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Polarization-dependent shift in excitonic Zeeman splitting of self-assembled
Ing.75Alg.05AS/ Al 3Gag 7AS quantum dots
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We report optical spectroscopic results of a single self-assembjedAin ,sAs/ Aly :Gay 7As quantum dot.
The polarization-dependent shift of the Zeeman splitting in a single InAIAs quantuni@®x has been
observed. The induced Overhauser field is estimated te®&6 T in this INAIAs 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 d@®s ex-  suitable for formation of vertically coupled QDs. Further,
hibit a variety of confinement-related optical and electronicthis work provides valuable information on the red-emitting
properties useful for optoelectronic device applications suchnAlAs/AlGaAs QDs which have been reported in only a
as QD lasers and detectors. In particular, broad efforts arfew studiest®*3Most of the single QD measurements have
currently underway to develop new techniques for controltbeen performed thus far in combinations such as InAs/GaAs
ling spin degrees of freedom in QDs. These efforts are stimufRefs. 14,1% and InGaAs/GaAs(Ref. 16 with infrared
lated in part by some proposals to use the spin systems &snission.
quantum bitqubits in quantum information processirig? The QD samples grown by molecular-beam epitaxy have
While the rapid spin relaxation in solid-state surroundingstwo QD layers(Ing 75Al 25As and I /Ga, 5AS) separated by
was suggested to be the main obstacle for the realization @n 11-nm-thick A} ;Ga&, 7As layer. The QDs are formed us-
coherent control of spins, the exciton spin relaxation is geting the spontaneous island formation in Stranski-Krastanow
ting recognized to far exceed the exciton lifetime and lastgrowth mode during the epitaxy of strained InAlAsr In-
up to several nanoseconds if excitons are excited and d&aAsg on AlGaAs layers grown on CrO-dopdd00 GaAs
tected resonanty® As another problem, the influence of a substrates. A GaAs cap terminates the heterostructure. In this
nuclear-spin-induced magnetic field on electronic energystudy, we concentrate on the single QD emission from the
states is pointed out. Since the relaxation time of the nuclednAlAs QDs in this sample. The details of the sample are
spin is extremely long, the induced electronic energy shiftseen in Refs. 17 and 18.
due to nuclear-spin polarization will cause errors in quantum Figure Xa) shows the time-integrated photoluminescence
gate operations using magnetic fiefd®n the other hand, it
can be possible to apply this nuclear-spin polarization for) [
long-lived quantum memory in a quantum information
network! 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 InAIAs/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 . L : g
tion of the Overhauser shift in a naturally formed QD using 132 "5§nergy (léi?) 1o
monolayer fluctuation of a quantum weQW)2° has been
reported earlier. However, there have as yet been no obser- FIG. 1. (a) Ensemble PL spectra and single QD emissitins
vations of the Overhauser shift in a self-assembled QD that iset from InAlAs QDs. (b) TEM image of a mesa structure.
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@ rerrrrrpererrrerprererrereren (0 o tation was linearly polarized and its power was decreased to
: 0T a level at which the biexciton and excited states disappear in
% : 5T 06 the spectra. In the energy range of the figure, the exciton
Il ] recombination of two different QDs &=0 T is located at
oY O < 0s 1.5818 eV and 1.5866 eV. Under the application of a low
Sk EELE N | magnetic field<1.5 T) where Zeeman splitting of the exci-
£ __Mw% @ 0.4 ton line is not clearly observed, the emission has been ana-
g ; ,sr] £ lyzed with respect to its circular polarization. The zero-field
8 ____M\___‘_‘N\____ & 03 emission at 1.5818 eV has a full width at half maximum
S F 2014 § (FWHM) of ~90 eV and the linewidth varies from dot to
£ _,,‘/L_,\__J'\IS_T 8 02 dot within 30—200ueV. While a very small energy splitting
5 ] }L N 10T] (~14 ueV) was detected aB=0 T depending on the ob-
% ] [\ 05T ] 0.1 served QDs, they showed no significant linear polarizatfon.
: ,/L ] In B+#0 T, the emissions split into a doublet due to Zeeman
: cetrrreteeent A O L 0.0 interaction of the exciton spin with the magnetic field. The

1.582 1.584 1.586 1.588 0

energy (eV) magnatic field () low-energy portion of the spectrum was found to depo-

larized and the high-energy portion was polarized. Fur-

FIG. 2. (a) Photoluminescence spectra from the lowest excitonther, in these QDs, a single emission was the result of the
states of two different InAlAs QDs recorded at different magneticrecombination of the degeneratg=+1 excitons and the
fields. The spectra are normalized by the magnitude of the excitoapplication of magnetic field results in the splitting f
emission around 1.5818 eth) Magnetic-field dependence of the =+1 andm;=-1 states. A diamagnetic shifti;ma4to higher
energy splitting of two exciton lines in INAIAs QDs shown (a). energies, which is the energy shift of the center of the exci-
Solid squareg(for higher energy excitgnand circles(for lower  ton doublet, is expressed well BYiamag™ aB?. With respect
energy excitoh are experimental data and the line is the fitting to QDs in Fig. 2, the coefficient is found to be very small
result using th.e fo.rms obtained by diagonalizing the exciton fine{(3.4 ueV/T?). Thus far, the value ofr has been reported as
structure Hamiltonian. 8.6+0.9ueV/ T2 for Ing ssAl g 45AS/ Al 3Gy gsAS QDs(Ref.

(PL) spectra at 10 K from the excitation spot with a diametert? Eigd _0'810'3/‘6\_/”_2 for Ing.saAlo 3gAS/ Alg 3852 6AS

of ~150 um. The excitation has been carried out with a @PS-* Since the diamagnetic shift is proportional to the
HeNe laser on an ALGa, -As barrier. At the lowest excita- squared average of the Iatgral_extensmn of the exciton wave
tion intensity, the peak centered aroundl.59 eV for function, the small value af indicates a strong confinement.
InAlAs QDs is observed. The PL spectra have the linewidthMoreover, it is natural to observe the different valuecof

of ~120 meV due to inhomogeneous QD size distribution.depending on the lateral dot size, particularly for the self-
The emission from the wetting layéwL) was observed at assembled QDs. In fact, in this sample, some of the QDs
1.689 eV for larger excitation intensitpot shown here exhibited larger diamagnetic shifts.

In order to isolate a single QD, small mesa structures In Fig. 2(b), Zeeman splitting is plotted against the exter-
were fabricated by electron-beam lithography and wemnal magnetic field. The exciton energies in Faraday configu-
chemical etching as shown in Fig(hl. The typical top lat- ration are given by the following Hamiltonian using the ex-
eral size of the mesa structure is 150 nm. Since the QMiton stategm;)=|+1),|-1),|+2),|-2) as the basis:
density is estimated as5x 10'° cm 2, a mesa contains sev- H=H ey
eral QDs on an average and some mesas have one or a few ~ exchange’ 'izeeman

QDs, from which well-separated sharp emissions appear by & 6 O Ox O 0 0
conventional far-field spectroscopy as shown in the inset of 1l & & uBl 0 —ge 0O O
Fig. 1(a). For the single QD spectroscopy, the sample was =— +—

held in a LHe cryostat and was kept at 4.2 K. All data shown 210 —& 4 2 0 0 —Qu O
here were taken under the HeNe laser excitat@s2.8 nm. S — & 0 0 0 Oy
The QD emissions were dispersed by a triple grating spec- (1)

trometer(f=0.64 m and were detected with a LMooled

Si-charge-coupled devig€CD) camera. The system resolu- In the above equationgy, &, &y are the exchange energy
tion was 13ueV and the energies of the emission peaks caetween bright[+1)) and dark(|+2)) excitons, the splitting

be determined to be of the order ofiBV by spectral fitting.  energy between bright excitons, and the splitting energy be-
A magnetic field up to 5 T was applied to the sample alongween dark excitons, respectively. Thg is the Bohr mag-
the growth direction. The polarization of the PL emissionsneton andgp,(dq,) is the g factor of bright(dark excitons,
was analyzed with a quarter-wave pla@WP) and a linear given by gi+gr(gi—df) using electron and holg factors in
polarizer in front of the spectrometer. the growth direction.

Figure 2a) shows the PL spectra obtained from the lowest By fitting using the forms obtained from diagonalizing the
exciton states of two different InAlIAs QDs by varying the above exciton Hamiltonian, we obtain an excitgrfactor
magnetic field up to 5 T at 4.2 K. The magnetic field wasg,,=2.10+£0.03. A number of single InAlAs QDs were stud-
aligned parallel to the heterostructure growth direciand  ied in this sample, and the Zeeman splitting changed slightly
the sample was excited in Faraday configuration. The excifrom dot to dot within 0.1 meV.
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In this section, the results of the excitation of circular (@) [ T T T AT T T N

polarization are reported. In the case of circularly polarized > TR 4 TECReee
excitation, the formation of the nuclear-spin polarization via WU g T SN
hyperfine interaction with spin-polarized electrons is ex- I W, WA

pected. As previously mentioned, the polarization-dependent
shift (Overhauser shiftof a single QD emission was ob-
served in a natural GaAs/AlGaAs QD where excitons are
trapped in the monolayer fluctuation of QW widtf;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
interactiont® the Hamiltonian for which is given by

photoluminescence (normalized intensity)

_ s +lis,
Hue =002 A'|¢(Rj)|2<|]zSz+T>- 2
j L 1 1 1 L 1 L 1 '} 1 1 I5TI
In EqQ. (2), vy is the unit-cell volumeAl is the hyperfine 1.5880 1.5890 1.5900
constant, andy(R))[? is the electron density at thgh (b) photon energy (€V)

nuclear siteR;. The interaction consists of two terms: a term
proportional to the electroni8, and nucleat, spin polariza-
tions along the direction of the external magnetic field, and a
term including electron anfth nuclear raising and lowering
operatorsS,,- and I),,_, 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 fieRj,, via the first term,
inducing the electronic energy shift. This energy shift is
known as the Overhauser shift.The hole in the valence magnetic field (T)

band has a-like wave function that vanishes at the position

of the nucleus. Thus, only the electron-spin polarization con- FIG. 3. (a) Excitonic emission energies fer, excitation. INB|
tributes to the formation of the nuclear-spin polarization. The<1.5 T, where the splitting is not clear, ths emissions(dotted

[splitting energy| (ueV)

Overhauser fieldBy is given by the following: lines) and o emissions(solid lineg were detected separately by
using a quarter-wave plate and a linear polarigerAbsolute val-
(Hupn=A1)S, = 1g0:SBw; ()  ues of the splitting energy are plotted fer, excitation (open

. . j . .. circles and o_ excitation (black circle$. The lines are the fitting
whereA is the summation of\l over all the nuclei in a unit curves by Eq.(1), and including Equ(3), for o (solid) and o,

cell and(l,) is the average nuclear-spin polarization that is o .
. . .. (dotted excitations, respectively.

determined by the balance of the nuclear-spin polarization
rate and its depolarization rate. From the above, the Ovemetic field in the same direction. These observations can be
hauser shiffAEg,in QDs should be observed agugBy in explained by the aforementioned Overhauser figldUnder
the excitonic Zeeman splitting for circularly polarized exci- o, excitation in our system, the inducdd; decreased the
tation. external magnetic field (i.e., B—By), while By increased

Figure 3a) shows the evolution of the exciton emission in the external magnetic field in the opposite directiom.,
an external magnetic field when exciting a single QD with—-B—By). Further, the direction oBy is determined by the
circularly polarized light. In the case of excitation with direction of the electron spin, which, in turn, is determined
o.-polarized light, the energy levels are resolvably split atby the polarization of the exciting light. In fact, the observed
0.5 T into two levels. As the magnetic field increases up to Zeeman splittingAE changed clearly depending on the de-
T, the splitting of the two levels increases. A similar splitting gree of circular polarization of the excitation light as shown
is observed by increasing the magnetic field in the oppositén Fig. 4. In Fig. 4,AE is plotted as a function of the rota-
direction(up to =5 T); however, the splitting energy is found tional angle of the QWP. As expected, very good agreement
to be slightly different from that for 0-5 T except in the with the cos 26-45°) (solid curve was obtained foBy.
range|B|<0.5 T as shown in Fig.(®). While this difference  Figure 4 also shows the controllability of tBg by using the
is marginal(38 peV on an average an identical result was degree of circular polarization. The energy difference in Fig.
found in conversion froner, to o excitation under the mag- 3(b) is given asAEq,=0,usBn by Eq.(2) andBy is calcu-
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have the same nuclear spifis3/2). Since the estimation of
hyperfine constanf of Iny75Alg25As is presently difficult,
assuming that the value & is similar to the value for InAs
(Ref. 20 and that the nuclear polarization rate/!| is the
same for all nuclear specied,)/I(=AEqy/Z,A,l,) IS ap-
proximately 19ueV/323 ueV=6%. Brown and Gammon
observed thaEqy~ 90 ueV and(l)/1 ~65% for a natural
GaAs QD in a 4.2-nm-wide QW? 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.
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FIG. 4. Energy splittingAE at 5 T is plotted as a function of the In summary, we have observed the polarization-dependent
angle ¢ of the quarter-wave plate used to change the excitatiorshift of the Zeeman splitting in a single InAlAs QD. While
polarization. The polarization of the excitation light is illustrated the energy differenc€19 peV) and the induced hyperfine
above the top axis. In the figur&E, is the Zeeman splitting for  field (0.16 T) were small in the InAlAs QD, the magnitude
linearly polarized excitation that is indicated by the dotted line. Theyyas shown to be controllable by the degree of circular po-

solid curve is a fitting line.

lated to be 0.16+0.01 T fay,, of 2.1 andAEyy of 19 peV.
The large nuclear spins of Ii=9/2) and Al(I=5/2)

larization of excitation light.
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