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Optical pumping of electron spins and negative photoluminescence polarization are observed when interface
quantum dots in a GaAs quantum well are excited nonresonantly by circularly polarized light. Both observa-
tions can be explained by the formation of long-lived dark excitons through hole spin relaxation in the GaAs
quantum well prior to exciton capture. In this model, optical pumping of resident electron spins is caused by
capture of dark excitons and recombination in charged quantum dots. Negative polarization results from
accumulation of dark excitons in the quantum well and is enhanced by optical pumping. The dark exciton
model describes the experimental results very well, including intensity and bias dependence of the photolumi-
nescence polarization and the Hanle effect.

DOI: 10.1103/PhysRevB.79.035322 PACS number�s�: 78.67.Hc, 72.25.Fe, 71.35.Pq

I. INTRODUCTION

Absorption of circularly polarized light by a semiconduc-
tor generally leads to optical orientation of electron, hole,
and nuclear spins.1,2 Photogenerated electron-hole pairs
transfer their spin polarization to resident carriers or nuclei,
which retain the polarization long after the photogenerated
carriers have disappeared. In analogy with atomic physics,3,4

the term “optical pumping” refers to the creation of persis-
tent nonequilibrium spin populations. If optical pumping can
be done with high efficiency, it provides a way to initialize
spins in semiconductor quantum dots �QDs� for quantum in-
formation processing.

The polarization of photoluminescence �PL� provides a
measure of electron and hole spin polarizations at the mo-
ment of recombination. PL polarization is typically positive,
meaning it has the same sign as the polarization of the exci-
tation light. However, negative PL polarization is often ob-
served for negatively charged QDs excited by nonresonant
light,5–13 and reduced polarization was observed for charged
GaAs quantum wells �QWs�.14 Negatively charged excitons,
such as QD trions or donor-bound excitons, consist of two
spin-paired electrons and an unpaired hole. Their PL polar-
ization is determined by the polarization of the unpaired hole
spin at the moment of recombination so when their PL po-
larization is negative, it means that the hole has flipped its
spin prior to recombination. Often, a correlation between
negative polarization and optical pumping of resident elec-
tron spins has been observed.

Several mechanisms have been proposed to explain nega-
tive PL polarization. The earliest mechanism is based on the
accumulation of “dark” excitons, which do not recombine
radiatively, in the two-dimensional �2D� continuum above
the QD potential. This was first observed for an ensemble of
InP QDs.5 We studied the effect in individual charge-tunable
GaAs QDs,6 observing details that were not available from
the earlier ensemble measurements. This allowed us to ex-
tend the dark exciton model of Ref. 5, connecting dark exci-
ton accumulation with optical pumping of electron spins.
Cortez et al.7 proposed that negative PL polarization in InAs

QDs under nonresonant excitation is related to electron-hole
exchange interactions in the electron spin triplet states of the
trion. A similar mechanism was used to explain negative PL
polarization observed through resonant excitation of these
triplet states.15 Other mechanisms have been proposed to ex-
plain the effect for QDs containing more than one resident
electron.8,9

In this paper we describe the dark exciton model and the
physical requirements for its applicability. An important ele-
ment is that exciton capture occurs only if the spin of the QD
electron is antiparallel to the electron spin in the exciton. The
model is expressed by a nonlinear system of kinetic equa-
tions, and the solution provides insight into the origin of both
optical pumping and negative PL polarization. The results
reproduce the experimental trends, including the dependence
of PL polarization on intensity, voltage, and transverse mag-
netic field �Hanle effect�. In our analysis, we look at the
connection between negative PL polarization and optical
pumping of resident electron spins, which was observed al-
ready in the work on InP QDs.5 Negative PL polarization is
sometimes assumed to be a clear signature of optical pump-
ing, however, we will discuss situations where each exists
without the other.

The paper is organized as follows. Section II describes the
experimental measurements of PL polarization as a function
of applied bias and pumping intensity. The theoretical de-
scription of the dark exciton model is presented in Sec. III.
We describe simplifying theoretical assumptions and a quali-
tative explanation of the experimental data, followed by
modeling of the bias and intensity dependence of the PL
polarization. Section IV reviews the experimental evidence
for optical pumping and discusses the mechanism of optical
pumping and its implications. In Sec. V, we consider the
present model in relation to the triplet model proposed for
explanation of negative PL polarization in InAs QDs.

II. EXPERIMENT

The QDs used in this work are created by monolayer fluc-
tuations at the interfaces of a GaAs /Al0.3Ga0.7As quantum
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well with a nominal width of 2.8 nm. To allow for the control
of charge in the QDs, the quantum well was embedded in a
Schottky diode heterostructure grown on an n-type GaAs
buffer layer. The layer sequence consists of an n-doped GaAs
buffer layer ��1�1018 /cm3�, 20 nm doped AlGaAs, 80 nm
undoped AlGaAs, 3 nm GaAs QW, 100 nm AlGaAs, and 10
nm GaAs cap. A semitransparent �5 nm� Schottky contact
was evaporated on the surface, and an aluminum shadow
mask �100 nm� with aperture diameters between 500 nm and
25 �m was fabricated on the sample surface for single QD
spectroscopy. The samples were mounted on a nonmagnetic
ceramic package and cooled to 8 K in a cold-finger helium
flow cryostat. The cryostat head was inserted in the gap of an
iron core electromagnet, and luminescence was collected
with a microscope objective.

The sample was excited through individual apertures with
circularly polarized light from a tunable Ti-Sapphire laser.
The laser energy was set to 30 meV above the QD neutral
exciton �X0� PL on the absorption peak for the QW heavy-
hole exciton. The laser spot size on the sample was
40�20 �m. The PL spectrum was resolved in a 1.5 m triple
spectrometer and detected with a multichannel charge
coupled device �CCD� or a single-channel avalanche photo-
diode �APD� combined with a photon counter. In multichan-
nel measurements, a variable liquid crystal retarder �VLCR�
controlled the laser polarization. The PL intensity compo-
nents I+ �and I−� of �+ �and �−� circularly polarized light
were analyzed with a VLCR acting as a � /4 wave plate
followed by a linear polarizer. The PL circular polarization �
was calculated from �= �I+− I−� / �I++ I−�. For Hanle effect
measurements using the APD, the laser polarization was var-
ied at 42 kHz by a photoelastic quartz modulator in order to
suppress dynamic nuclear polarization.

Figure 1�a� shows the PL intensity of a single QD as a
function of PL energy and applied bias. Three dominant
peaks appear in the spectrum for GaAs QDs, corresponding
to the positive trion X+ �two holes and an electron�, the neu-
tral exciton X0 �electron-hole pair�, and the negative trion X−

�two electrons and a hole�.16 Similar charging sequences
have been widely discussed for InAs QDs.17,18 The assign-
ment of the features for GaAs interface QDs has been estab-
lished from the Coulomb energy shifts, exchange fine struc-
ture, polarization, and charging sequence.19,20 Figure 1�b�
shows the PL polarization as a function of bias for the peaks
in the single QD spectrum of Fig. 1�a�. The low degree of
circular polarization of the neutral exciton is a well-known
consequence of the anisotropic exchange interaction.21 Over
the same bias range, the PL of the positive trion is positively
polarized. The negative trion shows the most interesting be-
havior, with −20% polarization near the threshold bias �4.1
V�, changing to positive polarization as the bias is increased.
As the laser intensity is increased, the X− polarization be-
comes negative for all values of applied bias �Fig. 2�. The
power dependence of trion polarization is shown in the lower
curve of Fig. 3�b�.

As we have noted, the PL polarizations of the trions X−

and X+ directly reflect the spin of the unpaired minority car-
rier �hole or electron, respectively� at the moment of recom-
bination. Nonresonant photoexcitation tends to produce po-
larized electron spins and depolarized hole spins22,23 in the

continuum, so one might initially expect the PL of the trions
that form subsequently in QDs to be positively polarized for
X+ �electron polarization� and unpolarized for X− �hole po-
larization�. The X+ behavior is consistent with this simple
view, but X− shows both strong positive and negative polar-
ization values depending on the conditions of the experi-
ment. The rest of the paper addresses the reasons for this
unusual behavior.

III. DARK EXCITON KINETIC MODEL

A. General description

We propose a straightforward model to account for nega-
tive PL polarization of X− and its dependence on laser inten-
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FIG. 1. �Color online� �a� PL intensity of an individual QD
�grayscale� for neutral exciton �X0�, negative trion �X−�, and posi-
tive trion �X+� as a function of emitted photon energy and applied
bias �Ref. 16�. The sample was excited by light with energy 1.686
eV. �b� Photoluminescence polarization measured for the excitons
shown in �a�.
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FIG. 2. Photoluminescence polarization of the negative trion
�X−� vs applied bias for three values of the incident laser power.
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sity and applied bias. Negative PL polarization means that
the spin of the photoexcited hole has reversed the sign of its
orientation by the time it recombines in a trion X−. It is not
unusual for nonresonant excitation that the photoexcited hole
spins are completely depolarized during their thermalization
through the strong spin-orbit interactions in the valence
band. What was unexpected, however, was that they some-
how become repolarized in the opposite direction during the
processes of trion formation and relaxation. We propose that
this repolarization arises through the predominant capture of
dark excitons into charged QDs when trions are formed.

The model is shown schematically in Fig. 4. We consider
an ensemble of QDs with concentration N, where each QD
contains a single resident electron. The sample is illuminated
with circularly polarized light at an energy that excites
electron-hole pairs in a two-dimensional continuum, such as
the quantum well states of GaAs/AlGaAs natural QDs or the
wetting layer of Stranski-Krastanov self-assembled QDs. Ac-
cording to optical selection rules, �+ circularly polarized
light creates spin-up heavy holes ⇑ with m= +3 /2 spin pro-
jection and spin-down electrons ↓ with m=1 /2 spin projec-
tion along the light propagation direction. This leads to for-
mation of bright excitons with angular momentum projection
m= +1 �⇑↓�. Excitation with �− light would create the oppo-
site spin states. We assume negligible absorption into light
hole states and negligible light-heavy mixing.

We assume that before excitons thermalize to the band
edge of the continuum, the holes are largely depolarized,
while the electrons remain highly polarized.22 Efficient spin
relaxation of holes in excitons is well known and results
from spin-orbit coupling in valence-band continuum states.
As a result, �+-polarized excitation produces a mixture of
bright excitons �⇑↓ with m= +1� and dark excitons �⇓↓ with
m=−2�, whose direct optical recombination is forbidden ac-
cording to the selection rules. These thermalized excitons are
produced at the band edge with generation rates Gb

⇑ and Gd
⇓,

where Gb
⇑�Gd

⇓, and the rates are equal if hole depolarization
is complete. After thermalization, hole spin flips are inhib-
ited, and interconversion of bright and dark excitons is much
less important. Bright excitons can recombine radiatively

�rate 1 /�b� but dark excitons cannot. Excitons can also form
trions in charged QDs, and for dark excitons, trion formation
is the only disappearance mechanism to first approximation.
The concentrations of all possible exciton spin states at the
band edge are described by b⇑↓ and b⇓↑ for bright excitons
and d⇑↑ and d⇓↓ for dark excitons. We neglect b⇓↑ and d⇑↑
because �+-polarized light creates only ↓ electrons, and elec-
tron spin relaxation is slow.

Trions form when neutral excitons are captured into
charged QDs. The ground-state trions are singlet states
X+3/2

− � ⇑ ↓↑ and X−3/2
− � ⇓ ↓↑, consisting of a singlet elec-

tron pair and an unpaired hole. The trion concentrations are
T⇑ and T⇓. The trions decay radiatively with rate 1 /�T, emit-
ting �+ and �− photons, respectively. The corresponding PL
intensities I+ and I− are proportional to the trion spin popu-
lations, and the degree of PL polarization that we measure in
our experiment is �X− = �T⇑−T⇓� / �T⇑+T⇓�.

The formation and decay of excitons and trions are shown
schematically in Fig. 4 for the case of �+-polarized excita-
tion. The kinetic equations describing these dynamics can be
written in the following form:

db↓⇑

dt
= Gb

⇑ −
b↓⇑

�b
− Wn↑ � b↓⇑ −

b↓⇑ − d↓⇓

�H
, �1a�

dd↓⇓

dt
= Gd

⇓ − Wn↑ � d↓⇓ −
d↓⇓ − b↓⇑

�H
, �1b�
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FIG. 3. �a� The Hanle effect measured for the negative trion X−

with 3.9 V applied bias. The peak width is 35 mT corresponding to
an electron spin lifetime of 16 ns. �b� Dependence of PL polariza-
tion on the laser power Bx=0 and 0.5 T with an applied bias of 4.5
V. Symbols are the experimental data. Solid and dashed lines are the
results of kinetic modeling using parameters �b=100 ps, W�b

=0.25, �b /�T=0.2, �b /�H=0.05, �b /�S=0.03, and Gd
⇓/Gb

⇑=0.08.
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FIG. 4. �Color online� Pictorial summary of relaxation processes
that influence polarization of negative trions, as considered in the
kinetic model. Upper panel: Bright excitons are excited in the quan-
tum well continuum, and hole polarization is lost. A mixture of
bright and dark “cold” excitons is created at the QW band edge. At
the band edge, bright excitons can decay radiatively or be captured
in the QDs, but dark excitons can only be captured. Lower panel:
excitons are captured by the QDs with resident electron spin anti-
parallel to the exciton electron spin. The trions created from bright
excitons emits �+ polarized light, while trions created from dark
excitons are �− polarized. The dark exciton pathway optically
pumps the QD resident electron spin because it replaces the original
resident electron �spin up� with the photoelectron �spin down�.
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dT⇑

dt
= Wn↑ � b↓⇑ −

T⇑

�T
, �1c�

dT⇓

dt
= Wn↑ � d↓⇓ −

T⇓

�T
, �1d�

dn↑
dt

= − 	Sx − Wn↑�b↓⇑ + d↓⇓� +
T⇑

�T
−

n↑ − n↓

�S
, �1e�

dn↓
dt

= 	Sx +
T⇓

�T
−

n↓ − n↑

�S
, �1f�

dSx

dt
=

	

2
�n↑ − n↓� −

Sx

�S
−

W

2
Sx�b↓⇑ + d↓⇓� , �1g�

N = n↑ + n↓ + T⇑ + T⇓. �1h�

These equations include rate expressions for concentrations
of all spin states of bright and dark excitons �Eqs. �1a� and
�1b��, trions �Eqs. �1c� and �1d��, and electrons �Eqs.
�1e�–�1g��. The symbols n↑ and n↓ are the concentrations of
QDs with resident electron spins up �↑� and down �↓�, re-
spectively. We also assume �for now� that each QD has an
electron and the total concentration of QDs is N, which leads
to the constraint of Eq. �1h�. The symbols �S and �H represent
the electron and hole spin relaxation times, respectively.
Equations �1e�–�1g� are written using a quasi-two-
dimensional approximation for electron spin relaxation time,
although for QDs this time will include nuclear contributions
due to electron localization. We have neglected the aniso-
tropic exchange interaction between bright excitons ⇑↓ and
⇓↑ because this process is suppressed for the nearly free
excitons prior their capture in QDs.24 The system of Eq. �1�
is not symmetric with respect to b⇑↓ and b⇓↑ or d⇑↑ and d⇓↓
because of the �+ polarized excitation and the long electron
spin memory.

The rate of exciton capture by charged QDs �i.e., trion
formation� depends generally on the spin configuration of the
QD electron and the exciton electron. The triplet configura-
tion �parallel electron spins� is less strongly bound than the
singlet configuration �antiparallel spins�. In a shallow QD, as
in GaAs quantum wells,25 the triplet levels may be unbound.
Deep GaAs defects also show preferential electron capture
for spin singlet states.26,27 Here, we assume strict
selectivity—capture occurs only for the electron singlet con-
figuration. With this assumption, the rates of exciton capture
into a QD with spin up ↑ and spin down ↓ are proportional to
Wn↑�b↓⇑+d↓⇓� and Wn↓�b↑⇓+d↑⇑�, respectively, where W is
the spin-independent bimolecular capture cross section of the
QD. Because of these exciton capture terms, the system of
Eq. �1� is nonlinear, leading to nonlinear optical pumping of
electron spins. Note that the second term is not included in
Eq. �1� because we have assumed that b⇓↑ and d⇑↑ are zero.

The system of Eq. �1� also accounts for electron spin pre-
cession in the x-z plane caused by a transverse magnetic field
B along the y direction. The precession occurs with the fre-
quency 	=ge�BB, where ge is the electron g factor and �B is

the Bohr magneton. We include this term in order to describe
the Hanle effect. For the same reason, Eq. �1g� is required to
describe the evolution of the electron spin polarization Sx
along the x axis.

In the results that follow, we note that the model describes
an ensemble of QDs, not an isolated dot. Although the mea-
surements probe an individual QD directly, the states of other
QDs and the continuum are important to the observed single
QD properties. This is a natural situation when the laser en-
ergy is tuned above the QD potential because an exciton
captured into one dot will have previously interacted with
electrons and excitons over a wider region. Moreover, an
individual dot may not be a typical example of the ensemble.
In this work, we have measured dots that are on the low-
energy side of the ensemble spectrum; so under some condi-
tions, they may be charged while most of the ensemble is
neutral. In this situation, a charged dot that we measure be-
haves as a probe of an uncharged ensemble.

B. Qualitative analysis

Although the system of Eq. �1� is nonlinear and can gen-
erally only be solved numerically, the assumption of strong
spin selectivity for exciton capture leads to a very simple
expression for the degree of trion PL polarization �X−. Mak-
ing the steady-state approximation �left side of Eqs. �1a�–�1f�
set to zero�, one easily obtains an expression for �X− in terms
of the concentration of bright and dark excitons at the band
edge:

�X− �
T⇑ − T⇓

T⇑ + T⇓
=

b↓⇑ − d↓⇓

b↓⇑ + d↓⇓
. �2�

This expression shows that negative polarization of trions
excited by �+ polarized light is observed only if the dark
exciton concentration exceeds the bright exciton concentra-
tion. Within the same approximation, one can write for the
bright and dark exciton populations:

b↓⇑ =
Gb

⇑�Wn↑ + 1/�H� + Gd
⇓/�H

Wn↑�Wn↑ + 2/�H� + �Wn↑ + 1/�H�/�b
,

d↓⇓ =
Gd

⇓ + b↓⇑/�H

Wn↑ + 1/�H
. �3�

These expressions are further simplified in the limit of very
long hole spin relaxation times ��H=
�. With this simplifi-
cation, the exciton concentrations become

b↓⇑ =
Gb

⇑

Wn↑ + 1/�b
, �4a�

d↓⇓ =
Gd

⇓

Wn↑
. �4b�

Equation �4� gives an intuitive understanding of the con-
ditions that lead to negative PL polarization. The concentra-
tion of bright excitons is determined by both radiative decay
�1 /�b� and exciton capture by the charged QD, i.e., trion
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formation �Wn↑�, while the concentration of dark excitons is
determined only by the latter. This situation can lead to dark
exciton accumulation and negative polarization �d↓⇓�b↓⇑�.
This is most likely to occur when holes are initially depolar-
ized �Gd

⇓=Gb
⇑�, but it can even happen when dark exciton

generation is inefficient �Gd
⇓�Gb

⇑� if Wn↑
1 /�b. In other
words, a small concentration n↑ of spin-up resident electrons
is able to reverse the sign of hole polarization by prolonging
the time it takes for an exciton to form a trion. An exciton
diffuses through the 2D layer until it encounters a QD elec-
tron ↑. During this time, bright excitons disappear through
recombination, but dark excitons survive until the antiparal-
lel electron spin becomes available. The resulting accumula-
tion of dark excitons leads to negative PL polarization ac-
cording to Eq. �2�.

One process that reduces n↑ is optical pumping, which we
consider in more detail in Sec. IV. Here, we analyze this
effect only in the limit of low laser intensity. In this case, Eq.
�1� gives the following decrease in the concentration n↑ of
electron spins:

n↑ = N/2 − Gd
⇓�s/2, �5�

which is controlled by the dark exciton generation rate Gd
⇓

�proportional to laser power�. One can see from Eq. �5� that
a longer electron spin relaxation time �s makes the electron
spin optical pumping more efficient. Experimentally, we can-
not control the intrinsic spin relaxation time, but we can
artificially manipulate it with the Hanle effect, where the spin
precesses in a transverse magnetic field, thereby suppressing
the optical pumping.

Using Eq. �1�, we can also derive the expression for the
electron spin polarization, Pe= �n↑−n↓� /N, in the limit of
weak pumping intensity:

Pe = − Gd
⇓�s/N . �6�

We note that this polarization depends only on the dark ex-
citon generation rate and not on bright exciton parameters.
This clearly emphasizes that optical pumping of electron
spins and negative PL polarization, which does depend on
bright excitons �Eq. �2��, are two distinct phenomena.

C. Bias and intensity dependence of PL polarization

When the diode containing the QDs is forward biased,
QDs and quasicontinuum states are charged with electrons.
This charging strongly affects the trion formation kinetics.
With many electrons present, the ensemble trion formation
rate �proportional to Wn↑� is high so that both bright and dark
excitons form trions with equal probability �Eqs. �3� and �4��,
and the PL polarization is positive. On the other hand, near
the threshold bias where the trion peak first appears in the
single QD spectrum �4 V�, there are few electrons elsewhere
in other QDs. With Wn↑ small, excitons wait for a longer
time before being captured in a charged QD. Slower trion
formation leads to a build-up of dark excitons and to nega-
tive PL polarization for QDs that contain an electron.

Using the system of Eq. �1� we can model the experimen-
tal data shown in Fig. 2. We plot polarization as a function of
the concentration of dots that contain one electron. In order

to do this, we relax the normalization condition in Eq. �1h�,
allowing some fraction of the QDs to be uncharged. Al-
though the direct relationship between concentration of
charged QDs and diode bias is unknown, the parameters are
closely related because forward bias lowers the QD poten-
tials below the Fermi level, charging them with electrons.
The modeling results shown in Fig. 5 reproduce the qualita-
tive trends of Fig. 2 very well: the PL polarization increases
with the number of QD electrons �applied bias�, and it de-
creases with laser intensity.

The modeling of low electron concentrations in Fig. 5
also highlights the distinction between negative polarization
and optical pumping. For all laser intensities, the trion polar-
ization reaches its most negative value when the electron
concentration is zero. As we noted above, this effect results
simply from the absence of electrons and the accumulation
of dark excitons. Optical pumping is not required. Indeed,
we showed in Figs. 2�a� and 2�c� of Ref. 6 that some nega-
tive PL polarization persists even at high transverse magnetic
fields Bx, where electron spins are depolarized by the Hanle
effect. Negative polarization of trions mainly reflects the
properties of the exciton ensemble, not the electron spins,
which are very few in number under these conditions. How-
ever, we will see in Sec. IV that those electron spins are
strongly pumped by the abundant dark excitons.

At higher values of electron concentration, the effects of
optical pumping are seen in the laser intensity dependence.
In Figs. 2 and 5, the trion polarization becomes more nega-
tive as the laser intensity increases, and the change is greater
for higher electron concentrations. The values of the para-
meters used to generate these curves are listed in the figure
caption and correspond to typical values for GaAs interface
QDs.

IV. OPTICAL PUMPING

The dark exciton model is strongly confirmed by our ex-
perimental study of the PL polarization in a transverse mag-
netic field �Hanle effect�. The Hanle effect provides direct
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evidence of optical pumping, as discussed in Ref. 6. We re-
view that experimental evidence here and compare it with
the results of the model.

Figure 3�a� shows the Hanle effect for a charged GaAs
QD. The peak is inverted,5,14 in contrast to the usual Hanle
effect for bulk semiconductors.1 This inverted peak estab-
lishes a connection between optical pumping of electron
spins and negative �or reduced� PL polarization: When the
magnetic field Bx �Voigt geometry� is applied, the electron
spins are depolarized, leading to an increase in the PL polar-
ization. Holes have a small in-plane g factor and are insen-
sitive to the applied field. Polarized electron spins therefore
make the PL polarization more negative. We will show be-
low that the peak depth is closely related to the degree of
electron spin polarization.

The width of the Hanle peak gives additional evidence
that resident electron spins are probed. The electron spin
lifetime is inversely proportional to the peak width, and we
find under typical conditions that the X− negative polariza-
tion is eliminated by only 35 G.6 A standard formula1 for
Hanle peak widths gives an electron spin lifetime of 16 ns.
This lifetime is much too long to be explained by electrons in
excitonic states, which have lifetimes limited by radiative
recombination. The X− singlet state itself should not contrib-
ute to the Hanle effect because its electron spins are paired
and have no polarization. We therefore conclude that the
Hanle effect probes optically pumped resident electron spins.

Equation �6� shows directly that the electron spin polar-
ization is connected with dark exciton generation. The
mechanism for optical pumping implied by Eq. �1� and Fig.
4 is very simple: when a dark exciton ⇓↓ is captured into a
charged QD, the spin-down hole recombines with the resi-
dent electron ↑, leaving the optically created electron ↓ in its
place. On the other hand, when a bright exciton is captured,
that same exciton recombines and the original resident elec-
tron remains—there is no net change in the QD electron spin.

The dependence of the PL polarization on laser power is
shown in Fig. 6�a� for transverse magnetic fields of 0 �solid
lines� and 0.5 T �dashed lines�.28 A similar pair of curves is
included as a fit of the experimental data in Fig. 3�b�. The
effect of electron depolarization �the Hanle peak depth� is the
difference between the dashed and solid curves. The model-
ing in Fig. 6 was conducted for two ratios of the dark-to-
bright exciton generation rates: Gd

⇓/Gb
⇑�1. This ratio is re-

lated to the hole relaxation rate for hot QW excitons and is
larger for excitation with higher photon energies. The simu-
lations demonstrate the decrease in PL polarization caused
by optical pumping, including negative polarization at higher
laser intensities.

Interestingly, the experimental points in Fig. 3�b� show a
modest decrease in the PL polarization even for Bx=0.5 T
when the resident electron spins are completely depolarized
by the transverse magnetic field. In this situation, something
other than optical pumping must be responsible for the dark
exciton accumulation. A reduced probability for biexciton
formation is one possibility that would become more impor-
tant for higher laser intensities, in agreement with the experi-
mental data. In our model, this situation is already accounted
for to the maximum extent because biexciton formation is
not considered �effectively forbidden�. To reproduce the

measured trion polarization with the simulations, we had to
use a long trion radiative lifetime �T=10�b. Indeed, the trion
radiative lifetime in QDs can be longer than that of
excitons,29 however, the fitting parameter �T /�b is larger than
we would expect. We therefore believe it is likely that other
processes not included in our model contribute to the Bx
=0.5 T data, but this does not qualitatively affect our inter-
pretation of the experimental results. In the simulations dis-
cussed below, we use the more conventional assumption that
�T=�b.

The Hanle peak depth is a much better measure of optical
pumping than the absolute PL polarization. The PL polariza-
tion is related to the relative concentrations of dark and
bright excitons �Eq. �2��, but only the generation rate of dark
excitons matters for optical pumping �Eq. �6��. This is be-
cause bright exciton capture has no effect on the resident
electron spin. Optical pumping may reduce the positive po-
larization without actually making it negative.14 In the ex-
perimental data of Fig. 3�b�, an inverted Hanle peak is ob-
served even when the PL polarization is positive. A more
pronounced example of this situation exists when the ratio
Gd

⇓/Gb
⇑ is small. This is true when hole spin flips are sup-

pressed by photoexcitation at lower energy �closer to the QW
band edge�. This causes the PL polarization to be much more
positive, as seen in the curves for Gd

⇓/Gb
⇑=0.08 in Fig. 6�a�

and in Fig. 2 of Ref. 6. However, despite the positive PL
polarization for Bx=0.5 T, the Hanle peak depth is large as
long as the laser intensity is high enough.

The simulation in Fig. 6 allows us to relate the Hanle peak
depth to the actual electron polarization. In addition to the
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FIG. 6. �Color online� �a� Calculated trion PL polarization vs
laser intensity for Bx=0 �solid lines� and 0.5 T �dashed lines� for
two values of the ratio of generation rates Gd

⇓/Gb
⇑ for dark and

bright excitons. The ratio Gd
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⇑ is changed experimentally by
changing the laser excitation energy �see Ref. 6�. �b� Electron spin
polarization in zero magnetic field vs pumping power. Other param-
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trion polarizations, we also calculated the electron polariza-
tion as a function of laser intensity, as shown in Fig. 6�b�. We
then used laser intensity as a parametric variable to connect
the y axes of Figs. 6�a� and 6�b�. Figure 7 shows the resulting
plot of the peak depth �calculated from Fig. 6�a�� vs the
electron polarization of Fig. 6�b�. We find a nearly linear
relationship between these two properties that depends only
slightly on the ratio of generation rates. This allows us to
roughly quantify the efficiency of optical pumping from our
measurements. Based on the typical values of the parameters
for GaAs QDs, we estimate from the simulation that electron
spin polarization is more than twice as large as the measured
peak depth and may reach values as high as 60% in our
experiments.

V. DISCUSSION

The dark exciton model for optical pumping and negative
PL polarization should be generally applicable to QDs ex-
cited through a higher-energy continuum. In the experimen-
tal part of this work, we have considered GaAs/AlGaAs
QDs, however, the proposed mechanism and theoretical
modeling are quite general and should apply to strained self-
assembled InAs QDs as well. Nevertheless, the values of key
kinetic parameters could limit the importance of the dark
exciton mechanism in InAs QDs. For example, exciton cap-
ture may be less spin selective in the stronger confinement
potential of InAs QDs, allowing triplet trions to form with
high probability. This opens up spin relaxation channels that
are not considered in this work. Also, the longer bright exci-
ton lifetimes and rapid exciton capture times in InAs dots
would limit dark exciton accumulation, as pointed out in Ref.
8. Dark exciton accumulation in the wetting layer may not be
as important for InAs QDs because both electrons and holes
are strongly bound and can be captured by the QD as inde-
pendent particles.

A widely discussed model for negative PL polarization in
InAs QDs involves excited states of the trion, where one
electron resides in a p-like orbital. Electron spin triplet and
singlet states exist,7,8,15,30,31 and spin-selective relaxation is
induced by the electron-hole symmetric and asymmetric ex-

change interactions. Cortez et al.7 and Laurent et al.8 dis-
cussed the results of simulations based on nonresonant exci-
tation followed by triplet trion formation and relaxation.
Those results reproduced the measured time dependence of
PL polarization and the dependence on longitudinal magnetic
field. The assumptions of the mechanism implied that the
electron spins were optically pumped.

The InAs trion triplet states have also been studied reso-
nantly with photoluminescence excitation spectroscopy.15

One of the two bright triplet components was observed to
have very strong negative PL polarization, while the other
was positively polarized. These observations were explained
with a variation in the model discussed in Refs. 7 and 8. In
the analysis in Ref. 15, negative polarization was understood
to occur in the absence of optical pumping—the QD con-
tained a spin-down resident electron both before and after
exciton capture and trion recombination.

A pronounced difference between our results on GaAs
QDs and some results on InAs QDs is in the degree of cor-
relation between negative polarization and optical pumping.
We have shown here that the two are only loosely related,
but measurements of dynamic nuclear polarization in InAs
QDs suggest that they can be very closely linked.32,33 There,
the sign of the trion PL polarization was found to match the
sign of the nuclear polarization and, by implication, the sign
of the QD electron spin. Surprisingly, the nuclear polariza-
tion sometimes had the opposite sign from the photoelectron
polarization. In contrast, our measurements in GaAs QDs
�Ref. 6� showed that the nuclei were always polarized in the
same sense as the photoelectron spin �and the QD spin� but
not necessarily the same as the trion. If the trion, nuclear, and
QD electron spin polarizations are all tightly correlated in
InAs QDs, then optical pumping may occur by a substan-
tially different mechanism than that described in this work.
Lai et al.33 proposed that the interaction of the QD electron
spin with electron spins in the nearby doped GaAs layer
plays an important role.

Very high pumping efficiency has been achieved through
resonant excitation of individual quantum dots containing a
resident electron34,35 or hole.36 This optical pumping tech-
nique is similar in concept to the original technique discov-
ered for atoms by Kastler and co-workers.3,4 One electron
spin state is excited to the trion, and if recombination pro-
duces the opposite electron spin state with even a small prob-
ability, it will be trapped there, and the QD becomes trans-
parent to further photoexcitation. If relaxation of the electron
spin is much slower than trion recombination to the pumped
spin state, very high pumping efficiency ��99%� can be
achieved. This approach is highly energy specific and there-
fore addresses a single QD. With nonresonant excitation, an
entire ensemble can be pumped, however, the system does
not become transparent, and with multiple relaxation path-
ways, high pumping efficiency is much harder to achieve.

VI. CONCLUSION

The model presented here describes negative photolumi-
nescence polarization and optical pumping of electron spins
in quantum dots. It reproduces the experimental observations
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ization obtained parametrically from the calculations shown in Fig.
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of PL polarization as a function of laser intensity and applied
bias. An inverted Hanle curve gives a clear experimental
signature of optical pumping. Although the PL polarization
may be reduced to negative values by optical pumping, the
model and the data show that negative polarization is not a
definitive signature of optical pumping. Both phenomena re-
sult from dark exciton accumulation in quasicontinuum
states, followed by spin-dependent capture in QDs and fi-
nally radiative recombination. The model suggests that the

degree of electron spin polarization in the experiments may
be as high as 60%.
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