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We report strong heavy hole-light mixing in GaAs quantum dots grown by droplet epitaxy. Using
the neutral and charged exciton emission as a monitor we observe the direct consequence of quantum
dot symmetry reduction in this strain free system. By fitting the polar diagram of the emission with
simple analytical expressions obtained from k·p theory we are able to extract the mixing that arises
from the heavy-light hole coupling due to the geometrical asymmetry of the quantum dot.
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A large variety of promising applications for self assem-
bled semiconductor quantum dots in photonics and spin
electronics are based on the discreteness of the interband
transitions [1] and on long carrier spin relaxation times
[2, 3]. Combining the two characteristics allows electrical
tuning of the light polarization of single photon emitters
based on quantum dots [4]. Optical preparation, manip-
ulation and read-out of a single spin state [5–8] are gov-
erned by the optical selection rules [9, 10]. For excitons
based on pure angular momentum eigenstates for elec-
trons (ms = ±1/2) and for heavy holes (mj = ±3/2), a
given light polarization can be associated unambiguously
with the optical creation of a certain spin state (solid ar-
rows in the inset of Fig. 1). In the common case of [100]
growth (defining the quantization axis z) the symmetry
of the bulk semiconductor implies that the x and y axis,
[110] and [11̄0], are equivalent (D2d). The conduction
electron is well described as an isotropic particle of spin
±1/2. In contrast, valence hole states are non-isotropic
as the x-y equivalence is lifted in realistic dots due to
strain and/or shape and in plane anisotropy [11]. De-
spite being separated in energy by tens of meV (∆HL

in the inset of Fig. 1), substantial mixing between va-
lence heavy hole and light hole (HH-LH) states has been
reported in strained II-VI and III-V quantum dots [11–
15]. The resulting non pure selection rules in combina-
tion with long carrier relaxation times have allowed the
implementation of very original, high fidelity (≥ 99%)
electron and hole spin initialization schemes [16, 17]. In
addition, HH-LH mixing has been identified as the key
parameter at the origin of the dipole-dipole nuclear spin
mediated hole spin dephasing in quantum dots [14, 18].
The dominant physical origin of HH-LH mixing has been
attributed to lattice strain [11, 12, 19].

This was our motivation to study strain free, individual
GaAs/AlGaAs quantum dots by molecular droplet epi-
taxy [20–23], see [24] for alternative growth method. We
performed detailed, angle dependent polarization anal-
ysis of the photoluminescence (PL) emitted parallel to
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FIG. 1. (Color online) PL spectra of an individual GaAs
quantum dot. Emission from the neutral exciton X0 with fine
structure splitting δ1 = 170µeV and the positively charged
exciton X+. Full squares (open circles) correspond to linearly
polarized emission along [110] ([11̄0]). Solid lines indicate fits
obtained with Lorentzian line shapes. The selection rules for
optical transition between conduction electrons and valence
holes are shown in the inset.

the quantum dot growth direction. We observe, even in
the absence of strain, strong evidence for HH-LH mixing
revealed in the emission of the positively charged exci-
ton X+ (trion: 2 valence holes + 1 conduction electron)
and the neutral exciton X0 (1 hole + 1 electron). Our
experiments show that (i) an asymmetry in the confine-
ment potential due to quantum dot elongation (ii) the
main axis of the quantum dot potential not coinciding
with the crystallographic axis [110] and [11̄0] contribute
to HH-LH mixing. These interpretations are confirmed
by fitting the data with a 6 band k·p model.

Droplet epitaxy allows quantum dot self assembly
in lattice matched systems as it is not strain driven.

http://arxiv.org/abs/1006.0347v1
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The sample investigated here consists of: n-type GaAs
(100) substrate, n-GaAs buffer (400 nm), GaAs (50 nm),
Al0.3Ga0.7As (100 nm), a single layer of GaAs QDs on a
Wetting Layer, Al0.3Ga0.7As (100 nm), GaAs (10 nm).
Detailed spectroscopic analysis, carried out with a con-
focal microscope as in [22], shows (residual) p-type dop-
ing leading to the observation of both X0 and X+. The
PL light emitted along the growth axis z passes through
an achromatic half-wave plate, which can be rotated in
the xy plane, in front of a linear Glan-Taylor polarizer
before detection. The cw He-Ne laser with an energy
of 1.95eV excites carriers non-resonantly in the AlGaAs
barrier. The laser is linearly polarized to avoid any dy-
namic nuclear polarization and to assure that an equal
proportion of carriers in spin up and down states relaxes
towards the dot. All the experiments are performed at
T = 4K.

Single dot PL spectra show three transitions that we
attribute to the X0, the X+ and the neutral biexciton
2X0 (2 electrons + 2 holes). This attribution is based on
measurements of PL intensity as a function of Laser ex-
citation power (not shown) and analysis of the fine struc-
ture (Fig. 1). In the absence of nuclear spin effects the
X+ shows as expected no fine structure [25]. To verify
if the conduction electrons recombine indeed with pure
heavy hole states ψ±3/2, we measure the dependence of
the linearly polarized PL intensity as a function of the
angle with the crystallographic axis for the X+, see Fig.2
A. In the X+ ground state the two valence holes are in
a spin singlet state (total spin S=0) and the anisotropic
Coulomb exchange interaction with the conduction elec-
tron cancels out to zero. This makes the X+ emission
an ideal probe for the quantum dot symmetry [11]. For
a conduction electron recombining with pure heavy hole
states the polar diagram in Fig. 2A would show a perfect
circle. We make two important observations: (i) a clear
distortion of the circular pattern resulting in elliptical
polarization (ii) neither the maximum nor the minimum
of the ellipse are aligned with [110] and [11̄0] (note the
tilt by an angle ξ ≈ 6◦ in the figure).

There is no HH-LH mixing for the valence ground state
of an unstrained, flat cylindrical dot with circular base
and perfectly symmetrical interfaces i.e. the strength of
the HH-LH coupling x = |I|/∆HL ≪ 1 where the modu-
lus of the matrix element I couples HH and LH states in
the Luttinger-Kohn (LK) Hamiltonian. To interpret our
data, we have performed calculations based on only one
deviation from this ideal dot: we assume an elliptical base
with two symmetry axis in the xy planes as suggested by
AFM measurements. Along z an infinite quantum well
potential is used, in the xy plane an harmonic oscillator
potential [26]. For strain free dots only the LK Hamil-
tonian is taken into account, unlike for strained dots,
where the Bir-Pikus Hamiltonian dominates [11, 12]. The
resulting Hamiltonian is treated through the envelope
function approximation. Concerning the elliptical polar-
ization pattern, the recombination of electrons with LH
states ψ±1/2 is associated with photon polarization ex-
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FIG. 2. (Color online) (A) Polar plot of the charged exci-
ton X+ emission intensity for different positions of the linear
polarization analyzer relative to [110] crystallographic direc-
tion. (B) Neutral excitons X ′ (gray) and Y ′ (red). The solid
(black) lines indicate the theoretical calculation. by fitting
with Eqs. (1)-(3) we obtain β = 0.25.

actly opposite to that of HH transitions ψ±3/2 (dotted ar-
rows in Fig. 1A), resulting in elliptical polarization. The

mixed states are ψ̃±3/2 =
(

ψ±3/2 + βψ∓1/2

)

/
√

1 + |β|2
where β = eiξ

(

1−
√
1 + 4x2

)

/2x. Subsequently the op-
tical selection rules with the usual oscillator strength ra-
tio fHH/fLH = 3 : 1 are applied. The tilting of the polar
diagram of the trion is controlled by ξ = arg (I). The
PL intensity as a function of the angle of the analyzer in
Fig.2 A can be very well fitted by the function

L (θ) = c
[

a2 + b2 − 2ab cos 2 (θ − ξ)
]

(1)

where a =
√

x |β| / (3− 6x |β|), b =
√

x/ |β| (1− 2x |β|),
and the ratio between the electron-LH and electron-HH
overlap integrals 〈 ψhh | ψe〉 / 〈 ψlh | ψe〉 ≈ 1. The fit-
ting parameter c is proportional to the oscillator strength
of the optical transition between pure HH and conduc-
tion states. The ratio η between the two axis of the
elliptical polarization plot is directly related to the HH-
LH mixing coefficient and can be expressed as η =
(√

3− |β|
)2
/
(√

3 + |β|
)2
. The ratio η being different

from unity is a direct consequence of the elliptical base
of the quantum dot, see Fig. 2A. The fit of L (θ) with
the experimental data shown in Fig. 2A yields c = 0.18,
x = 0.27 and a tilting angle of ξ ≈ 6◦. This allows us
to extract for the dot in Fig. 2A η ≈ 0.57 and a strong
mixing |β| = 0.25 which lies within the typical range
0.16 < |β| < 0.3 for strain free dots in our samples, com-
pared to 0.2 < |β| < 0.7 reported for strained InAs, CdSe
and CdTe dots [11–13].
Concerning the observed tilting angle ξ of the polar-

ization plot with respect to [110]: this depends on the
tilting angle φ of the main dot axis with respect to the
crystallographic axis and on (γ2 − γ3) / (γ2 + γ3) (which
is taken to be is zero in the spherical approximation),
where γ2,3 are the Luttinger parameters. As a conse-
quence, the direction of the polarization tilt is not neces-
sarily parallel to that of the dot elongation. The tilting
angle ξ of the polarization plot is zero if the quantum
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dot base is of perfectly circular shape and more interest-
ingly, if φ = nπ/4, where n ∈ Z. Moreover it is maximal
for φ = π/8 + nπ/4. This is a direct consequence of the
four-fold rotational symmetry of the crystal structure.

As expected the X0 shows a fine structure, see Fig. 1.
The two bright X0 states |X〉 = (| ⇑, ↓〉+ | ⇓, ↑〉) /

√
2 and

|Y 〉 = (| ⇑, ↓〉 − | ⇓, ↑〉) /i
√
2 are separated in energy by

δ1 ≡ EX −EY due to anisotropic electron hole exchange
[27]. Here ⇑ (⇓) stands for the heavy hole pseudo spin
up (down) and ↑ (↓) for the electron spin up (down) pro-
jections onto the z-axis. The same splitting |δ1| is found
for the 2X0, but as expected with the order of the peaks
reversed. The results for the X0 are due to competition
between structural asymmetry of the dot and asymmetry
of the electron hole exchange. For pure heavy hole states,
two states |Y 〉 and |X〉 are polarized along [110] and [11̄0].
Our diagram in Fig. 2B shows that the actual eigenstates
of the system are given by |X ′〉 = cosϕ|X〉 − sinϕ|Y 〉
and |Y ′〉 = sinϕ|X〉+cosϕ|Y 〉 where 2ϕ is the argument
of the matrix element that couples the two HH exciton
states due to anisotropic exchange interaction. The emis-
sion intensity of the |X ′〉 and |Y ′〉 excitons as a function
of the angle of the analyzer can be expressed as

LX′ (θ) = c [a cos (θ + ϕ− 2ξ) + b cos (θ − ϕ)]2 , (2)

LY ′ (θ) = c [a sin (θ + ϕ− 2ξ)− b sin (θ − ϕ)]
2
. (3)

In Fig. 2B the thick lines indicate the polar diagrams of
the |X ′〉 (gray) and |Y ′〉 (black) excitons fitted with the
same parameters as for the trion in Fig. 2A underlining
the consistency of our model. We observe two transitions
|Y ′〉 and |X ′〉 that are not aligned along [110] and [11̄0].
Although the angle between the polar diagrams of |Y ′〉
and |X ′〉 in Fig. 2B is approximately 90◦, the theory

allows for non perpendicular diagrams.
In summary we have measured the neutral and charged

exciton emission intensity of GaAs quantum dots grown
by droplet epitaxy. We studied the emission of both
quasiparticles within the LK Hamiltonian theory and
the envelope function approximation. First we have
shown that the narrowing of the polar diagram of the
charged exciton’s emission intensity depends strongly on
the shape asymmetry of the quantum dot that is respon-
sible for the mixing of HH and LH states (through the
Luttinger-Kohn Hamiltonian matrix element I) even in
the absence of strain. Interesting new effects could arise
from further anisotropy (electric field or composition gra-
dient along the z axis) coming from coupling between
bright and dark exciton states. Second we have found
that the tilting of the polar diagram is not in general
parallel to that of the dot elongation and depends on (i)
the difference in the γ2 and γ3 Luttinger parameters and
(ii) the angle between the main axis of the quantum dot
and the [110] direction of the crystal; under the spherical
approximation, i.e. γ2 = γ3, the calculated tilting is zero.
Third, we obtained expressions for the PL polar inten-
sity of the |X ′〉 and |Y ′〉 exciton states that are not in
general perpendicular. The angle between them is tuned
by the anisotropic exchange interaction between the hole
and the electron. Our work suggests that the strong ef-
fect of shape anisotropy on HH-LH coupling should also
be included in a complete analysis of PL polarization in
strained Stransky-Krastanov type QDs.
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M. Chamarro, Phys. Rev. Lett. 102, 146601 (2009).

[15] H. Kurtze, D.R. Yakovlev, D. Reuter, A.D. Wieck, and
M. Bayer arXiv 0905.1586.

[16] M. Atature, J. Dreiser, A. Badolato, A. Hogele, K. Kar-
rai, and A. Imamoglu, Science 312, 551 (2006).

[17] B. D. Gerardot, D. Brunner, P. A. Dalgarno, P. Öhberg,
S. Seidl, M. Kroner, K. Karrai, N. G. Stoltz, P. M.



4

Petroff, and R. J. Warburton, Nature 451, 441 (2008).
[18] X. Xu, W. Yao, B. Sun, D. G. Steel, A. S. Bracker,

D. Gammon, and L. J. Sham, Nature 459, 1105 (2009).
[19] K. Kowalik, O. Krebs, A. Lemâıtre, J. A. Gaj, and
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