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Polarization conversion of excitonic photoluminescence under zero and nonzero magnetic
fields in single InAlAs quantum dots

R. Kaji∗, T. Shindo, S. Adachi, S. Muto

Department of Applied Physics, Hokkaido University, N13 W8, Kitaku, Sapporo 060-8628, Japan

Abstract

We demonstrated the circular to linear polarization conversion in single InAlAs/AlGaAs QDs. Since the anisotropic exchange
interaction acts on the photo-created exciton spin as an in-plane effective magnetic field, the polarization of emissions can be
converted from circular to linear and vice versa even under a zero external magnetic field. By using the quasi-resonant excitation,
high conversion ratio up to∼50% was obtained under nonzero longitudinal magnetic field. Additionally, exciton spin relaxation
time and built-in linear dichroism were estimated by exciton spin dynamics in the 3D pseudospin precession model.
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1. Introduction

Dynamics of localized spins in the semiconductor quantum
dots (QDs) are attractive from both fundamental and practical
points of view. For the application to quantum information pro-
cessing [1], as well as QD lasers and single-photon sources,
the polarization of the emitted photon associated with the ex-
citon annihilation is one of the key quantities. For ideal QDs,
the eigenstates are bright excitons formed by the circularly po-
larized photon with the angular momentum±1, and the polar-
ization of the emission is detected as circularly polarized one
(σ+ or σ−) via the selection rule of optical transitions. How-
ever, actual QDs contain the anisotropy of the shape and strain
distribution originated from the QD formation process, and as
a result, the confinement potential symmetry is reduced from
D2d to C2v or lower. Since the anisotropic exchange interac-
tion (AEI) caused by the symmetry reduction works as an in-
plane magnetic field effectively, the precession of exciton spin
with frequencyΩexc = δb/~ can be observed even under a zero
external magnetic field. Here,δb is the exciton fine structure
splitting (FSS) and is of several tensµeV for typical InAlAs
QDs. Consequently, AEI modifies the exciton eigenstates from
|±1〉 to |+1〉 ± |−1〉, and at the recombination lifetime, the po-
larizations are converted to linear ones (x or y). In the sense
that an exciton created with circularly polarized photon tends
to emit the linearly polarized photon, this phenomenon can be
interpreted as “polarization conversion”. A lot of works related
to similar conversion in the QD ensembles have already been
reported so far (for example, for InAlAs/AlGaAs QDs [2] and
CdSe/ZnSe QDs [3]). Yet, it is difficult to deduce the intrin-
sic parameters from ensemble average over QDs containing the
inhomogeneous shape and strain distribution.
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In this work, we demonstrate the polarization conversion
for single InAlAs/AlGaAs QDs. The quasi-resonant excitation
brings the high conversion efficiency under zero and nonzero
longitudinal magnetic fields. Additionally, considering the ex-
citon spin dynamics based on a simple coherent precession
model permits us to estimate the exciton spin relaxation time
and built-in linear dichroism.

2. Experiments

We used self-assembled In0.75Al0.25As/Al0.3Ga0.7As QDs
which were grown on a (100) GaAs substrate by molecular
beam epitaxy [4]. Atomic force microscopy measurements on
a reference,i.e. uncapped QD with the same growth conditions
revealed that the average height and diameter of QDs are∼4
and∼20 nm with the areal QD density of∼5 × 1010 cm−2. To
perform the single QD spectroscopy, small mesa structures with
typical diameter∼150 nm were fabricated by wet etching and
electron beam lithography.

A cw-Ti:Sapphire laser (∼1.664 eV) was used to illuminate
the QD sample. As we shall see later, this photon energy cor-
responds to the quasi-resonant excitation for a target InAlAs
QD. The photoluminescence (PL) signals were collected by an
objective lens, and were detected with the triple-grating spec-
trometer (f=0.64 m) and the liquid nitrogen cooled Si-charge
coupled device array. Though the energy resolution of our setup
is ∼12µeV, it can be improved to 5µeV by the spectral fitting.
The measurement temperature was kept to∼5 K, and a mag-
netic field up to 5 T was applied in Faraday geometry (B ‖ k).
The excitation polarization was fixed toσ+ or σ− by a quarter-
wave plate and the polarization of PL spectra were analyzed
with a half-wave plate (HWP) and a polarizer inserted in the
detection path before the spectrometer.
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Figure 1: (a) The results of PL excitation spectra detected at the PL energies of
X0, X+, and XX0. Their charge states are assigned with a variety of measure-
ments such as the exciton fine structure splitting, time-resolved recombination
lifetime, and so on [8]. At the energy of 1.664 eV (∼43 meV above the X0

PL energy), X0 PL is observed dominantly. (inset) PL spectra of the target sin-
gle QD with wetting layer excitation (gray line) and quasi-resonant excitation
(black). (b) 3D-plot of X0 PL intensity. (c) Energy shift (open circles) and
DLP (closed circles) under circularly polarized excitation. In both figures, the
detection angleϕ was used as a function.

3. Results and Discussion

3.1. Without magnetic field

To study the circular to linear polarization conversion, ef-
ficient generation and injection of bright excitons into their
ground states are required. For this purpose, the excitation
energy was tuned to 1LO resonance of the exciton ground
state. As well known for InAlAs/AlGaAs QDs [2], CdSe/ZnSe
QDs [3], InAs/GaAs QD [5], LO phonon-assisted excitation
causes the fast energy relaxation of photo-created excitons with
preserving the degree of spin polarization, and correspondingly
is feasible for effective injection of the exciton with high spin
polarization.

Fig. 1 (a) shows the time-integrated PL detected at the PL en-
ergy of neutral exciton (X0), neutral biexciton (XX0) and posi-
tively charged exciton (X+) varying the excitation energy (Eex)
under a zero magnetic field. In the case of the wetting layer ex-
citation (Eex ∼1.70 eV), as shown by the gray line in the inset,
not only X0 PL but XX0 and X+ can be observed simultane-
ously, and they decreased gradually with decrease of Eex. At
Eex =1.664 eV (∼745 nm), only X0 indicates the abrupt in-
crease (black line of the inset), which is identified as the LO
phonon-assisted excitation. All of the experimental data shown
hereafter were obtained with this excitation energy.

When the polarization of X0 emissions was analyzed with a
rotating HWP and a polarizer, not only the PL energy (Fig. 1 (c)
open circles) but the intensity (Fig. 1 (b)) show the periodical
changes under a circularly quasi-resonant excitation. In those
figures, the detection angleϕwas varied. The peak-to-peak am-
plitude of energy shift of∼50 µeV corresponds to the exciton
fine structure splitting (δb), and the intensity modulation sug-
gests the observation of the circular to linear (C→L) polariza-
tion conversion. In this paper, the degree of linear polarization

(DLP) is used as a key index of the conversion efficiency, and
defined asρ =

(
Iϕ − Iϕ+π/2

)
/
(
Iϕ + Iϕ+π/2

)
. Here, Iϕ(Iϕ+π/2) is

the PL intensity in theϕ (ϕ + π/2)- frame. As shown in Fig. 1
(c), we observed the DLP of about 20% for X0 PL under a zero
magnetic field.

3.2. Model calculation
For more detailed analysis, we introduce the exciton pseu-

dospin description. If we treat the bright exciton doublet|±1〉
as an effective 3D pseudospin withS=1/2, the exciton spin state
can be depicted as a vectorS in Bloch sphere. Additionally, the
mutual conversion was considered betweenS andρ which is
a vector in Poincare sphere representing the light polarization.
In this picture, the dynamics of the exciton spin (to be more
exactly “pseudospin”) is described by the following rate equa-
tion [3, 6],

∂S
∂t
= Ω × S− 1

τs

(
S− Peq

)
− 1
τR

(S− Pex) (1)

whereτs andτR are the exciton decay times caused by the spin
relaxation and recombination, respectively. The vectorPex =

(Pl ,Pl′ ,Pc) is the excitation polarization vector in Poincare
sphere, and is copied as the initial spin state in Bloch sphere.
Here Pl andPl′ are the DLP along [1̄10] and [100] crystallo-
graphic axes, andPc is the degree of circular polarization (DCP:
projection to [001]). The first term of the rhs of Eq. 1 represents
the coherent spin precession induced by the effective fieldΩ,
and second (third) term explains the decay of spin vector due to
the exciton spin relaxation (recombination). Under a zero exter-
nal field, the torque vectorΩ can be written asΩ = (Ωexc,0,0),
and lies in the equatorial plane of the sphere. It is noteworthy
that the polarization equilibriumPeq = (Yl ,0,0) is included in
this model. Yl leads to the convergence direction ofS in xy-
plane. Here,Yl is used as a parameter of built-in linear dichro-
ism of QD, and originates from the effects of valence-band mix-
ing and thermalization. Although the main origin ofYl has not
been identified yet, this treatment brings a flexible way to the
calculation. For simplicity, we assume thatYl has the same sign
with Ωexc and is in the [1̄10] axis. The information of steady
stateS is transferred toρ when the exciton is recombined, and
gives the polarization of the emission. By using the Stokes pa-
rametersρl , ρl′ andρc, which describe the DLP along [110],
[100] and the DCP,ρ can be written asρ = (ρl , ρl′ , ρc) where

they satisfy the following relation;|ρ| =
√
ρ2

l + ρ
2
l′ + ρ

2
c ≤ 1.

From Eq. 1, the steady states of the polarizations can be de-
rived as follows;

ρl =

(
Yl

τs
+

Pl

τR

)
Ts (2)

ρl′ =
Ts

τR

[
Pl′

1+ (ΩexcTs)
2
− ΩexcTsPc

1+ (ΩexcTs)
2

]
(3)

ρc =
Ts

τR

[
Pc

1+ (ΩexcTs)
2
+
ΩexcTsPl′

1+ (ΩexcTs)
2

]
(4)

Here, Ts is the exciton spin lifetime and is represented as

Ts =
(
τ−1

R + τ
−1
s

)−1
. As shown by Eqs. 3-4, the polarization
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Figure 2: (a) Polar plot of the calculated DLP forσ+ andσ− polarized exci-
tation. Depending on the the sign ofPc, polarization axis varies to 2∆θ. (b)
and (c)δb-dependence of∆θ changingτs (b) andYl (c). By measuring∆θ for a
number of InAlAs QDs with differentδb, we can estimateτs ∼4τR andYl ∼0.5.
Solid diamonds indicate the experimental data and curves show the calculation
varying theτs/τR from 1 to 10 every 1 step (b) andYl from 0.1 to 1 every 0.1
step (c).

conversion from circular to linear (Pc → ρl′) and vice versa
(Pl′ → ρc) can be predicted. It should be noted that the ob-
served DLP can be written asρ(ϕ) = ρl cos(ϕ)+ρl′ sin(ϕ) in the
laboratory frame.

Let us consider the phase difference of DLP depending on the
excitation orientation. The initial spin states created by circu-
larly polarized photons (σ+, σ−) are positioned at the poles of
Bloch sphere. Though each vector starts the precession around
Ω, the axes of observed DLPs are also symmetrical as for [11̄0]
because bothΩ andYl distributions are directed to [1̄10] in our
assumption. If the variation of DLP axis from [11̄0] is defined
as∆θ, the angle difference of 2∆θ is observed from theσ+ and
σ− excited DLP curves (Fig. 2 (a)). We measured the∆θ for
a number of InAlAs QDs with the different FSS and plotted
as a function ofδb in Fig. 2 (b) and (c). In those figures, the
calculated curves are depicted by changingτs/τR and Yl , re-
spectively. From both figures, it is shown that∆θ decreases
with increasingδb. If a QD has a largeδb, the spin vector pre-
cesses with a large angular frequency, and the steady state value
comes close toYl regardless of the excitation polarizationPex.
As a result,∆θ reduces with increasingδb. Compared with the
calculation curves, the spin relaxation time of neutral exciton
τs and the polarization equilibriumYl can be estimated roughly
by using the recombination lifetimeτR =0.75 ns, which is ob-
tained by time-resolved PL measurements via a streak camera
for a single InAlAs QD in the same sample. SinceYl , τs, and
τR may be different for individual QDs, dispersion from calcu-
lated curves is observed. However, many QDs are around the
curve withτs ∼4τR, Yl = 0.5, which are typical for average
In0.75As0.25As QDs. The obtained spin relaxation time agrees
well with our previous results evaluated by the four-wave mix-
ing technique for the same In/Al-ratio QD ensemble under a
zero magnetic field (τs ∼5τR [7]), and the photon correlation
method for a single InAlAs QD (τs ∼3.6τR [8]).

Figure 3: (a) Sketch of spin and torque vectors in Bloch sphere under longitudi-
nal magnetic field. (b) Contour plot of C→L conversion for the target QD with
δb =50 µeV andgX =2.20; experimental results (upper panel) and calculated
one (lower panel) as functions ofBz andϕ. Other parameters used in the calcu-
lation areτR =0.75 ns,τs =3 ns,Yl =0.5, respectively. (c) Cross-section curve
at the dashed line in (b). At the external fieldBz ∼ δb/gXµB, the maximum
value of DLP was observed.

As seen in this section, the spin precession model and the
introduction ofYl offer a helpful way for the intuitive under-
standing of the exciton spin dynamics. However, high DLP
under a zero magnetic field as shown in Fig. 1 (c) cannot be
obtained only by the effect ofYl . In order to explain this high
DLP, we shall consider the effect of optically created nuclear
field (BN). As widely known, a continuous circular polarized
excitation brings a non-zero magnitude ofBN, which works as
an additional magnetic field alongz-direction. With an effec-
tive formation ofBN via a positively charged exciton state by
wetting layer excitation (i.e. non-resonant excitation), Belhadj
et al. demonstrated the efficient polarization conversions under
a zero magnetic field for single InAs QDs [9]. Although our ex-
perimental conditions (zero-magnetic field, quasi-resonant ex-
citation) suppress largeBN formation, even a smallBN corre-
sponding to the energy shift of∼5 µeV induces the observed
high DLP [10]. More quantitative discussion will be seen else-
where.

3.3. Under longitudinal magnetic field

In order to investigate the exciton spin dynamics more in de-
tail and to achieve more efficient polarization conversion, simi-
lar experiments (that is, C→L conversion) under the longitudi-
nal magnetic fieldBz were performed for a typical single QD.
Bz lifts the torque vector off the xy-planeΩ = (Ωexc,0,ΩZ) as
shown in Fig. 3 (a).ΩZ is the precessional frequency due to
the Zeeman splitting, and written asΩZ = gXµBBz/~, where
gX is the exciton g factor in growth direction andµB is Bohr
magneton. For this InAlAs QD,gX is found to be 2.20±0.01 by
magneto-PL measurement under linearly polarized excitation.
Fig. 3 (b) shows 2D-plot of DLP of X0-PL as functions ofBz

andϕ (upper panel). Not only the DLP amplitude but its pattern
is reproduced very well by the calculated shown in the lower
panel. Here the following parameters were used;τR = 0.75 ns,
τs =3 ns, andYl =0.5.
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In addition, we shall consider the slant of DLP pattern ob-
served in Fig. 3 (b). Compared with the calculated results, the
angle at which maximum (or minimum) of DLP is detected is
slightly tiled with respect toBz. At the present stage, the effec-
tively inclined magnetic field seems plausible candidate for the
origin of this slant. If the sample growth axis and an external
field B are not parallel for some technological reasons, in-plane
component of the torque vector (Ωx) changes its magnitude and
direction depending onB. Since the direction ofΩx decides the
polarization axis, the observed DLP pattern may be distorted
by an effectively changing in-plane magnetic field. Though this
slant pattern could be explained in the same model, more de-
tailed discussion needs other experimental verification.

Let us focus on the profile (Fig. 3 (c)) at the dashed line in
the 2D plot (Fig. 3 (b)). At|Bz| ∼0.35 T, the DLP shows the
maximum (minimum) whenBz was positive (negative). Zee-
man splitting induced by this field has just the same energy of
FSS (i.e. δb ∼ gXµBBz), and the conversion efficiency reaches
∼50%, which is the maximum value predicted by the above
model (Eq. 1). Further increase of|Bz| reduces the DLP am-
plitude, and this indicates the polarization of emitted light is
close to circular. Since the magnetic confinement corrects the
potential asymmetry, the effect of AEI will be diminished un-
der a large magnetic field (∼several Teslas). In addition, the
amplitude of DLP is the asymmetric aboutBz =0 line. This can
be explained by the effect of spin equilibriumYl . In the case
of Bz > 0, the observed DLP (strictly speaking,ρl) increases
from the initial value becauseΩ (or S) andYl are in the same
half sphere (x ≥ 0). However in the caseBz < 0, sinceΩ
directs oppositely andS precesses in the half sphere (x ≤ 0)
which does not containYl , S is relaxed gradually intoYl during
the precession. Consequently, DLP becomes small. Though the
precise evaluation of its magnitude is difficult, this fact implies
Yl has some finite value and can be estimated as∼0.5 for this
target QD. The calculated results usingYl =0.5 andτR =0.75
ns, were obtained as shown by the solid curve in Fig. 3 (c), and
τs is roughly estimated to be 3 ns. This is quite consistent with
the estimation ofτs ∼4τR obtained under a zero magnetic field.

4. Summary

In summary, the circular to linear polarization conversion
was investigated for single InAlAs QDs under zero and nonzero
magnetic fields. Quasi-resonant excitation made possible to in-
ject the highly polarized exciton spin, and consequently the po-
larization conversion with high efficiency∼50% was achieved
under a longitudinal magnetic field. Regarding the bright exci-
ton doublets as two-level system, the dynamics was very well
described by a simple rate equation which includes the spin
equilibrium due to built-in linear dichroism. Measuring the an-
gle difference of DLP or the conversion efficiency,Yl andτs/τR
were estimated. By using the recombination lifetimeτR =0.75
ns which obtained by other independent measurement, we eval-
uatedτs andYl as∼3 ns and 0.5, respectively for the target QD.
The obtainedτs under the magnetic fields was in good agree-
ment with our results for the same InAlAs QD without a mag-
netic field. This long spin relaxation, exceeding the recombina-

tion lifetime, gives the valuable information on the aforemen-
tioned applications.
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