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Luminescence quantum beats of strain-induced GaAs quantum dots
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Quantum beats of the strain-induced GaAs quantum dots were observed in the time-resolved photolumines-
cence in the magnetic field parallel and perpendicular to the growth direction. Quantum beats observed under
the longitudinal magnetic field are caused by quantum interference of bright excitons showing Zeeman split-
ting. The oscillation period depends on the angle between the growth direction of the crystal and the magnetic
field. Analysis based on the spin Hamiltonian for excitons explains the observed data angd fgietess 0.51,

0.17, and 0.34 to the exciton, electron, and heavy hole, respectively. Quantum beats coming from electron
Larmor precession were observed under the transverse magnetic field. The isotropic ejefaobor is
observed in contrast to the anisotropic electgdactor for the corresponding quantum well and is ascribed to

the strain-induced opposite energy shift of heavy- and light-hole bands.
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[. INTRODUCTION lation from the self-assembled islands fabricated on the sur-
face. Self-assembled islands cause tensile strain perpendicu-

The semiconductor quantum dd®Ds), artificial atoms, lar to the growth direction and therefore, the potential
have quantized energy levels characterized by orbital anénergies of the conduction band and valence band form ad-
spin angular momenta similar to atomic levels. Long opticalditional harmonic potential wells laterally in the quantum
coherence of exciton and spin in semiconductor quanturdell layer. Almost equally spaced quantum energy levels are
dots is expected to apply to quantum computation and quarPserved and the formed quantum structures are called
tum information processingSpin coherence time is known Strain-induced quantum dot&:*’ The strain-induced quan-
to be much longer than exciton coherence time in bulk andum dots have homogeneous size distribution in the growth
quantum structure®® Further, carrier spin relaxation is ex- direction and no defect at the interface. They have well-
pected to be greatly suppressed by quantum Confinefnengharactgrized quantum energy levels which are suita_ble for
Nevertheless, study of spin-relaxation time and spin structhe precise optical study. In this paper we report the first, to
tures in quantum dots is still in the elementary stage. Therethe best of our knowledge, observation of two kinds of quan-
fore, new knowledge on the spin structure and the spin dytum beats coming from the Zeeman splitting of bright exci-
namics becomes important. Static and transient opticdlons and electron Larmor precession in strain-induced quan-
orientation, magneto-optic spectroscopy, spin-flip Ramarfum dots.
scattering, and quantum beats have given us valuable infor-
mation on spin-dependent energy levels of bulk and quantum Il. SAMPLES
well (QW) semiconductors. Especially, quantum beats are
known to be an efficient method for studying a fine energy The samples were grown by metal organic vapor phase
structure and spin dynamics of carriers in semiconduttorsepitaxy at 60 Torr on semi-insulating Ga4@01) substrates.
because they are not limited by the spectral resolution an&ingle GaAs-A} Gg -As quantum wells were grown. The
hence give us finest energy splitting and because they aldbickness of the GaAs quantum well is 3.9 nm in one sample
give us lower limit time of coherence between spin-split sub-and 4.8 nm in another sample. The,ABa, ;As top barrier
levels. layer was 9.6-nm thick. After the growth of the single quan-

Quantum beats in semiconductor quantum structureim well, a 2.4-nm GaAs cap layer was grown. Finally, InP
under the magnetic field have been reported. Time-resolveiglands were formed by depositing four monolayer InP as
pump-and-probe measurement revealed the electron argdressors. The islands wered0-nm wide and~16-nm high.
hole g factors in quantum well$.In the time-resolved lu- The areal density of the islands was3x10° cm™2. An
minescence measurement, quantum beats were observed @dditional sample consisting of single quantum wells 2.4-nm,
der the resonant excitation of quantum wélls Time- 4.8-nm, and 9.6-nm thick without InP stressors was also
resolved luminescence revealed hole spin quantum Beatgrown for the measurement of the well-width dependgnt
Although many observations of quantum beats have beef@ctor of the electron.
reported in quantum wells, the observations of quantum
beats for quantum dots are Iimit_gdl.Z_This is ascribed to the Il PHOTOLUMINESCENCE AND
Itarged|r;homogeneous broadening in the ensemble of quan- LT UMINESCENCE EXCITATION SPECTRA
um dots.

The utilization of stress caused by lattice mismatch PhotoluminescencéPL) spectrum of the sample whose
between different semiconductors is an ideal method foGaAs well width is 3.9 nm, excited at 2.33 eV by using a
fabrication of well-characterized quantum dots. Quanturmcontinuous-wave(cw) Nd®**:YVO, laser is shown in the
dots are formed in a single quantum well by the stress modudottom panel of Fig. 1. The luminescence located at 1.64 eV
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158 160 1.62 164 166 1.68 in the middle panel and QD3 denotes the absorption by the
06F 5 ¢ ' ' ' e third excited state of the dots. There is a sharp peak at 1.632
det %Q)ooo o, & eV. The energy difference between this peak and the detected

energy position is 35 meV which is equal to the longitudinal
optical (LO) phonon energy of GaAs. Therefore, the origin
of this peak is the luminescence through one LO-phonon
relaxation. The peaks at 1.653 eV and 1.680 eV correspond
to heavy-holgHH) exciton and light-holéLH) exciton in a
quantum well, respectively. Clear difference is detected for
o' ando~ luminescence. The degree of circular polariza-
tion p.=(l,+—1,-)/(1,++1,-) is as much as 0.4 at the

h LO-phonon peak, as is shown in the top panel of Fig. 1.
I AR When the HH state was exciteg, is 0.5, the highest value.

I When the LH state was exciteg, is negative and is-0.05.
Based on the selection rule for the absorption and lumines-

PL Intensity PL Intensity

r Qbi] Qb2 ] cence transitions by circularly polarized ligiitnegative po-
-/ . larization at the LH exciton of the quantum well and positive
[ . . . . polarization at the HH exciton of quantum well show that
158 1.60 1.62 1.64 1.66 1.68 quantum dot state is composed of the HH state while de-
Photon Energy (eV) crease ofp. from 0.5 to 0.4 at the quantum dot state may

contain the LH state of the quantum well.

FIG. 1. Bottom panel: Photoluminescen@@L) spectrum of
strain-induced GaAs quantum dots excited 2a K with a cw
Circularly polarized photoluminescence excitation spectra. The de- MAGNETIC FIELD
tected energy is set to the first excited state of the quantum dots,
which is obtained from the luminescence measurement. Vertical The sample was mounted in a cryostat with a supercon-
scale is expanded by ten times between 1.60 eV and 1.64 eV. Thducting magnetta5 K for the magneto-optic study. The di-
closed(open circles show the sam@pposite circular polarization  rection of an external magnetic field is along the epitaxial
as that of the excitation laser. Top panel: Degree of circular polargrowth direction. For the measurement of time-resolved pho-
ization p. of photoluminescence excitation spectrum. toluminescence, 2-ps pulses from a mode-locked Ti:sapphire

laser were used for the excitation at the repetition rate of 82

is attributed to heavy-hole exciton recombination in theMHz. The excitation and detection paths were along the
GaAs quantum well without modulation by stress. In themagnetic field Faraday configuratiorand in opposite direc-
lower-energy region around 1.60 eV, the luminescence frontions. The excitation pulses were linearly polarized. The lu-
strain-induced quantum dots is observed. In the figure, QDIninescence components with linear polarization pardflel
and QD2 denote the PL bands of the first and second excitest perpendicular(l) to that of the excitation laser were
states of dots, respectively, whose luminescence nonlineariselected by a half wave plate and a linear polarizer. The
was reported previously. The energy separation between luminescence was dispersed by a 25-cm subtractive-
the first and second excited states of dots is 16 meV whicldispersion double monochromator and detected by a syn-
was also seen clearly in the nonlinear luminescén@ircu-  chroscan streak camera. The typical time resolution of the
larly polarized photoluminescence excitati®?LE) spectrum  system was-10 ps.
was measured to specify the energy states of the dots more The excitation energy was carefully selected based on the
precisely. A tunable cw Ti:sapphire laser was used as an eXPLE spectrum in Fig. 1. When the excitation energy is above
citation source and its intensity was kept constant by anhe quantum well, the luminescence intensity of the QD1
acousto-optic modulator. Circularly polarized light was madeband is high and most of quantum dots show luminescence,
by a linear polarizer and a quarter-wave plate. The luminesas is shown by a solid line in the inset of Fig. 2. This con-
cence components of the same circular polarization as theition is not favorable for observation of the quantum beats
excitation laser ¢ ) and its opposite4 ™) were selectively because luminescence of quantum dots is inhomogeneously
measured by using another quarter-wave plate and a linedroadened. When the excitation energy is below the quantum
polarizer placed in front of a 1-m double monochromator.well, the luminescence intensity of QD1 is reduced, because
The luminescence intensity was measured by a liquidthe light absorption by a selected ensemble of quantum dots
nitrogen-cooled charge-coupled-device camera by changinig much weaker than the light absorption either by a quantum
the wavelength of the excitation laser. well or by a thicker barrier layer. However, in this case,

The circularly polarized PLE spectra are shown at thenarrow-band picosecond pulses site selectively excite an en-
middle panel of Fig. 1. The detected energy is set to the peakemble of quantum dots of almost the same size. The fast
of the QD1 band1.597 eV). Several structures are observed. LO-phonon-mediated relaxation makes sharp sideband lumi-
The energy of the second excited state of the dots, QD2 inescence of site-selectively excited quantum dots. In the Far-
the bottom panel, agrees with the absorption structure QD2day configuration, luminescence was detectelf gtunder
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FIG. 2. Time-resolved photoluminescence profiles of strain-
induced GaAs quantum dofsvell width=3.9 nm with co- and
cross-linear polarization at 0 T and 6 T. The solid curi@scles
show the caoicrossylinear polarization component of luminescence.
The inset shows selectively excited luminescence spediiroies
and luminescence spectrum excited above the bas@id line).
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Tliis#e (ps) L
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Ecx and Eg4e show the excitation and detection energies for time- 0 10 20 30 20 50 60
resolved photoluminescence measuremeddtstted arrows The
difference of these energies corresponds to the LO phonon.

0
0.10

0 (degrees)

the excitation at the QD1 energy plus the LO-pRONON ENerGY, e of s induced Gaas quantim datsel wicth3.6 nm
Eex:. Egert frw o (see t_he inset in Fig.)2 o as a function of magnetic field. The well-fitted straight line shows
Time traces of luminescence under magnetic fieldBof  hatq factor is 0.51. The inset shows temporal change in the degree
=0 T andB=6 T are shown in Fig. 2. The solid trace was f jinear polarization aB=6 T (open circlesand a fitting damped
measured at parallel linear polarization. The trace plotted byscillation(a solid curvé with 27/w=24 ps andr=20 ps. A scheme
circles was measured at perpendicular polarization.BAt = shows optical transitions between Zeeman components of electrons
=0 T, the polarization decay time is about 15 ps. The phoand heavy holes composing the QD1 state. Lower panel: The angu-
toexcited electron-hole pairs immediately relax to the QD1lar dependence of the Zeeman splitting of strain-induced GaAs
state by emitting LO phonon, and then they recombine. Thguantum dots atB=6 T (diamond and its fiting by
intensity of parallel linear polarization component corre-ugB(0.34 cos#+0.17). The inset shows the degree of polarization
sponds to the number of carriers that conserve the polarizat §=20° and #=60°. Fitted damped oscillations have parameters
tion memory in the LO-phonon relaxation. The difference of27/w=24.3 ps and=30 ps, for=20° and parametersi2w=34.5
two curves shows that the initial degree of linear polarizatiorPs andr=24 ps, for6=60°.
pi==1)/(Ij+1.) is ~0.2. When a magnetic field is ap-
plied, a damping oscillation structure appears upon the decgyieans the angular frequency of the oscillation andeans
profile. The parallel component &=6 T decreases faster ts damping time constant. The fitted result is displayed in
than that aB=0 T and is followed by damped oscillations. e inset of the upper panel of Fig. 3 for the magnetic field of
Still more dramatic changes were observed on the perperg_g T The solid curve is the fitted function withw=24
dicular linear component. After the quick rise around s and7=20 ps. The period of the beats decreased with

~12 ps, the remarkable oscillation appeared. The parall creasing magnetic field. The energy splitting corresponding

and per_pendicular linear polar_izati_on trace_s are antiphase_ aqg inverse of the beat period is proportional to the magnetic
they c0|_nC|de after 60 ps. Excitataion by circular polarlzat|onﬁeld as is shown in the upper panel of Fig. 3. The obtained
did not induce the oscillation of luminescence. These polar- " .’ .

ization selection rules for the observation of the oscillation inSp“ttlng is much smaller than thg I_aser "”e‘_’v'd‘?” me).
the Faraday geometry suggest the quantum beat of brigtllztrom the absolute val.ue .of splitting anq its I|_near depen-
excitons? Linearly polarized light which is the superposition dence on the magnetic field, the beat is attributed to the
of right-handed and left-handed circularly polarized light ex-duantum interference of bright excitons caused by the Zee-
cites both of the Zeeman-splitted bright excitons coherently@n Splitting and the factor of bright excitons in the quan-
and the quantum interference of the bright excitons show&m dots is determined to be 0.51.
quantum beat. Another excitonic quantum beat between Further, the beat period was investigated in the Faraday
bright exciton and dark exciton is observed for co-linear andconfiguration as a function of the angle between the mag-
co-circular polarization under the magnetic field tilted from netic field and the growth direction, as is shown at the lower
the longitudinal direction and does not hold true in the ob-panel of Fig. 3.
served quantum beat here. If the electron-hole exchange energy is much smaller than
The degree of linear polarization was analyzed by varyinghe electron Zeeman splittirid,the spin Hamiltonian of the
the magnetic field. For the analysis, degree of linear polarelectron-heavy-hole pair in the GaAs qunatum structures un-
ization was fitted by formula, =exp(—t/7)sin(wt), wherew  der a magnetic field gives the simple expression for the en-
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e)r/%/ splitting of bright excitons; — E,=AE,,, represented
b

AE o= ugB(gp| coso+ Vg5 cos0+gz, sirfg), (1)

wheregy (ge) is theg factor of the hole(electron for the
magnetic field parallel to growth directiog,, is theg factor

of the electron for the magnetic field perpendicular to the
growth direction, and is the angle between the direction of
magnetic fieldB and the crystal growth axis, under the as-
sumption thagy, is much smaller thagy, . The assumption

is verified for the GaAs quantum wéllwhere|g,, | is mea-
sured to be 0.04 and is comparable to 1/5@gf. Because
anisotropy is very large in GaAs quantum well, relation
gh. <Op| is expected to hold for the strain-induced GaAs
guantum dots where the lateral size is much larger than the
height. As is shown in the following independent experiment
in the Voigt configuration, electrons in the strain-induced
GaAs quantum dots have isotrogidactorg, and Eq.(1) is
simplified to beAE;,= ugB(gh| cosf+ge). By using the ex-
pression, the angle dependence of the energy splitting is well
fitted, as is shown in the lower panel of Fig. 3. Here, we
assumed that the lowest QD1 band mainly comes from 0 25 50
heavy-hole exciton luminescence. Thdactors for exciton, .
electron, and hole obtained are 0.51, 0.17, and 0.34, respec- Tim
tively.

PL Intensity

1 1 1

75 100 125
e (ps)

FIG. 4. Luminescence quantum beats of strain-induced GaAs
guantum dots labeled by QDwell width=3.9 nm) and a GaAs
quantum well labeled by QWwell width=2.4 nm) coming from
electron spin precession observed in the Voigt configuration for

Another type of quantum beats of the strain-inducedd =0° and 45° atB=8 T. Solid and dashed lines show co- and
GaAs dots coming from the electron Larmor precession wa§ross-components of circular polarized luminescence.
observed not only for the site-selective excitation of quantum
dots but also for the excitation at the quantum well absorptron g factor monotonously increases with the decrease of the
tion in the Voigt configuration. The co- and cross-circularvolume ratio of GaAs in GaAs-AlGaAs quantum structures
polarization components were selected by using a quartefrom the electrorg factor of -0.44 in bulk GaAd!~*Value
wave plate and were detected by the same experimental sy§s, nicely agrees with the electrampfactor obtained in the
tem that was used in the Faraday configuration. Under th&araday configuration. The periodic oscillations were also
high magnetic field abov8=5 T, the periodic oscillation observed in the luminescence time trace of the quantum well,
appeared in the time trace, as is shown by the bottom tracess is typically shown by the second top trac@W 0°) for a
(QD 0°) for strain-induced GaAs quantum ddigell width ~ GaAs quantum wellwell width=2.4 nm) in Fig. 4. The
=3.9 nm in Fig. 4. Here, the circularly polarized laser pulse oscillation period for the quantum well was found to be
excited the quantum dots and the LO-phonon sideband lumshorter than that for the quantum dots in the same sample,
nescence in the QD1 band was observed. The crystal-growtiithough the quantum dots are formed in the quantum well
axis is perpendicular to the direction of the magnetic fieldby the strain. These results clearly show that=0.17 for
and is parallel to the direction of the incident laser light. Inthe quantum dots is smaller thgp, = 0.225 for the quantum
the \Voigt configuration,#’ denotes the angle between the well in the same sample whose GaAs well width is 3.9 nm.
crystal-growth axis and the direction of the incident laser For the measurement of the electrgrfactor parallel to
light. Because of the circular polarization selection rule forthe sample growth directiorgg), the crystal was rotated by
the observation of the oscillation in the Voigt configuration, 45°. The luminescence oscillations observed in this geometry
the periodic oscillation was thought to be originated from theare shown by the top tracé@W 45°) and the second bottom
guantum beat of electron Larmor precession. The electrotraces(QD 459 in Fig. 4. Compared with the oscillation

V. ELECTRON QUANTUM BEATS IN THE TRANSVERSE
MAGNETIC FIELD

Zeeman splittingAE - is given by period observed a#’' =0°, the oscillation period observed at
0'=45° is longer for the quantum well. On the other hand,
AEeo=0e, usB. (2)  the oscillation period does not change betw#&r45° and

#'=0° for the quantum dots. When the crystal is rotated to

We estimatedye, to be 0.17 by equating the oscillation ¢'=45°, the electron Zeeman splitting is giver’by
period to 277i/g., wgB. The positive sign of this value is

determined by knowing that the well-width dependgtfiac-
tor of electrons discussed in the following and that the elec- AEesso= upBV(gg+9e. /2. ()
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0.8 T T T . anisotropicg factor of conduction electron comes from the
different optical selection rule for heavy hole to electron and
06k « g QW) - light hole to electron transitiorfs. Anisotropic g factors of
) L conduction electron in GaAs quantum wells are described
v g, QW) by”!
04 o © g QD 1
v 2
8 02} J _ B _2pcu 1 _ 1
= ) Ot ™96l = my | Egt Eey By Eg+ eyt Epny)’
S 00 4
|
O e . " :
021 J wherep,, is the transition matrix element between the va-
9, lence band and the conduction bang, is the bare electron
mass,E is the band-gap energy, artg},, Eppy, andEj,,
0.4r g T are size-quantized energies of electron, heavy hole, and
I light hole, respectively. The calculated anisotrogi¢actor
-0.6 ! . . ! for electrons in quantum wells nicely explains the observed
5 10 15 20 25 anisotropy. The anistropy is reduced if quantized energy
Well Width (nm) Ef haa;vy hole and that of light hole approach each other in
qg. (4).
FIG. 5. Well-width dependence of the electfector in strain- Strain effect on quantum wells can be analyzed by using

induced GaAs quantum dots and GaAs quantum wells. E|egron the deformation pOtentia|S. The tenSile Strain formed by InP
factors g and g, were derived from quantum beats of electron Stressors on the fkGa, /As surface causes hydrostatic de-
Larmor precession for two angles between the magnetic-field anformation potential (2/3)E;, to the conduction electron,
the crystal-growth directiony’=0° and ¢’ =45°, in the \Voigt con-  hydrostatic deformation potential (1/&, minus shear de-
figuration. Circles and triangles represgntandg of electrons in  formation potential (1/2)Eg, to the heavy hole, and hydro-
quantum wells, respectively. Samples having two kinds of dots andtatic deformation potential (1/8Ehy plus shear deforma-
three kinds of single quantum wells are used for the experimentsjon potential (1/2pE, to the light hole?® As a result, two-
Diamonds represerg factor of electrons in quantum dots. Solid dimensional parabolic potential well is formed laterally in
lines show calculated) andg, of electrons in a single quantum the well for electron, heavy hole, and light hole, and poten-
well in the Kane mode(Ref. 21. tial wells for light hole and heavy hole approach to each
other. Based on parameters listed in Ref. 26, ratio

From the measured oscillation period@t=45°, g's of OB,/ 6Egy is calculated to be 2.18. From the observed red-
guantum dots and a quantum well in the sample were deriveshift of the energy of strain-induced quantum dots from the
by using Eq.(3) and theg,, 's of electrons in quantum dots energy of the heavy-hole exciton peak of the quantum well,
and a quantum well from the measured oscillation period atE;,,— (1/2)6Esy, is evaluated to be 43 meV. Therefore,
¢'=0°. Thegg's of quantum dots and a quantum well in the 5Ey,, and 6E, are obtained to be 55.8 meV and 25.6 meV,
sample were 0.17 and 0.09, respectively, for the sampleespectively. Although the energy splitting between heavy
whose well width is 3.9 nm. Thgg is equal to thege, in  hole and light hole in the quantum well is 27 meV which is
quantum dots, althougdy, andg,, of a quantum well were seen at the middle panel of Fig. 1, the reduction in the energy
different from each other. This indicates the isotrogpfactor ~ splitting in strain-induced quantum dots is estimated to be
for electrons in dots, in spite of anisotrogdactor for elec- SE;,=25.6 meV. We believe the isotropig factor for the
trons in the well in the same sample. Isotrogi¢actor for  electron in the strain-induced GaAs quantum dots comes
electrons in dots was also observed in another strain-induceidom the partial overlapping of the heavy-hole band and the
GaAs quantum dots formed in the GaAs well 4.8-nm thick.light-hole band split once in the quantum well by the quan-
In two kinds of strain-induced GaAs quantum dots 3.9-nm otum confinement effect. Further study may be necessary to
4.8-nm high, electromy factors in dots are average values of confirm the partial overlapping of the heavy-hole band and
ge) andge, of electron in the same quantum wells, althoughthe light-hole band in the strain-induced GaAs quantum dots.
e andge, of electron in the quantum wells strongly dependIn a spherical GaAs quantum dots, theory predicted the iso-
on the well width, as is shown in Fig. 5. Electrgrfactors of  tropic g factor for the electroR® This is another possible
GaAs quantum wells increase from a negative value to posexplanation of the isotropig factor for the electron in the
tive ones with the decrease in the well width. The observedtrain-induced GaAs quantum dots. However, we cannot
well-width dependence agrees well with the previoussimply use this theory because the shape of strain-induced
reports?>~?*The observed well-width dependence is well in- GaAs quantum dots is far from the sphere and because the
terpreted by thd-p perturbation theorst vertical confinement is much stronger than the lateral con-

Anisotropic g factor of electrons in quantum wells has finement. We consider this is a possible explanation but
been investigated extensivéfylts expression is given by strain effect is much plausible in the strain-induced GaAs
the k-p perturbation theory and the physical origin for the quantum dots. This problem needs further study.
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VI. CONCLUSIONS is observed in the dots in contrast to the anisotropic electron
factor for the corresponding quantum well and is ascribed

the strain-induced opposite energy shift of heavy- and

ght-hole bands. The quantum beats give us unique and fine
information on not only spin structure but also energy struc-

ure of quantum dots.

In summary, two kinds of luminescence quantum beats OFO
the strain-induced GaAs quantum dots were observed in th
magnetic field parallel and perpendicular to the growth di-
rection. Quantum beat of bright excitons showing Zeemal
splitting and quantum beat coming from electron Larmor
precession were observed. The oscillation period in the quan-
tum beat of bright excitons observed under the longitudinal
magnetic field depends on the angle between the growth di- Authors thank Dr. I. V. Ignatiev and Dr. S. Verbin at In-
rection of the crystal and the magnetic field. Analysis basedtitute of Physics, St.-Petersburg State University for the col-
on the spin Hamiltonian for excitons explains the observedaboration at the initial stage of the quantum beat measure-
data and giveg factors 0.51, 0.17, and 0.34 to the exciton, ments. This work was partially supported by Grand-in-Aid
electron, and heavy hole, respectively. Quantum beats confer Scientific Research No. 13852003 from the Ministry of
ing from electron Larmor precession were observed undeEducation, Sports, Culture, Science and Technology of Ja-
the transverse magnetic field. The isotropic elecgdactor  pan.
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