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Magnetooptical studies of a single quantum dot: Excited states and spin flip of excitons

W. Heller and U. Bockelmann
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We report on microphotoluminescence experiments in magnetic fields on single quantum dots formed by
width fluctuations in a narrow GaAs/Aba _,As quantum well. The ground state as well as two excited states
are discussed. We find a different diamagnetic shift and Zeeman spin splitting for these states. Resonantly
exciting zero-dimensional excitons, we observe a strong magnetic-field dependence of the spin flip rates.
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An attractive model system for optical experiments onsignal is collected with the same microscope objective and
zero-dimensionalOD) semiconductor structures is excitons dispersed by a triple grating Raman spectrometer. A pinhole
localized by width fluctuations in quantum welis® Espe-  which is placed at an image plane defines the detection area
cially for narrow quantum wells, the energy of the photolu-0f 3 um in diameter. With quarter wave plates we can excite
minescence line strongly changes when the thickness is vagnd detect with defined circular polarization. A high preci-
ied by 1-2 monolayers. Therefore in a real quantum welSionXxyztranslation stage is used to position the sample and
(QW), deviations from a perfectly smooth interface alwaysto address single structures.
lead to potential minima where excitons can be trapped be- Throughout this paper we describe the properties of one
fore they recombine. These confined excitons are fully quansingle quantum dot. Similar results, however not presented in
tized, which is reflected by small spectral linewidths belowthis paper, were found on a different position, which was
0.1 meV. With spatially resolved spectroscopy it is now pos-also examined in detail. The lowest curve in Fig. 1 shows a
sible to resolve such narrow lines because inhomogeneold- spectrum without magnetic field. The excitation power is
broadening is avoided when a single quantum dot structure i8S low as 1.5uW, which means that there is less than one
investigated. In a 3.5 nm wide GaAs QW, Brunretral!  exciton in the dot on the time average. The QW lumines-
found such localized exciton lines and even observed excitegence is observed at 1671 meV while the PL from a single
states of these quantum dots. Recently Gametoal * ob- localized exciton is seen at 1657.5 meV. The full width at
served a fine-structure splitting of the order of &V in the ~ half maximum of the latter line is about 0.1 meV, the lateral
optical spectra of such an artificial atom, which they attrib-extension of this OD state is below the spatial resolution. We
uted to asymmetries in the shape of the lateral confinement.
The lateral extension of the corresponding 0D states has not
yet been resolved, not even in the scanning near-field mi-
croscopy experimentspatial resolution of 100 nmcarried
out by Hesset al® However, from the energy separation be-
tween the OD states of a single dot the lateral size can be
estimated. For the ground state of our structure we thus es-
timate a size of about 40 nm.

The application of a magnetic field to such a single arti-
ficial atom is very interesting. For real atoms the magnetic
fields accessible in a laboratory are only a weak perturbation
compared to the Coulomb binding energy. In our OD struc-
tures, however, it is possible to reach a regime where the
magnetic confinement is as important as the size quantiza-
tion. For example, this could give rise to qualitatively differ-
ent magnetic-field dependences of the ground state and the
excited states. In this paper we present photoluminescence
(PL) and photoluminescence excitatiRLE) spectroscopy
measurements on a single quantum dot in magnetic fields.
The sample under investigation is a 3.5 nm wide GaAs/
Al 5 35Gag gAS single QW structure fabricated by MBE with .
growth interruptions of 30 s at both interfaces. The PL is 1650 1655 1660 1665 1670 1675
excited by a Ti:sapphire laser beam, which is focused by a ENERGY (meV)
microscope objective to a spot size of Jubn at the sample
surface. The sample is mounted in a continuous flow cryostat FIG. 1. Unpolarized photoluminescence spectra at various mag-
in the center of a superconducting magnet, which providesetic fields at 4 K. The excitation is done at 1700 meV with a power
magnetic fields upa 5 T at atemperature of 4 K. The PL of 1.5 uW. The PL of the single dot is observed at 1657.5 meV.
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T - T - T - T T and 120ueV (at 1668.1 meY, respectively. Gammoet al*

For strong lateral confinement it is expected that the relax-
ation becomes inefficient compared to the radiative recombi-
nation. In the present dot, however, the level separation is
still small enough to allow for efficient relaxatiGiVe have
DET also investigated other positions and two further QW's of
| width 3 nm and 5 nm grown in another MBE chamber. In all
PL samples we find sharp PL lines below the QW peak and all
L : L : L : ' : of them have a spatial extension below the resolution limit.
- 1656 1660 1664 1668 However, we observe a strong variation in the separation
ENERGY (meV) between the 0D states and there are even positions without
any excited state in the PLE spectrum below the QW con-
FIG. 2. Photoluminescence excitation spectrBa0 Tand 5 T.  tinuum.
The excitation power is 4W. In the upper partB=5 T) spectra In a magnetic field the two excited levels also split up
are shown which were recorded in different circularly polarizedaccording to spin. In the upper part of Fig. 2, PLE spectra for
geometries. The first label gives the polarization of the excitationdifferent polarization geometries are shown. The curve de-
the second label corresponds to the polarization of the detection. noted by ¢*/o*) was obtained witho" polarization for
both excitation and detection, while for the second curve we
do not observe a zero field splitting as reported by Gammonised o~ polarization. Each of the two spectra shows two
et al* within our spectral resolution of 7@eV. Typically  sharp peaks which correspond to the spin split states of the
there are several dots in the detection area. Scanning theo excited levels atB=0 T. The lowest two curves
sample it is, however, possible to find positions where only(c*/o~) and (¢~ /o) were recorded in circularly depolar-
one line emerges. We perform investigations on such posized geometry. The peak heights in these spectra are much
tions because physical effects can then be attributed to smaller which means that &=5 T the spin is conserved to
single quantum dot. a large extent during the relaxation process within the single
When we apply a magnetic field parallel to the growthquantum dot.
direction of the QW, the PL line exhibits a diamagnetic shift The magnitude of the polarizatiop *—1~|/(I"+17),
and a Zeeman spin splitting. The inset shows spectra rexvherel ™~ are the intensities foor™ '~ detection, strongly
corded with the maximum spectral resolution of about 70depends on the magnetic field. This is shown in Fig. 3. The
ueV. At B=5 T the two spin split lines are separated by 0.4dot is excited resonantly into the first or second excited level
meV; the diamagnetic shift is 0.25 meV. We have also in-with circularly polarized light and the resulting polarization
vestigated different positions and find that there is no sysef the ground state is measured by turning the quarter wave
tematic dependence of the splitting on the localization enplate. This method is more accurate than the comparison of
ergy or on the diamagnetic shift which is a measure of théhe absolute peak intensities in the PLE spectra because even
lateral confinement. The diamagnetic shift of the grounda very small drift during the measurement may change the
state is quadratic inB with a constant of 10 intensities by about a factor of 2. Due to the noncomplete
ueV/T2. The linear spin splitting of 8.eV/T corresponds polarization of the experimental setup a ratio of 1 for the
to an excitong factor of 1.42. With a quarter wave plate in polarization cannot be reached. We have separately mea-
front of the spectrometer and linearly polarized excitation wesured the degree of circular polarizatigrs=0.72 of the setup
find that the lower line isr~ polarized, the upper line*.  and extracted the polarizatidd of the sample emission by
Although KT is only of the order of 0.3 meV, both lines dividing the measured intensity ratio by. At zero field,
exhibit almost the same intensity. This already shows that invhere each pair of spin states is degenerate, almost no po-
high magnetic field these states are not in thermal equiliblarization is observed. When the field is increased, the spin
rium and that spin flip transitions are rather improbable orrelaxation is reduced because the spin states split up and an
the time scale of radiative recombination. energy exchange with the lattice is required. This qualita-
In the lower part of Fig2 a PLE spectrum is shown with tively explains the increase of the polarization with magnetic
the detection set to the OD PL line as indicated. We observéeld.
two strong peaks in the excitation spectrum below the QW For a more quantitative description we consider the rate
continuum with linewidths of only 5@.eV (at 1664.4 meY  equation introduced by Maiallet al. [Eq. (2.3) in Ref. 6] in

(EX/DET) PLE found values of 30-5QueV. We can resolve these line-
B=5T .. widths because in a PLE experiment the spectral resolution is

(" /a") given by the linewidth of the laser beam. The higher energy
—_ lines are not seen in the PL spectra, which means that the
= (c'/0) exciton relaxation to the ground state is efficient on the scale
= . of the radiative lifetime and that these peaks do not stem
s (6716)  wrmmmnspleiticoniyor from neighbored potential minima, which might contribute
o _ p g
8 (/" et mwtrsbor b to the luminescence of the ground state by migration of car-
> riers after resonant absorption. Therefore these lines are at-
= tributed to excited states of the quantum dot. This is also
‘£ PLE supported by the magnetic-field dependence of these lines,
] B=0T which strongly differs from the ground state as shown below.
L gly g
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FIG. 3. Dependence of the polarization on the magnetic field.

Up- and down-triangles are measured points, the solid line is a fit

FIG. 4. Summary of the observed transitions within the investi-

curve obtained by the described two stage relaxation model. Th@ated quantum dot.

upperx axis showsA/T" for the ground state.

the steady state case. For the polarizatprof a given state
i it follows

P l=1+2vger, (1)

wherevg is an effective spin flip rate between the two spin
split radiative leveldincluding direct transitions and transi-
tions via dark exciton statgsr; is the lifetime of stateé with
respect to relaxatiofonly for the excited stat¢sand radia-

tive recombination. To our knowledge no theory for the ex-
citon spin flip in OD systems is available. Spin flip mecha-

nisms based on motional narrowfifgrely on translational

invariance, which is not present in the quantum dot case
This drawback in mind, we nevertheless tried to fit our data
using the magnetic field dependence of the 2D exciton spi

flip rate according to EqA12) of Ref. 6:

A Tl

T
A is the magnetic field splitting anfl is the linewidth of
statei. Equation(1) becomes

1+

vse(B)=vse(0) 2

A 2

1+

Pi(B)=
P 1(0)+

)

2.

r

Now, we assume that the total polarizatiBris given by the
productP=P;P;, wherei and ] are the optically excited
state and the emitting ground state. The samges used for
both states; the lifetime, of the ground state is assumed to

be ten times longer than that of the excited state. This is
consistent with the absence of higher PL lines. The last two

constrictions relateP;(0) andP;(0) via Eq.(1). Since we

cannot resolve the linewidth of the ground state experimen-

tally, we assume a width of 5@eV as measured for the first
excited state. In Fig3 a fit curve is presented which was

ILIS

Eqg. (1). With measured PL decay times for excitons in a
quantum dot of several hundred picosecénttss corre-
sponds to spin flip times fdB=0 T in the range of some 10
ps. The first excited state contributes to the spin relaxation at
low field but becomes less important at higher magnetic field
due to its largerg factor. That almost the same magnetic
field dependence is found when the second excited state is
pumped resonantly indicates that the spin relaxation mostly
takes place in the ground state. Within the experimental pre-
cision, there is no significant difference for" or o~ exci-
tation in agreement with the assumption of symmetrical spin
flip rates.

The upper two curves of Fig. 2 show another interesting
feature, namely that the splitting of the second excited level
of opposite sign to the splittings of the first excited level
and the ground state. The size of the splitting is larger for the
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obtained in the described model. A reasonable fit is obtained FIG. 5. Peak positions from PL and PLE data as a function of

for P;(0)=0.05, which fixes the product ofsr and 7 via

the magnetic field.
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excited states than for the ground state. At a magnetic fieldonfinement. In both cases the first excited level is mainly a
of 5 T the excited state splittings are 0.74 meV an@l.59  center-of-mass excitation and the second excited level an ex-
meV, which correspond to excitog factors of 2.55 and citation of the relative coordinate of electron and hole. This
—2.04, respectively. A similar behavior has been observedgain agrees well with the calculations of Baeeal.'° be-

for magnetoexcitons in a 10 nm wide QWrheoretically the  cause an excitation of the relative coordinate corresponds to
reversal of theg factor was attributed to the heavy-hole— gn h(2s) state in their notation and just for this state they
light-hole mixing in the valence barld.In our sample the predicted a reversal of the excitgnfactor.

valence-band mixing is weaker due to the smaller well |, conclusion, we have performed photoluminescence and

width. On the other hand, the contribution of the hole to the,, o4 1yminescence excitation spectroscopy on an individual
exciton g factor strongly increases with decreasing well

: oS o . uantum dot in a magnetic field. We observed a ground state
width.!! For a quantitative description of this result calcula- d g d

tions of quantum dot excitons including valence-band mixin and two excited states which in a magnetic field spiit into
q . 9 X XINYyoublets. The ground state shows a smaller spin splitting
are required because in the present case the exciton bindi

eneray and the lateral confinement enerav are of com arab?ﬁan the excited levels; for the second excited state the sign
ay 9y P of the splitting is reversed. The three states show qualita-

SIZE. Figure 4_summar|zes_ the observe_d transitions for exc ively different diamagnetic shifts. Increasing the magnetic
tation, relaxation, and luminescence within the quantum do

atB=0 T. ield from 0 to 5 T, the degree of spin polarization induced

In Eia. 5 the experimental peak positions of the roundby optical pumping changes from below 0.1 to values above
state ar?d the two gxcited Ieve[I)s arep lotted versus rTg1a net|0'7' Itis possible to fit the measured magnetic-field depen-
! P > INelence of the polarization of the 0D system with a 2D theory.
field. We observe a small change in the splitting of the

.= . " "For related measurements on quantum wells this means that
ground state(abgut 60"fev a}t 5 ) when th.e excitation Is data consistent with the 2D theory of spin relaxation do not
changed froma™ to o~ which, however, is close to the

spectral resolution of our setup. The diamagnetic shifts of thg ecessarily imply extended exciton states.

states strongly differ. While the ground state is blueshifted, We thank G. Abstreiter, G. Bastard, R. Ferreira, and U.
the first excited level almost remains unchanged and the se®ossler for helpful discussions and G.'lBn, G. Weimann,
ond excited state is redshifted. Such a behavior has beeyl. Bichler, and W. Wegscheider for providing the samples.
obtained theoretically by Halonest al!? and Bockelmant¥ ~ This work has been supported financially by the Deutsche
for magnetoexcitons in quantum dots with parabolic lateraForschungsgemeinschdf§FB 348.
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