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We report quantum beat phenomena between different polarization states in InAs quantum dots, observed in
time-resolved photoluminescence and transient dichroism measurements. The polarization of the emitted light
can be changed from linear to circular by applying a small magnetic field. Following quasiresonant excitation
the electron and hole spin states remain stable during the exciton lifetime, independent of the applied magnetic
field. We show that the exciton spin coherence is partially preserved in the energy relaxation process. These
experiments enable us to measure the anisotropic exchange energyDEXY and the excitong factor. We find
DEXY.30 meV andg.2.5 for the quantum dot excitons.
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Long optical coherence and spin relaxation times support
the numerous proposals for future applications of quantum
dots sQDsd in spin-dependent devices.1–3 To manipulate the
charge and spin of an exciton confined to a QD, it is neces-
sary to understand the Coulomb interactions between elec-
trons and holes. In particular, for applications of QDs as
single-photon emitters, the anisotropic exchange interaction
sAEId between electrons and holes is crucial as it can deter-
mine both the polarization and entanglement of the emitted
photons.4 For perfectly symmetrical dots the heavy-hole ex-
citon statesu+1l and u−1l can be excited with circularly po-
larized light. However, the reduced symmetry of real quan-
tum dots leads to a mixing of the exciton spin doublet via the
AEI, resulting in two linearly polarized transitions which are
aligned along the orthogonal in-plane crystallographic axes
of the dot structure, separated by an energyDEXY of up to
200 meV, as measured in single-dot spectroscopy.5 Measure-
ments on dot ensembles have shown that under strictly reso-
nant excitation these linearly polarized states are stable: no
spin relaxation is observed during the exciton lifetime.2

Here we report spin quantum beat phenomena for
InAs/GaAs QDs in time-resolved photoluminescencesPLd
experiments and in transient dichroism measurements. Stable
exciton spin states are created following resonant and qua-
siresonant excitation and the long-lasting coherence between
the states, excited simultaneously by the same laser pulse,
gives rise to spin quantum beats. For zero magnetic field we
observe quantum beats in the circular polarization, forB
=0.4 T we observe beats of the linear polarization, and for
an intermediate field ofB=0.21 T we observe beats in both
circular and linear polarization. We explain these changes in
quantum beat polarization and period in terms of an interplay
between the AEI and the applied magnetic field. The beat
period and decay time allow us to extract the energy differ-
encesDEXY between different polarization eigenstates and to

estimate the relaxation time of different spin states.
The investigated structure was grown by molecular beam

epitaxy on as001d GaAs substrate. It consists of 40 planes of
InAs self-assembled QDs, separated by 15-nm-thick GaAs
spacer layers. The average QD density is 131011 cm−2 with
a typical dot height of 2 nm and a dot diameter of 15 nm. At
T=10 K, the ensemble PL transition energy is centered
around 1.33 eV, with a full width at half maximumsFWHMd
of 60 meV. The sample is excited by 1.5 ps pulses generated
by a mode-locked Ti-doped sapphire laser. The time-resolved
PL is then recorded by up-converting the luminescence sig-
nal in a LiIO3 nonlinear crystal with the picosecond pulses
generated by the Ti:sapphire laser. The time resolution is
limited by the laser pulse widths<1.5 psd and the spectral
resolution is about 3 meV. Alternatively, the time-resolved
PL is recorded with an S1 photocathode Hamamatsu streak
camera system with an overall time resolution of 8 ps and a
spectral resolution of 0.45 meV. All PL experiments were
performed at 10 K.

The photoinduced dichroism measurements were per-
formed at 2 K, using the apparatus described in Ref. 6. The
pulsed beam of a picosecond Ti:sapphire laser is split into
pump and probe beams. The probe beam is focused onto the
sample in a spot of 50mm in diameter, and the pump beam
is slightly defocused at the same point, in order to have a
pump spot larger than the probe one. The photon energy is
tuned to 1.35 eV. In the measurements presented here, the
pump beam is circularly polarized. The probe beam has a
linear polarization, aligned with a crystallographic axis of the
QDs. After transmission through the sample, a balanced op-
tical bridge analyzes two linear components of the transmit-
ted beam lying at 45° to the original linear direction of the
probe beam. The difference in the intensity of these compo-
nents is proportional to the Faraday rotation of the principal
polarization direction undergone by the probe beam. The
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pump and probe beams are chopped at different frequencies,
and the heterodyne signal is measured at the difference fre-
quency with a lock-in amplifier. Time-resolved behavior is
obtained by recording the rotation angle versus the pump-
probe delay. The time and spectral resolutions of the experi-
ment are estimated to be 3 ps and 1 meV, respectively.

We denote linearly and circularly polarized photons as
PX,PY and s−,s+, respectively. The linear and the circular
polarization degrees of the luminescence are defined as

Plin = sIX − IYd/sIX + IYd s1d

and

PC = sI+ − I−d/sI+ + I−d, s2d

respectively. HereIX sIYd andI+ sI−d denote, respectively, the
X sYd linearly polarized and the rightsleftd circularly polar-
ized luminescence components, whereX andY are chosen to

be parallel to thef110g andf11̄0g crystallographic directions.
For a resonantly photogenerated electron-hole pair in the

QD ground state, neither the electron nor the hole spin re-
laxes during the radiative lifetime of the exciton,2 allowing
in principle the observation of spin quantum beats. In prac-
tice, the PL signal is initially obscured by backscattered laser
light following resonant excitation. This can be avoided by
exciting quasiresonantly:7 The excitation laser energy is
tuned to the energy of one GaAs longitudinal opticalsLOd
phonons<36 meVd above the ground-state energy, at which
we detect the PL signal.

The time-integrated PL spectrum is presented in Fig. 1 for
two different laser excitation energies. When carriers are cre-
ated in the GaAs layer surrounding the dotssi.e., above
1.56 eVd, a broad PL spectrum centered around 1.33 eV is
observedsdashed line in Fig. 1d. As the excitation energy is
reduced below 1.37 eV, corresponding to a photogeneration
of electron-hole pairs directly into the QDssintradot excita-
tiond, the broad spectrum is replaced by a narrower emission

consisting of three distinct transitions. As shown in Fig. 1,
the first peak is separated from the excitation laser energy by
31 meV, the second peak by 36.8 meV, and the third by
66 meV. We attribute the first two peaks to the emission of
the QDs with ground-state energies of one InAs LO phonon
and one GaAs LO phonon below the laser excitation energy.
The third peak may be attributed either to the emission of
QDs with a ground-state energy ofsone InAs plus one GaAs
LO phonond below the laser excitation energy, or to the
ground-state transitionssv-scd after photogeneration of carri-
ers in thespv-pcd excited state, wheresv sscd and pv spcd
represent the holeselectrond ground and excited states, re-
spectively. In the following we focus our attention on the
quantum dot transitions giving rise to the two peaks at higher
energysshown in the inset of Fig. 1d. Similar LO-phonon-
associated features have already been observed for InAs dots
in ensemble and single-dot measurements; see, for example,
Refs. 8 and 9. In our case the separation between the three
different peaks is independent of the laser energy, which is
characteristic for an LO-phonon-related emission process.

In Fig. 2 we compare the time-resolved PL following
strictly resonantsElaser=Edetectionin the left columnd and qua-
siresonant excitationsElaser=Edetection+1 LO in the right col-
umnd. After strictly resonant excitation of the sample with
PX linearly polarized light atElaser=1.33 eVfsee Fig. 2sadg,
we observe for timest longer than 300 pssfor earlier times
the signal is obscured by backscattered laser lightd a degree
of linear polarizationPlin .70% that remains constant during
the exciton lifetimefsee Fig. 2sbdg. This confirms that the
eigenstates of the quantum dots at zero magnetic field are
linearly polarized. Also in the case of quasiresonant
excitation sElaser=1.366 eV, 36 meV higher in energy
than strictly resonant excitationd we observe a constantPlin
for t.300 ps, and therefore no spin relaxation during the
remaining radiative lifetime, although the absolute value of
Plin dropped down to 40%fsee Fig. 2sedg. This is comparable
to results obtained in CdSe/ZnSe quantum dots for which
quasiresonant excitationsone LO phonon above the ground
stated also resulted in emission with highPlin .65% that
remained constant during the radiative lifetime of the
exciton.10 In the remainder of this paper we present the PL
measurements following quasiresonant excitation always us-
ing the same laser energy ofElaser=1.366 eV.

Following s+ excitation, the two linearly polarized eigen-
statesuXl and uYl of the exciton are populated as the laser
linewidth is larger than the AEI splitting, resulting in an os-
cillating PL signal during the first few hundred picoseconds
st,300 psd shown in Fig. 3sad, with a period reflecting the
energy splitting betweenuXl and uYl.11

The energy difference betweenuXl anduYl varies from dot
to dot and due to this inhomogeneous distribution the ob-
served oscillations are damped, as we average the signal
over many dots.5 As the oscillations become damped we
find a remaining circular polarization rate ofPC.10% for
t.300 psfsee Fig. 2sfdg. The light emitted from a trion in its
ground state is circularly polarized andPC.10% reflects the
presence of unintentionally doped QDs in our sample.12,13

With the trions present we can therefore not reach
Plin =100% as reflected by the highest experimental value of
Plin .70% fFig. 2sbdg. Finally the PL signal decays on a time

FIG. 1. Time-integrated photoluminescence of the dot ensemble
for two different laser photon energies: The laser pulse for intradot
excitation is sketched schematicallyslaserd and the resulting spec-
trum shown as a solid line. Excitation in the barrier results in a
broad emission linesFWHM=60 meVd shown as a dashed line.
The emission of the wetting layersWLd is marked. Inset: The nar-
row emission following intradot excitation can be fitted with a
Lorentzian line shapesdash-dotted linesd.
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scale of about 1 ns, which is due to the radiative recombina-
tion of the exciton.

The oscillation periodT and decay timet were deduced
from a simple equation which reproduced the measured os-
cillations accurately:

Pc/lin = Pc/lins0de−t/t coss2pt/Td. s3d

We obtain an oscillation period of 135±10 ps, corre-
sponding to an average energy splittingDEXY=30±3 meV,

and a decay time of 30 ps, implying a dispersion of the AEI
splitting in the order of 40meV. The measuredDEXY is in
agreement with values reported by other groups on similar
samples, from single-dot PL and transmission,5,14,15differen-
tial transmission experiments,11 and transient four-wave-
mixing experiments on ensembles.16,17 The creation of a co-
herent superposition of states after strictly resonant
excitation results in quantum beats. In our experiment the
excitation is quasiresonant and LO-phonon-assisted and the
creation of a coherent superposition of states is more com-
plex. We explain the origin of the observed beats as a quan-
tum interference originating from dots in a stateuXl+ i uYl.
Another possible origin of the beats could be the optical
interference of photons emitted from dots that are in either
stateuXl or i uYl. In the following we will argue that quantum
interference is the most likely reason for the observed oscil-
lations. We consider two different processes that lead to the
quantum dot ground-state PL in our experiment following
quasiresonant excitation.

sid First we consider a second-order absorption process of
a photon, assisted by the emission of a LO phonon. In this
case each dot will be in either stateuXl or i uYl after excita-
tion, resulting in the emission of photons linearly polarized

FIG. 2. sad–scd Time-resolved photoluminescence following
resonant excitationsElaser=1.33 eV=Edetectiond. sad Photolumines-
cence versus time followingPX excitation detected in co- and
counterpolarized geometrysPXPX andPXPYd. The signal at early
times is obscured by backscattered laser light for thePXPX con-
figuration. sbd The degree of linear polarizationPlin remains con-
stant during the exciton lifetime at a value of<70%.scd Following
circularly polarized excitation, a polarization degreePC.10% is
measured.sdd–sfd Quasiresonant, GaAs LO-phonon-assisted excita-
tion sElaser=1.366 eV=Edetection+one GaAs LO phonond. sdd Pho-
toluminescence versus time followingPX excitation detected in co-
and counterpolarized geometrysPXPX and PXPYd. sed For
t.300 ps the degree of linear polarizationPlin remains constant
during the exciton lifetime at a value of 40%.sfd Following circu-
larly polarized excitation, a polarization degreePC.10% is
measured.

FIG. 3. Time-resolved photoluminescence, co-sopen circlesd
and counterpolarizedssolid squaresd after quasiresonants+ excita-
tion. The dashed line is a fit of the oscillations using Eq.s3d. sad For
B=0 oscillations in the circular polarization degreePC with a pe-
riod of T=135 ps are observed.sbd For B=0.21 T the period short-
ens toT=90 ps.
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as eitherPX or PY. But since the spontaneous emission of a
phonon stypically within a time interval18 of 140 fsd will
introduce a random phase difference between the photon
emission of the states from different dots, no oscillations of
the polarization will be observable in this case. As a result of
the second-order absorption process the dots are in either
stateuXl or i uYl, without any well-defined phase relationship
between states in different dots, which would be necessary to
create a coherent superposition.19 This process could be re-
sponsible for the drop fromPlin .70% to 40% linear polar-
ization as observed in the PL experiment when going from
strictly to quasiresonant excitation.

sii d Second, we consider the direct, resonant absorption of
a photon by a polaron state of a dot. Using theuXl and i uYl
exciton states, two polaron states can be built, involving one
LO phonon and one excitedspv-scd exciton state. These po-
laron states are lifetime broadened due to the short lifetime
of the LO phonon20 s<3 psd corresponding to an energy un-
certainty of 220meV. This is larger than the anisotropic ex-
change energy ofDEXY.30 meV measured; hence the laser
excites the two polaron components simultaneously, with a
well-defined phase relationship between theuXl and thei uYl
components. As the polaron state disintegrates through the
annihilation of its phonon component into two acoustic
phonons,21 the phase betweenuXl and i uYl is preserved.
Since the phonon annihilation occurs on a time scale much
shorter than the beat periodh/DEXY the coherence between
uXl and i uYl is maintained. We have therefore created a co-
herent superposition of states through quasiresonant excita-
tion via a polaron state. We believe this process to be respon-
sible for the observed 40% of linear polarization remaining
after quasiresonant excitation. For a more detailed discussion
of optical versus quantum coherence see Ref. 19.

In addition to the PL results, quantum beats have been
observed in resonant transient dichroism measurements us-
ing a pump-probe arrangement. The pump polarization was
eithers+ or s− and the probe beam isPX linearly polarized.
After transmission through the sample, itsPX+Y and PX−Y

components are analyzed. The difference between the inten-
sities of these two components reveals a transient dichroism
sensitive to the coherent superposition of theuXl and i uYl
states, initiated by the circular pump pulse. We observe os-
cillations of the dichroism with a periodT=130±10 ps and a
decay timet=26±3 psssee Fig. 4d. This result, obtained in a
resonant configuration at zero magnetic field, confirms the
values obtained in the time- and polarization-resolved PL
measurements after quasiresonant excitation. Obtaining the
same periodand decay time in both experiments is a strong
indication that the quantum beats observed are due to the
creation of a coherent superpositionuXl+ i uYl.22

A magnetic field applied along the growth axis of the
samplesFaraday configurationd was used to investigate the
behavior of the excitonic fine structure states split by the
magnetic field. At zero magnetic field the optically active
eigenstates for neutral dots areuXl and i uYl, as confirmed by
our PL measurements of a constantPlin =40% after qua-
siresonant excitation. By increasing the magnetic field, the
Zeeman splitting between theu+1l and u−1l states starts to
dominate the AEI splitting, andu+1l and u−1l become the
optically active eigenstates.5,23 We have verified this experi-

mentally by measuringPlin andPC for t.300 ps: for a field
B=0.4 T we findPlin .10% andPC=60%. The conversion
from linearly to circularly polarized dot eigenstates is shown
in Fig. 5.

The circular polarization PC.60% measured at
B=0.4 T includes contributions from neutral as well as
charged dots as the PL polarization of trions remains circular
under an applied magnetic field.24 By applying a magnetic
field we have changed the PL polarization of photons from
charge neutral dots from linear to circular and for both ori-
entations the degree of polarization remains strictly constant
during the exciton lifetime. In analogy to the quantum beats
observed atB=0 for t,300 ps of the circular polarization,
after s+ excitation we expect quantum beats forB=0.4 T in
linear polarization afterPX excitation and indeed we do ob-
serve this type of oscillation, as shown in the time-resolved
copolarized and counterpolarized PL in Fig. 6sbd with a pe-
riod of 65 ps.

FIG. 4. ResonantsElaser=Edetectiond transient dichroism from
pump-probe measurements, fors+ sopen circlesd and s− ssolid
squaresd pump polarization.

FIG. 5. sad PX excitation andPX detection: Fort.300 ps the
degree of linear polarizationPlin remains constant during the exci-
ton lifetime at a value of 40% atB=0 T sblack curved. At
B=0.4 T Plin is about 10%sgray curved. sbd s+ excitation ands+

detection: AtB=0.4 T for t.300 ps the degree of circular polar-
izationPC remains constant during the exciton lifetime at a value of
60% sgray curved. For B=0 T PC is about 10%sblack curved.
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For an intermediate field ofB=0.21 T we observe a beat-
ing of thecircular polarization followingcircularly polarized
excitation, as atB=0, but with a shorter period of 90 psfsee
Fig. 3sbdg. In addition, we observe oscillations of thelinear
polarization followinglinearly polarized excitation with the
same period of 90 psfsee Fig. 6sadg.

To fit the dependence of the energy splittings deduced
from the oscillation periods as a function of magnetic field,
we use the function

V = Îvexch
2 + sgexmBB/"d2, s4d

which takes the exchange energyDEXY="vexchand the Zee-
man splitting"Vz=gexmBB into account.5 This is in contrast
with recent measurements performed on InP quantum dots in
a magnetic field where no influence of the AEI on the Zee-
man fine structure could be detected.25,26 We deduce an ef-
fective excitong factor of gex.2.5 for the dots investigated
heressee Fig. 7d. Experimentally, the amplitude decay of the
oscillations is the same for zero magnetic field as for

B=0.4 T. This means that no significant additional disper-
sion is introduced under magnetic field, i.e., the dispersion
on the neutral exciton longitudinalg factor from dot to dot is
small compared to the dispersion on the anisotropic ex-
change splitting. The small dispersion of theg factor for
neutral excitons has been established previously experimen-
tally by Bayeret al.27 and by Chenet al.28

The switching from linear to circular exciton polarization
through the application of an external magnetic field can be
modeled in the framework of an effective pseudospin with
S= 1

2. In this formalism, the exciton statesu1l and u−1l and
the exciton statesuXl and uYl are equivalent to pseudospins
parallel to theOz and Ox axes, respectively, represented in
the diagram in Fig. 7sinsetd. As a result, the PL polarization
can be written asPC=2SZ and Plin =2SX. A circularly polar-
ized excitation is represented by an initial pseudospin

SWst=0d parallel to theOz axis. The projection ofSWstd on the
Oz axis yields the circular polarization, which oscillates as a
function of time, as shown in Figs. 3sad and 3sbd. Following

linearly polarized excitation, the initial pseudospinSWst=0d is

parallel to theOx axis and the projection ofSWstd on theOx
axis yields the linear polarization, which oscillates as a func-
tion of time, as can be seen in Figs. 6sad and 6sbd. Using this
formalism it becomes clear that for intermediate fields, for
comparable AEI and Zeeman splittings, both linear and cir-
cular polarizations oscillate with the same period,T=90 s for
B=0.21 T fsee Figs. 3sbd and 6sadg. For B=0.4 T the pseu-
dospin is almost parallel toOz and we do not resolve quan-
tum beats after a circularly polarizeds+ excitation. The ini-
tial modulation amplitude ofPC of svexch/Vd2<21% sas
compared to 49% forB=0.21 Td is damped too quickly for
the beats to be detectable.

In summary, we have observed spin quantum beats for an
ensemble of InAs quantum dots using time-resolved PL ex-
periments after quasiresonant, LO-phonon-assisted excitation
and resonant transient dichroism measurements. The polar-
ization and the period of the spin quantum beats can be
changed by applying a small external magnetic field. The
conversion from linearly to circularly polarized eigenstates
can be explained by an interplay between the AEI and the
Zeeman splitting. The spin states created at different mag-

FIG. 7. Dependence of the energy level splitting corresponding
to the quantum beat period versus magnetic field. An excitong
factor of 2.5 can be deduced. Inset: Pseudospin formalism.

FIG. 6. Time-resolved photoluminescence, co-sopen circlesd
and counterpolarizedssolid squaresd after quasiresonantPX excita-
tion. The dashed line is a fit of the oscillations using Eq.s3d. sad For
B=0.21 T we observe oscillations in the linear polarization degree
Plin with a period ofT=90 ps.sbd For B=0.4 T the period shortens
to T=65 ps.
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netic fields have all been found to be stable during the exci-
ton lifetime, an encouraging result for future attempts of co-
herent control of these spin states in multiple-pulse
experiments.
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