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Exciton spin manipulation in InAs/GaAs quantum dots: Exchange interaction and magnetic
field effects
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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 eXigggyand the excitorg factor. We find
AEyy=30 peV andg=2.5 for the quantum dot excitons.
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Long optical coherence and spin relaxation times supporéstimate the relaxation time of different spin states.
the numerous proposals for future applications of quantum The investigated structure was grown by molecular beam
dots (QDs9 in spin-dependent devicés® To manipulate the epitaxy on 8001) GaAs substrate. It consists of 40 planes of
charge and spin of an exciton confined to a QD, it is necesiAs self-assembled QDs, separated by 15-nm-thick GaAs
sary to understand the Coulomb interactions between elespacer layers. The average QD density is 10 cmi 2 with
trons and holes. In particular, for applications of QDs asa typical dot height of 2 nm and a dot diameter of 15 nm. At
single-photon emitters, the anisotropic exchange interactiom=10 K, the ensemble PL transition energy is centered
(AEI) between electrons and holes is crucial as it can deterround 1.33 eV, with a full width at half maximu@WHM)
mine both the polarization and entanglement of the emittedf 60 meV. The sample is excited by 1.5 ps pulses generated
photons! For perfectly symmetrical dots the heavy-hole ex-by a mode-locked Ti-doped sapphire laser. The time-resolved
citon stateg+1) and|-1) can be excited with circularly po- PL is then recorded by up-converting the luminescence sig-
larized light. However, the reduced symmetry of real quan-nal in a LilO; nonlinear crystal with the picosecond pulses
tum dots leads to a mixing of the exciton spin doublet via thegenerated by the Ti:sapphire laser. The time resolution is
AEI, resulting in two linearly polarized transitions which are limited by the laser pulse widtk=1.5 p9 and the spectral
aligned along the orthogonal in-plane crystallographic axesesolution is about 3 meV. Alternatively, the time-resolved
of the dot structure, separated by an enefdsyy of up to  PL is recorded with an S1 photocathode Hamamatsu streak
200 neV, as measured in single-dot spectroscoMeasure- camera system with an overall time resolution of 8 ps and a
ments on dot ensembles have shown that under strictly resepectral resolution of 0.45 meV. All PL experiments were
nant excitation these linearly polarized states are stable: nperformed at 10 K.
spin relaxation is observed during the exciton lifetifne. The photoinduced dichroism measurements were per-

Here we report spin quantum beat phenomena foformed at 2 K, using the apparatus described in Ref. 6. The
InAs/GaAs QDs in time-resolved photoluminesceribd) pulsed beam of a picosecond Ti:sapphire laser is split into
experiments and in transient dichroism measurements. Stabpeimp and probe beams. The probe beam is focused onto the
exciton spin states are created following resonant and quaample in a spot of 5&m in diameter, and the pump beam
siresonant excitation and the long-lasting coherence betwees slightly defocused at the same point, in order to have a
the states, excited simultaneously by the same laser pulspump spot larger than the probe one. The photon energy is
gives rise to spin quantum beats. For zero magnetic field weauned to 1.35 eV. In the measurements presented here, the
observe quantum beats in the circular polarization, Bor pump beam is circularly polarized. The probe beam has a
=0.4 T we observe beats of the linear polarization, and fotinear polarization, aligned with a crystallographic axis of the
an intermediate field oB=0.21 T we observe beats in both QDs. After transmission through the sample, a balanced op-
circular and linear polarization. We explain these changes itical bridge analyzes two linear components of the transmit-
guantum beat polarization and period in terms of an interplayed beam lying at 45° to the original linear direction of the
between the AEI and the applied magnetic field. The beaprobe beam. The difference in the intensity of these compo-
period and decay time allow us to extract the energy differnents is proportional to the Faraday rotation of the principal
encesAEyy between different polarization eigenstates and tgpolarization direction undergone by the probe beam. The
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N consisting of three distinct transitions. As shown in Fig. 1,
= 52 the first peak is separated from the excitation laser energy by
= excitation: £2 31 meV, the second peak by 36.8 meV, and the third by
E intradot g & 66 meV. We attribute the first two peaks to the emission of
5 | inthe b"’""e’ﬁﬁ,& A the QDs with ground-state energies of one InAs LO phonon
:; v"?a’ﬂ'azEnergy ('eVr)”"' and one GaAs LO phonon below the laser excitation energy.
@ The third peak may be attributed either to the emission of
[T SEBmeV s, QDs with a ground-state energy @ne InAs plus one GaAs
c ; WL . .
3 LO phonon below the laser excitation energy, or to the
o L TN ground-state transitiofs,-s.) after photogeneration of carri-
s 1| Laser \ . .
- ' - ers in the(p,-p,) excited state, whers, (s;) and p, (pc)

represent the holéelectron 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
FIG. 1. Time-integrated photoluminescence of the dot ensemblenergy(shown in the inset of Fig.)1 Similar LO-phonon-

for two different laser photon energies: The laser pulse for intradoaissociated features have already been observed for InAs dots
excitation is sketched schematicallpse) and the resulting spec- in ensemble and single-dot measurements; see, for example,
trum shown as a solid line. Excitation in the barrier results in aRefs. 8 and 9. In our case the separation between the three
broad emission lindFWHM=60 me\) shown as a dashed line. different peaks is independent of the laser energy, which is

Energy (eV)

The emission of the wetting layéwWL) is marked. Inset: The nar-

row emission following intradot excitation can be fitted with a

Lorentzian line shapédash-dotted lines

characteristic for an LO-phonon-related emission process.
In Fig. 2 we compare the time-resolved PL following

strictly resonantE, se/= Egeteciionin the left column and qua-

siresonant excitatiofE ,se/= Eqeteciiont 1 LO in the right col-

pump and probe beams are chopped at different frequencielémn). After strict_ly resonant excitation of the sample with
and the heterodyne signal is measured at the difference frdl” linearly polarized light aE,s.,=1.33 eV[see Fig. 2a)],
quency with a lock-in amplifier. Time-resolved behavior is We observe for times longer than 300 pgfor earlier times

obtained by recording the rotation angle versus the pumpth

e signal is obscured by backscattered laser ighdegree

probe delay. The time and spectral resolutions of the experf linear polarizatiorP;, = 70% that remains constant during

ment are estimated to be 3 ps and 1 meV, respectively. ! nat
We denote linearly and circularly polarized photons asigenstates of the quantum dots at zero magnetic field are

ITX,11Y and o™, o*, respectively. The linear and the circular linearly polarized. Also in the case of quasiresonant

polarization degrees of the luminescence are defined as

the exciton lifetime[see Fig. &)]. This confirms that the

excitation (Ejs—=1.366 eV, 36 meV higher in energy
than strictly resonant excitatipnve observe a constam,

Pin = ("= I)/(1%+17) (1) for t>300 ps, and therefore no spin relaxation during the

and remaining radiative lifetime, although the absolute value of
P, dropped down to 40%see Fig. 2e)]. This is comparable

Pe=("=17)/(7+17), (2)  to results obtained in CdSe/ZnSe quantum dots for which

respectively. Her¢* (1) andI* (I7) denote, respectively, the
X (Y) linearly polarized and the righteft) circularly polar-
ized luminescence components, whgrandY are chosen to

be parallel to th¢110] and[110] crystallographic directions.
For a resonantly photogenerated electron-hole pair in théng the same laser energy Bf,i,=1.366 eV.

QD ground state, neither the electron nor the hole spin re- Following o* excitation, the two linearly polarized eigen-
laxes during the radiative lifetime of the excitdmllowing
in principle the observation of spin quantum beats. In praclinewidth is larger than the AEI splitting, resulting in an os-
tice, the PL signal is initially obscured by backscattered lasecillating PL signal during the first few hundred picoseconds
light following resonant excitation. This can be avoided by(t<300 p3 shown in Fig. 8a), with a period reflecting the
exciting quasiresonantly:The excitation laser energy is energy splitting betweefX) and|Y).1!

tuned to the energy of one GaAs longitudinal optidaD)
phonon(=36 me\) above the ground-state energy, at whichto dot and due to this inhomogeneous distribution the ob-

we detect the PL signal.

quasiresonant excitatiofone LO phonon above the ground
state also resulted in emission with higR;,, =65% that
remained constant during the radiative lifetime of the
exciton!® In the remainder of this paper we present the PL
measurements following quasiresonant excitation always us-

states|X) and |Y) of the exciton are populated as the laser

The energy difference betwegx) and|Y) varies from dot

served oscillations are damped, as we average the signal

The time-integrated PL spectrum is presented in Fig. 1 foover many dotS. As the oscillations become damped we
two different laser excitation energies. When carriers are crefind a remaining circular polarization rate 8:=10% for
ated in the GaAs layer surrounding the ddi®., above
1.56 eV}, a broad PL spectrum centered around 1.33 eV iground state is circularly polarized aRg = 10% reflects the
observeddashed line in Fig. )L As the excitation energy is presence of unintentionally doped QDs in our sampfé.
reduced below 1.37 eV, corresponding to a photogeneratiowith the trions present we can therefore not reach
of electron-hole pairs directly into the QDmtradot excita-
tion), the broad spectrum is replaced by a narrower emissio®;, =70%[Fig. 2(b)]. Finally the PL signal decays on a time

t>300 ps[see Fig. #)]. The light emitted from a trion in its

P;in=100% as reflected by the highest experimental value of
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FIG. 2. (a—(c) Time-resolved photoluminescence following
resonant excitation Ejaser=1.33 €V = jeteciion- (@) Photolumines-
cence versus time followindI* excitation detected in co- and
counterpolarized geometJfI*XIT* and ITXITY). The signal at early
times is obscured by backscattered laser light for lR&I* con-
figuration. (b) The degree of linear polarization;,, remains con-
stant during the exciton lifetime at a value ®70%. (c) Following
circularly polarized excitation, a polarization degreg=10% is
measured(d)—(f) QuasiresonantGaAs LO-phonon-assisted excita-
tion (Ejaer=1.366 €V =Eygieciior 0N€ GaAs LO phonon (d) Pho-
toluminescence versus time followidd* excitation detected in co-
and counterpolarized geometrfdI*[1X and IIXIIY). (e) For
t>300 ps the degree of linear polarizati®, remains constant
during the exciton lifetime at a value of 40%6) Following circu-
larly polarized excitation, a polarization degrd®-=10% is
measured.

scale of about 1 ns, which is due to the radiative recombin

tion of the exciton.
The oscillation periodl and decay timer were deduced

from a simple equation which reproduced the measured o

cillations accurately:

Pein = Pin(0)e™" cog27t/T). (3)

a_
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FIG. 3. Time-resolved photoluminescence, ¢open circles
and counterpolarizetsolid squaresafter quasiresonant® excita-
tion. The dashed line is a fit of the oscillations using 8. (a) For
B=0 oscillations in the circular polarization degrBe with a pe-
riod of T=135 ps are observeth) For B=0.21 T the period short-
ens toT=90 ps.

and a decay time of 30 ps, implying a dispersion of the AEI
splitting in the order of 4QueV. The measuredEyy is in
agreement with values reported by other groups on similar
samples, from single-dot PL and transmissidf°differen-

tial transmission experiment$,and transient four-wave-
mixing experiments on ensemb¥s’ 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 sta¥+i|Y).
Another possible origin of the beats could be the optical
interference of photons emitted from dots that are in either
state|X) ori|Y). In the following we will argue that quantum
interference is the most likely reason for the observed oscil-

Jations. We consider two different processes that lead to the

quantum dot ground-state PL in our experiment following
guasiresonant excitation.

(i) First we consider a second-order absorption process of
a photon, assisted by the emission of a LO phonon. In this

We obtain an oscillation period of 135+10 ps, corre-case each dot will be in either stdt€) or i|Y) after excita-

sponding to an average energy splittingyx,=30+3 ueV,

tion, resulting in the emission of photons linearly polarized
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as eithedI* or IT". But since the spontaneous emission of a

1 O,
phonon (typically within a time interval® of 140 fg will 4 0% G pump B=0T
introduce a random phase difference between the photc | o %
emission of the states from different dots, no oscillations ol | © %

the polarization will be observable in this case. As a result o'c
the second-order absorption process the dots are in eith =
state|X) or i|Y), without any well-defined phase relationship € 01
between states in different dots, which would be necessary t~ 1
create a coherent superpositidriThis process could be re- £ -2
sponsible for the drop fron®;;,, =70% to 40% linear polar- -g ]
ization as observed in the PL experiment when going fromgs 4
strictly to quasiresonant excitation. h>

(ii) Second, we consider the direct, resonant absorption °

a photon by a polaron state of a dot. Using tKg andi|Y) 67

exciton states, two polaron states can be built, involving ont : : :

LO phonon and one excite(g,-s.) exciton state. These po- 0 100 200 300
laron states are lifetime broadened due to the short lifetim: Time (ps)

of the LO phonof? (=3 p9 corresponding to an energy un-
certainty of 220ueV. This is larger than the anisotropic ex-  FIG. 4. ResonaniEjse=Egetectiod transient dichroism from
change energy ohEyy, =30 ueV measured; hence the laser pump-probe measurements, fof (open circley and o~ (solid
excites the two polaron components simultaneously, with gquarespump polarization.
well-defined phase relationship between fKgand thei|Y) _ _
components. As the polaron state disintegrates through tH@entally by measuring;, andPc for t>300 ps: for a field
annihilation of its phonon component into two acousticB=0-4 T we findP;, =10% andPc=60%. The conversion
phonong! the phase betweefX) and i|Y) is preserved. from linearly to circularly polarized dot eigenstates is shown
Since the phonon annihilation occurs on a time scale much Fig. 5. o
shorter than the beat peridd AEyy the coherence between _ The circular polarization Pc=60% measured at
IX) andi|Y) is maintained. We have therefore created a coB=0-4 T includes contributions from neutral as well as
herent superposition of states through quasiresonant excit§h@rged dots as the PL polarization of trions remains circular
tion via a polaron state. We believe this process to be respofinder an applied magnetic fiell By applying a magnetic
sible for the observed 40% of linear polarization remainingfiéld we have changed the PL polarization of photons from
after quasiresonant excitation. For a more detailed discussidarge neutral dots from linear to circular and for both ori-
of optical versus quantum coherence see Ref. 19. entations the o_Iegre_e o_f polarization remains strictly constant
In addition to the PL results, quantum beats have beefUring the exciton lifetime. In analogy to the quantum beats
observed in resonant transient dichroism measurements udbserved aB=0 for t<300 ps of the circular polarization,
ing a pump-probe arrangement. The pump polarization wadfter ol excitation we expect quantum beats &r0.4 T in
either* or o~ and the probe beam X linearly polarized.  linear polarization afte_Hxlexcnatlon and indeed we do ob-
After transmission through the sample, B&*Y and [1*"Y  serve this type of oscillation, as shown in the time-resolved
components are analyzed. The difference between the intefoPolarized and counterpolarized PL in Figbwith a pe-
sities of these two components reveals a transient dichroisiiod of 65 ps.

sensitive to the coherent superposition of tk¢ andi|Y) 100 100

states, initiated by the circular pump pulse. We observe os- X X _ + 4
cillations of the dichroism with a perioi=130+10 ps and a B=oT (@) I 11 (P)o'a
decay timer=26+3 ps(see Fig. 4 This result, obtained in a 50 50 W “v“'“"vAv"'"v"va‘v'Av"
resonant configuration at zero magnetic field, confirms the A%W%WVW 9 I
values obtained in the time- and polarization-resolved PL l o

measurements after quasiresonant excitation. Obtaining theo- ol VAVAWMAWV‘VAV‘ AAV\[AV‘[\'VAV B O_MMWP%‘WL
same periodand decay time in both experiments is a strong i/\/ B=0T

indication that the quantum beats observed are due to the

creation of a coherent superpositipf +i|Y).?? 5 5

A magnetic field applied along the growth axis of the 0 500 1000 1500 0 500 1000 1500
sample(Faraday configurationwas used to investigate the Ti .

) L0 ) ime (ps Time (ps
behavior of the excitonic fine structure states split by the (ps) (ps)
magnetic field. At zero magnetic field the optically active  gig 5. (g 11X excitation andT* detection: Fort>300 ps the
eigenstates for neutral dots g¥ andi|Y), as confirmed by  gegree of linear polarizatioR;, remains constant during the exci-
our PL measurements of a constéff,=40% after qua- ton lifetime at a value of 40% aB=0T (black curvg. At
siresonant excitation. By increasing the magnetic field, thes=0.4 T p;, is about 10%(gray curve. (b) ¢* excitation ando*
Zeeman splitting between tHe 1) and |-1) states starts to detection: AtB=0.4 T fort>300 ps the degree of circular polar-
dominate the AEI splitting, an¢k+1) and |-1) become the ization P¢ remains constant during the exciton lifetime at a value of
optically active eigenstatés® We have verified this experi- 60% (gray curvg. For B=0 T P is about 10%black curve.
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FIG. 7. Dependence of the energy level splitting corresponding
to the quantum beat period versus magnetic field. An exaifon
factor of 2.5 can be deduced. Inset: Pseudospin formalism.

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 longitudinglfactor from dot to dot is
small compared to the dispersion on the anisotropic ex-
change splitting. The small dispersion of tigefactor for
neutral excitons has been established previously experimen-
tally by Bayeret al?” and by Cheret al?®

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=3. In this formalism, the exciton staté#) and |-1) and
the exciton statefX) and|Y) are equivalent to pseudospins
parallel to theOz and Ox axes, respectively, represented in
the diagram in Fig. Tinsed. As a result, the PL polarization
can be written a$-=2S, and P;;,=2S. A circularly polar-

and counterpolarizetbolid squaresafter quasiresonadiX excita- 'Eed excitation is represented by an 'n't'aj pseudospin
tion. The dashed line is a fit of the oscillations using 8. (8 For ~ S(t=0) parallel to theOz axis. The projection of(t) on the
B=0.21 T we observe oscillations in the linear polarization degreeDz axis yields the circular polarization, which oscillates as a
Pjin with a period ofT=90 ps.(b) ForB=0.4 T the period shortens function of time, as shown in Figs(® and 3b). Following

to T=65 ps. linearly polarized excitation, the initial pseudosg=0) is

parallel to theOx axis and the projection d&t) on the Ox
axis yields the linear polarization, which oscillates as a func-
tion of time, as can be seen in Figgapand @b). 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 peridoe,90 s for

=0.21 T[see Figs. &) and Ga)]. ForB=0.4 T the pseu-

ospin is almost parallel t®&z and we do not resolve quan-
'tum beats after a circularly polarizetd excitation. The ini-
tial modulation amplitude oP: Of (wey/ 2)2=~21% (as
compared to 49% foB=0.21 T) is damped too quickly for
(4)  the beats to be detectable.

In summary, we have observed spin quantum beats for an
which takes the exchange enemfyyy =% weypand the Zee- ensemble of INAs quantum dots using time-resolved PL ex-
man splittingsQ,=ge,ugB into account. This is in contrast periments after quasiresonant, LO-phonon-assisted excitation
with recent measurements performed on InP quantum dots iand resonant transient dichroism measurements. The polar-
a magnetic field where no influence of the AEI on the Zee-ization and the period of the spin quantum beats can be
man fine structure could be detect&d®We deduce an ef- changed by applying a small external magnetic field. The
fective excitong factor of g.,=2.5 for the dots investigated conversion from linearly to circularly polarized eigenstates
here(see Fig. J. Experimentally, the amplitude decay of the can be explained by an interplay between the AEI and the
oscillations is the same for zero magnetic field as forZeeman splitting. The spin states created at different mag-

PL intensity (arb.units)

0 100 200 300
Time (ps)

FIG. 6. Time-resolved photoluminescence, ¢open circley

For an intermediate field @=0.21 T we observe a beat-
ing of thecircular polarization followingcircularly polarized
excitation, as aB=0, but with a shorter period of 90 psee
Fig. 3(b)]. In addition, we observe oscillations of tfinear
polarization followinglinearly polarized excitation with the
same period of 90 pisee Fig. 6a)].

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

0= \“s’ngch"' (geWBB/ﬁ)zy
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