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We report optical spectroscopic results of a single self-assembled In0.75Al0.25As/Al0.3Ga0.7As quantum dot.
The polarization-dependent shift of the Zeeman splitting in a single InAlAs quantum dotsQDd has been
observed. The induced Overhauser field is estimated to be,0.16 T in this InAlAs QD and the magnitude is
shown to be controllable by the degree of circular polarization of excitation light.
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Semiconductor self-assembled quantum dotssQDsd ex-
hibit a variety of confinement-related optical and electronic
properties useful for optoelectronic device applications such
as QD lasers and detectors. In particular, broad efforts are
currently underway to develop new techniques for control-
ling spin degrees of freedom in QDs. These efforts are stimu-
lated in part by some proposals to use the spin systems as
quantum bitssqubitsd in quantum information processing.1–3

While the rapid spin relaxation in solid-state surroundings
was suggested to be the main obstacle for the realization of
coherent control of spins, the exciton spin relaxation is get-
ting recognized to far exceed the exciton lifetime and lasts
up to several nanoseconds if excitons are excited and de-
tected resonantly.4,5 As another problem, the influence of a
nuclear-spin-induced magnetic field on electronic energy
states is pointed out. Since the relaxation time of the nuclear
spin is extremely long, the induced electronic energy shifts
due to nuclear-spin polarization will cause errors in quantum
gate operations using magnetic fields.6 On the other hand, it
can be possible to apply this nuclear-spin polarization for
long-lived quantum memory in a quantum information
network.7 Therefore, the magnitude of the nuclear-spin-
induced magnetic field and its controllability in a self-
assembled QD should be studied experimentally.

In this work, we report the magnetic-field studies of a
single self-assembled InAlAs/AlGaAs QD. The polari-
zation-dependent energy shift of excitonic emission, com-
monly known as the Overhauser shift, is clearly observed
and the magnitude is shown to be controllable. The observa-
tion of the Overhauser shift in a naturally formed QD using
monolayer fluctuation of a quantum wellsQWd8,9 has been
reported earlier. However, there have as yet been no obser-
vations of the Overhauser shift in a self-assembled QD that is

suitable for formation of vertically coupled QDs. Further,
this work provides valuable information on the red-emitting
InAlAs/AlGaAs QDs which have been reported in only a
few studies.10–13 Most of the single QD measurements have
been performed thus far in combinations such as InAs/GaAs
sRefs. 14,15d and InGaAs/GaAssRef. 16d with infrared
emission.

The QD samples grown by molecular-beam epitaxy have
two QD layerssIn0.75Al0.25As and In0.7Ga0.3Asd separated by
an 11-nm-thick Al0.3Ga0.7As layer. The QDs are formed us-
ing the spontaneous island formation in Stranski-Krastanow
growth mode during the epitaxy of strained InAlAssor In-
GaAsd on AlGaAs layers grown on CrO-dopeds100d GaAs
substrates. A GaAs cap terminates the heterostructure. In this
study, we concentrate on the single QD emission from the
InAlAs QDs in this sample. The details of the sample are
seen in Refs. 17 and 18.

Figure 1sad shows the time-integrated photoluminescence

FIG. 1. sad Ensemble PL spectra and single QD emissionssin-
setd from InAlAs QDs. sbd TEM image of a mesa structure.
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sPLd spectra at 10 K from the excitation spot with a diameter
of ,150 mm. The excitation has been carried out with a
HeNe laser on an Al0.3Ga0.7As barrier. At the lowest excita-
tion intensity, the peak centered around,1.59 eV for
InAlAs QDs is observed. The PL spectra have the linewidth
of ,120 meV due to inhomogeneous QD size distribution.
The emission from the wetting layersWLd was observed at
1.689 eV for larger excitation intensitysnot shown hered.

In order to isolate a single QD, small mesa structures
were fabricated by electron-beam lithography and wet
chemical etching as shown in Fig. 1sbd. The typical top lat-
eral size of the mesa structure is 150 nm. Since the QD
density is estimated as,531010 cm−2, a mesa contains sev-
eral QDs on an average and some mesas have one or a few
QDs, from which well-separated sharp emissions appear by
conventional far-field spectroscopy as shown in the inset of
Fig. 1sad. For the single QD spectroscopy, the sample was
held in a LHe cryostat and was kept at 4.2 K. All data shown
here were taken under the HeNe laser excitations632.8 nmd.
The QD emissions were dispersed by a triple grating spec-
trometersf =0.64 md and were detected with a LN2-cooled
Si-charge-coupled devicesCCDd camera. The system resolu-
tion was 13µeV and the energies of the emission peaks can
be determined to be of the order of 5µeV by spectral fitting.
A magnetic field up to 5 T was applied to the sample along
the growth direction. The polarization of the PL emissions
was analyzed with a quarter-wave platesQWPd and a linear
polarizer in front of the spectrometer.

Figure 2sad shows the PL spectra obtained from the lowest
exciton states of two different InAlAs QDs by varying the
magnetic field up to 5 T at 4.2 K. The magnetic field was
aligned parallel to the heterostructure growth directionz and
the sample was excited in Faraday configuration. The exci-

tation was linearly polarized and its power was decreased to
a level at which the biexciton and excited states disappear in
the spectra. In the energy range of the figure, the exciton
recombination of two different QDs atB=0 T is located at
1.5818 eV and 1.5866 eV. Under the application of a low
magnetic fieldsø1.5 Td where Zeeman splitting of the exci-
ton line is not clearly observed, the emission has been ana-
lyzed with respect to its circular polarization. The zero-field
emission at 1.5818 eV has a full width at half maximum
sFWHMd of ,90 meV and the linewidth varies from dot to
dot within 30–200µeV. While a very small energy splitting
s,14 meVd was detected atB=0 T depending on the ob-
served QDs, they showed no significant linear polarization.16

In BÞ0 T, the emissions split into a doublet due to Zeeman
interaction of the exciton spin with the magnetic field. The
low-energy portion of the spectrum was found to bes+ po-
larized and the high-energy portion wass− polarized. Fur-
ther, in these QDs, a single emission was the result of the
recombination of the degeneratemj = ±1 excitons and the
application of magnetic field results in the splitting ofmj
= +1 andmj =−1 states. A diamagnetic shiftDdiamagto higher
energies, which is the energy shift of the center of the exci-
ton doublet, is expressed well byDdiamag=aB2. With respect
to QDs in Fig. 2, the coefficienta is found to be very small
s3.4 meV/T2d. Thus far, the value ofa has been reported as
8.6±0.9meV/T2 for In0.55Al0.45As/Al0.35Ga0.65As QDssRef.
11d and 0.8±0.3meV/T2 for In0.64Al0.36As/Al0.33Ga0.67As
QDs.12 Since the diamagnetic shift is proportional to the
squared average of the lateral extension of the exciton wave
function, the small value ofa indicates a strong confinement.
Moreover, it is natural to observe the different value ofa,
depending on the lateral dot size, particularly for the self-
assembled QDs. In fact, in this sample, some of the QDs
exhibited larger diamagnetic shifts.

In Fig. 2sbd, Zeeman splitting is plotted against the exter-
nal magnetic field. The exciton energies in Faraday configu-
ration are given by the following Hamiltonian using the ex-
citon statesumjl= u+1l , u−1l , u+2l , u−2l as the basis:

H = Hexchange+ HZeeman

=
1

21
d0 db 0

db d0

0 − d0 dd

dd − d0

2 +
mBB

2 1
gbx 0 0 0

0 − gbx 0 0

0 0 − gdx 0

0 0 0 gdx

2 .

s1d

In the above equation,d0,db,dd are the exchange energy
between brightsu±1ld and darksu±2ld excitons, the splitting
energy between bright excitons, and the splitting energy be-
tween dark excitons, respectively. ThemB is the Bohr mag-
neton andgbxsgdxd is the g factor of brightsdarkd excitons,
given byge

z+gh
zsge

z−gh
zd using electron and holeg factors in

the growth direction.
By fitting using the forms obtained from diagonalizing the

above exciton Hamiltonian, we obtain an excitong factor
gbx=2.10±0.03. A number of single InAlAs QDs were stud-
ied in this sample, and the Zeeman splitting changed slightly
from dot to dot within 0.1 meV.

FIG. 2. sad Photoluminescence spectra from the lowest exciton
states of two different InAlAs QDs recorded at different magnetic
fields. The spectra are normalized by the magnitude of the exciton
emission around 1.5818 eV.sbd Magnetic-field dependence of the
energy splitting of two exciton lines in InAlAs QDs shown insad.
Solid squaressfor higher energy excitond and circlessfor lower
energy excitond are experimental data and the line is the fitting
result using the forms obtained by diagonalizing the exciton fine-
structure Hamiltonian.
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In this section, the results of the excitation of circular
polarization are reported. In the case of circularly polarized
excitation, the formation of the nuclear-spin polarization via
hyperfine interaction with spin-polarized electrons is ex-
pected. As previously mentioned, the polarization-dependent
shift sOverhauser shiftd of a single QD emission was ob-
served in a natural GaAs/AlGaAs QD where excitons are
trapped in the monolayer fluctuation of QW width;8,9 how-
ever, the energy shift has not yet been observed in the case of
a self-assembled QD.

Nuclear-spin polarization is formed by a two-step process
in optical pumping. The formation of electron-spin polariza-
tion is achieved by circularly polarized optical excitation in a
longitudinal external magnetic field. Next, the electron-spin
polarization is transferred to the nuclear system via hyperfine
interaction,19 the Hamiltonian for which is given by

HHF = v0o
j

AjucsR jdu2SIz
jSz +

I+
j S− + I−

j S+

2
D . s2d

In Eq. s2d, v0 is the unit-cell volume,Aj is the hyperfine
constant, anducsR jdu2 is the electron density at thej th
nuclear siteR j. The interaction consists of two terms: a term
proportional to the electronicSz and nuclearIz spin polariza-
tions along the direction of the external magnetic field, and a
term including electron andj th nuclear raising and lowering
operatorsS+/− and I+/−

j , respectively. The second term de-
scribes the dynamic part of hyperfine interaction, i.e., the
mutual electron-nuclear spin flips. Through the second term,
electron-spin polarization is transferred to a nuclear-spin sys-
tem. The resultant nuclear-spin polarization then generates a
static effective nuclear magnetic fieldBN, via the first term,
inducing the electronic energy shift. This energy shift is
known as the Overhauser shift.19 The hole in the valence
band has ap-like wave function that vanishes at the position
of the nucleus. Thus, only the electron-spin polarization con-
tributes to the formation of the nuclear-spin polarization. The
Overhauser fieldBN is given by the following:

kHHFlN = AkIzlSz = mBgxSzBN, s3d

whereA is the summation ofAj over all the nuclei in a unit
cell and kIzl is the average nuclear-spin polarization that is
determined by the balance of the nuclear-spin polarization
rate and its depolarization rate. From the above, the Over-
hauser shiftDEOHin QDs should be observed asgxmBBN in
the excitonic Zeeman splitting for circularly polarized exci-
tation.

Figure 3sad shows the evolution of the exciton emission in
an external magnetic field when exciting a single QD with
circularly polarized light. In the case of excitation with
s+-polarized light, the energy levels are resolvably split at
0.5 T into two levels. As the magnetic field increases up to 5
T, the splitting of the two levels increases. A similar splitting
is observed by increasing the magnetic field in the opposite
directionsup to −5 Td; however, the splitting energy is found
to be slightly different from that for 0–5 T except in the
rangeuBuø0.5 T as shown in Fig. 3sbd. While this difference
is marginals38 µeV on an averaged, an identical result was
found in conversion froms+ to s− excitation under the mag-

netic field in the same direction. These observations can be
explained by the aforementioned Overhauser fieldBN. Under
s+ excitation in our system, the inducedBN decreased the
external magnetic fieldB si.e., B−BNd, while BN increased
the external magnetic field in the opposite directionsi.e.,
−B−BNd. Further, the direction ofBN is determined by the
direction of the electron spin, which, in turn, is determined
by the polarization of the exciting light. In fact, the observed
Zeeman splittingDE changed clearly depending on the de-
gree of circular polarization of the excitation light as shown
in Fig. 4. In Fig. 4,DE is plotted as a function of the rota-
tional angle of the QWP. As expected, very good agreement
with the cos 2su−45°d ssolid curved was obtained forBN.
Figure 4 also shows the controllability of theBN by using the
degree of circular polarization. The energy difference in Fig.
3sbd is given asDEOH=gbxmBBN by Eq. s2d andBN is calcu-

FIG. 3. sad Excitonic emission energies fors+ excitation. InuBu
ø1.5 T, where the splitting is not clear, thes+ emissionssdotted
linesd and s− emissionsssolid linesd were detected separately by
using a quarter-wave plate and a linear polarizer.sbd Absolute val-
ues of the splitting energy are plotted fors+ excitation sopen
circlesd and s− excitation sblack circlesd. The lines are the fitting
curves by Eq.s1d, and including Eq.s3d, for s− ssolidd and s+

sdottedd excitations, respectively.
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lated to be 0.16±0.01 T forgbx of 2.1 andDEOH of 19 µeV.
The large nuclear spins of InsI =9/2d and Al sI =5/2d

strongly affect the magnitude of the hyperfine interaction in
InAlAs QDs as compared to GaAs QDs, where Ga and As

have the same nuclear spinssI =3/2d. Since the estimation of
hyperfine constantA of In0.75Al0.25As is presently difficult,
assuming that the value ofAI is similar to the value for InAs
sRef. 20d and that the nuclear polarization ratekIl / I is the
same for all nuclear species,kIl / Is=DEOH/oaAaIad is ap-
proximately 19meV/323meV=6%. Brown and Gammon
observed thatDEOH,90 meV andkIl / I ,65% for a natural
GaAs QD in a 4.2-nm-wide QW.8,9 The possible physical
origin of the smaller nuclear polarization as compared to
GaAs QDs is supposed to be due to the low spin-polarization
rate of the optically injected electrons and due to the mag-
netic spin disorder of InAlAs lattice that consists of nuclei
with different spins. Further research on nuclear-spin-
polarization dynamics is in progress.

In summary, we have observed the polarization-dependent
shift of the Zeeman splitting in a single InAlAs QD. While
the energy differences19 µeVd and the induced hyperfine
field s0.16 Td were small in the InAlAs QD, the magnitude
was shown to be controllable by the degree of circular po-
larization of excitation light.
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FIG. 4. Energy splittingDE at 5 T is plotted as a function of the
angle u of the quarter-wave plate used to change the excitation
polarization. The polarization of the excitation light is illustrated
above the top axis. In the figure,DE0 is the Zeeman splitting for
linearly polarized excitation that is indicated by the dotted line. The
solid curve is a fitting line.

T. YOKOI et al. PHYSICAL REVIEW B 71, 041307sRd s2005d

RAPID COMMUNICATIONS

041307-4


