-1056/22/4/047101
mailto:liujj@mail.hebtu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 4 (2013) 047101

by d =t+2Z, — TwL. The conduction-valence-band offset
ratio for the InAs/GaAs interface has been estimated to be
70/30.12! Therefore, we can take the longitudinal confinement

potential to be parameterized as follows:

Ve(ze) = —0.7TAE X (ze) )
for the electron and

Va(zn) = —0.3AE X (zp) 3)

for the hole, where AE, = EgG‘JIAS — Eé“AS, with EgaAs and
EénAS being the GaAs and InAs energy gaps, respectively. For
the sake of simplicity, we neglect the dielectric constant dis-
continuity and the effective-mass mismatch in the dot and the

barrier materials. The Hamiltonian is given by

1 e \2 1 e 2
Hx = (Pe + 7A) + (Ph — 7A)
2m c 2my c
1 1
IR 10) + IR (R 7)
62
V. Vi —
+ e(Ze)+ h(Zh) Sreh
+upg.B-S. — upgyB - Sh, “4)

where m} (m}) is the effective mass of the electron (hole) in
the conduction (valence) band; A is the vector potential of
the magnetic field, which can be written as A = B x /2 in
the Coulomb gauge; @, (@) is the harmonic oscillator fre-
quency for the electron (hole); € is the dielectric constant;

Teh = \/()ce —xn)% 4 (Ve — yn)? + (ze — zn)? is the separation
between the electron and hole. The last two terms are the
Zeeman energies, which describe the interaction between the
spins of the carriers and the magnetic field. Here ug is the
Bohr magneton, g5 (g;,) is the electron (hole) effective gyro-
magnetic ratio, and S. (Sy) is the spin vector operator of the
electron (hole).

T WI

(®)

Fig. 1. Schematic illustration of the CQDs. Plot (a) shows the ge-
ometry of the CQDs, and the dashed line shows the contour of the
indium-concentration Gaussian distribution function. Plot (b) gives
the profile of the confinement potential in the growth direction.

With the one-dimensional effective potential model,[>>23]
we can obtain the one-dimensional effective Hamiltonian for

the lowest energy states

HY = E+EB———=5———
X et Eh 2ms dz2 2mj 972
+ Ve(ze) + Va(zn) — Vetr(ze — zn)
+ uBg:BSez - “Bg;BShm ®)]
where
E. = hi\/€2B% /4m3?c? + w?
and

Ey= h\/eng/4mﬁzc2 + o

are the ground state energies of the single electron and the sin-

gle hole in xy plane, respectively;

e2\/w

Vefi(ze —2zn) = >

h

+
i GBAmEC T OF iy 282 JAmi2e? +

|Ze_zh|

x erfcx

(6)

n

m:\/e2B? [4m:*c? 4 o2

miy ) e2B2 [4mi*c? + o

is the one-dimensional effective Coulomb interaction potential, here

erfex(x) = exp(x?)erfe(x)

% exp(x?) /):o exp(—%)dr
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is the exponentially scaled complementary error function.

The exciton energy eigenvalue Ex is used to determine
the energy of the radiative interband transition E; = AE, + Ex,
and the ground state binding energy EZ = E(e) + E(h) — Ex
(E(e) and E(h) are the energies of an electron and a hole in
the CQDs, respectively).

For two distinguishable particles, their entanglement is
quantified by the von Neumann entropy,

S(pe) = —tr(pelog, pe), (7

where pe = try|¥P(re,mh)) (¥(Te, )| is the reduced density
matrix of the electron (|¥(re,m)) is the wave function of the
exciton). The non-zero von Neumann entropy indicates the ex-
istence of entanglement between the positions of the electron
and the hole.

3. Results and discussion

In our calculation, we have chosen parameters appro-
priate for InAs QDs in a GaAs matrix: m; = 0.0404my,
my = 0.350mg, where myq is the free electron mass. gz =
—0.81, gi = —0.74, Xp = 0.67, Ty = 0.54 nm, EJ%AS =
1.5196 eV, Eg" = 0.4105 eV, ha, = hay = 212.5 meV, and
£ = 15.011%24 The z component of the spin angular momen-
tum of the electron is £1/2. Accordingly, the spin of the
heavy hole takes on values of £3/2. We have used a mesh
of 500 x 500 grid points to guarantee the precision.

Figure 2 shows the changes in the exciton energies in the
symmetric system as functions of various system parameters.
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In Fig. 2(a), the dependence of the exciton ground state ener-
gies on the magnetic field is given for the case d = 6 nm and
Z1 = Zp =0.92 nm. We can see that there is a fourfold degen-
eracy in the energy at B = 0 that is lifted when the magnetic
field is nonzero. This is because of the Zeeman interaction
between the exciton spin and the magnetic field. When the
spin orientations are S, = 1/2 and Sy, = —3/2, the Zeeman
splitting yields the lowest exciton energy level. Figure 2(b)
shows the dependence of the radiative transition energies on
the spacer thicknesses and compares the results with experi-
mental data extracted from Ref. [18]. It may be seen that the
calculated transition energies agree very well with the mea-
sured positions of the photoluminescence lines. With decreas-
ing interdot distance the exciton recombination lines exhibit a
clear red shift. This is because the exciton energy decreases
with decreasing spacer thicknesses. This is due mainly to the
reduction in the quantum confinement of the electron and the
hole. Figure 2(c) shows the ground state binding energies of
the exciton as a function of the interdot barrier thickness ¢.
The binding energies first decrease and then increase. This is
because for small barrier thicknesses the tunneling of the car-
riers is very strong, and the coupled Gaussian potential is thus
similar to a single quantum well. As a result, the larger ¢ is,
the smaller the binding energy, until a minimum occurs. For
the case in which ¢ is fixed, the smaller Z; (Z) is, the stronger

the spacial confinement is and the larger the binding energy is.
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Fig. 2. (color online) In the symmetric system, (a) ground state energies of the exciton as a function of the magnetic field ford = 6 nm and Z; =Z, =0.92 nm;
(b) radiative transition energies as a function of the spacer thicknesses for B =0T and Z; = Z; = 0.92 nm, compared with experimental data extracted from
Ref. [18]; (c) binding energies as a function of the interdot barrier thickness for B =8 T.
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Continuing to increase the barrier thickness, the tunneling of
the carriers decreases and the electron and the hole more eas-
ily locate in the same QD, which leads to enhancement of the
binding energy. For fixed 7, a smaller value of Z;(Z;) results
in stronger tunneling of the carriers, i.e., the probability of the
electron and the hole being located in different QDs increases,
which increases the average distance between the electron and
the hole and decreases the binding energy.

In Fig. 3(a) the entanglement entropies of the exciton as
a function of the barrier thickness in symmetric CQDs are
plotted. It can be seen that the entanglement entropies in-
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crease monotonically with increasing barrier thickness and for
the same barrier thickness, the larger the QD’s thickness, the
stronger the entanglement. To facilitate understanding of the
physical reasons for these relationships, in Fig. 3(b) we plot
the wave function distributions of the exciton for four repre-
sentative barrier thicknesses. For t = 2.7 nm, the exciton state
is composed of the intradot states |00) and |11) and the inter-
dot states of |01) and |10) in almost equal proportions. Note
that in this representation, the first (second) index of |i}) gives
the position of the electron (hole), and “0” represents the left
QD and “1” represents the right one.

Z,/nm
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Fig. 3. (color online) (a) Entanglement entropy of the exciton as a function of the interdot barrier thickness in symmetric CQDs with B = 8 T. Part (b) shows
the wave function of the exciton as a function of the electron and hole coordinates for the four locations marked in part (a).

In this case, the exciton state is close to the unentangled
state (|00) + |10) + |01) 4 |11))/2, so its von Neumann en-
tropy is very small. With increasing barrier thickness, the
tunneling of the carriers gradually weakens. The Coulomb
attractive interaction makes the electron and the hole more
and more likely to occupy the intradot states |00) and |11).
That is to say, the exciton states gradually approach the “Bell
states” (|00) £ [11))/v/2. When ¢ > 15 nm, the probability of
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the exciton being located in the interdot states |01) and |10)
is almost 0; the entanglement entropy is 1 and “Bell states”
emerge. These results are in agreement with the theoretical
prediction that there is large entanglement within a symmetri-

12,141 and offers the theoretical proof

cal model for the exciton!
for the design and application for quantum computation.
However, for the asymmetrical CQDs the entanglement

of the exciton state is very small, as can be seen from Fig. 4.

0
ZJ/nm
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Fig. 4. (color online) (a) Entanglement entropy of the exciton as a function of the interdot barrier thickness in asymmetrical CQDs with Z, = 0.92 nm and

B =8 T. The symbols and part (b) have the same meaning as those in Fig. 3.
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Even though the difference of two QDs’ thicknesses is only
0.001 nm, the entanglement entropy changes to a great extent.
Comparing with symmetrical CQDs, we see from Fig. 4(b)
that with the increasing barrier thickness the electron and the
hole both tend to occupy the wider QD, i.e., the exciton state
principally contains the |11) state. The |11) state is completely
unentangled, so its entanglement is zero for the large barrier
thickness. These results are consistent with Ref. [15].

4. Conclusion

In conclusion, we have investigated a number of essen-
tial properties of exciton states in CQDs under the influence
of an applied magnetic field, including the ground state ener-
gies, the radiative transition energies, the entanglement, and
the wave function distributions. The numerical results indi-
cate that symmetry and size have significant influence on the
energy and entanglement of an exciton in CQDs. Our results
are in good agreement with previous studies. We hope our
results are helpful in designing and fabricating practical quan-

tum computer devices.
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