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We have investigated Zeeman splitting in single self-assembled InAs and InGaAs quantum dots experimen-
tally and theoretically. By measuring photoluminescence from single dots, in a wide spectral region, we have
obtained the excitory factors of quantum dots with various photoluminescence energies. We find that the
absolute value of the excitamfactors of InAs dots are smaller than those of the InGaAs dots, which differs
from the composition dependence expected from that of the bulk ones. The experimentally opfaicteds
are compared with calculated ones based on the eightdgmanodel where the influence of strain and the
Zeeman effect are included. We find a good agreement between the calculation and the experiment qualita-
tively and quantitatively. The calculation reproduces the nontrivial composition dependencegdiatier of
the quantum dots. In addition, the eight-band model predicts a size and shape dependence of the electron and
hole g factors of the pyramidal quantum dots.
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I. INTRODUCTION effect and the Zeeman effect. The single dot spectroscopy

Self-assembled quantum dots are promising candidatg¥rmits the study of complexes formed from electrons and
for the basic device units for quantum information processholes. In other words, we can separate the emission lines of
ing in solid state Systems Since the Carriers can be trappéjngle e|ectr0n-h0|e paIrS from those of multlpartlcle states.
into them in a controllable manner even at relatively highThe separation allows the comparison of the experiment with
temperaturds? due to the strong three-dimensional the eight-band effective mass calculation of single particle
confinemeng* Especially, spin degrees of freedom of the bound states avoiding the multiparticle effects of carriers.
confined carriers are attractive qubit candidates with relaThe calculation agrees with the experiment, and predicts the
tively long decoherence times. The key quantity needed ilependence of thg factor on the size, shape, and strain in
understanding the spin effects is tgefactor which is the In(GaAs pyramidal quantum dots. The results should pro-
coefficient connecting spin moment with magnetic one. Thevide insights to control the electron and hajefactors in
knowledge of electron and holg factors and their control pyramidal self-assembled dots.
are important for spin-based quantum information applica-
tions. For example, the system with a lagéactor is pref-
erable for controlling spin qubit while near-zero electign
factor is suitable to design a quantum receifT.he g fac- The samples were grown on a GaA$00 wafer at
tors of self-assembled dots have been evaluated by optic&D0 °C and 76 Torr by metal organic chemical vapor depo-
measurements!? and transport measuremetist® Gener-  sition. The self-assembled dots grown with nominal compo-
ally, the electrorg factor is deduced from transport measure-sition Iny sGa, sAs and InAs are called “InGaAs” dots and
ments while the excitorg factor is deduced from optical “InAs” dots, respectively. Although the In content in the
measurements. The evaluated values of ghéactors are quantum dots might be different with nominal one due to In
much different from bulk oné8 possibly due to size quanti- segregation and migration effeé&?* much higher In con-
zation, strain, and other effects. Sensitivity of thiactors to  tent of the InAs dots than the InGaAs dots was confirmed by
the spatial confinement has been predicted by theoreticghotoluminescencéPL) measurement. The InAs quantum
studies in several types of quantum dots such as sphericalpts show the PL around 1.0 eV at 3.5 K while the InGaAs
semispherical, rectangular dots, and the dots with a parabolidots show the PL around 1.2 eV. Atomic force microscopy
confinement’~?° In deep-etched quantum rectangular dotsmeasurements of reference uncapped samples revealed the
and wires, the dependence of théactors on the dimension- average dot diameter of 20 nm with a standard deviation of
ality and the size of the structures have been investigate8 nm and height of 7 nm with a standard deviation of 2 nm,
both experimentally and theoreticafily??However, the roles as well as the areal density of about*¥@n? for both the
of the size, shape, and strain on tigefactor of self- InAs and the InGaAs dots. To isolate individual quantum
assembled pyramidal dots have not been clear although thiots, the samples were etched by reactive ion etching into
self-assembled quantum dots have been intensively studiesmall mesa structures with lateral dimensions of about
due to their good optical and electrical properties which ar00 nm. Magneto-PL spectroscopy up to 5 T was performed
afforded by the Stranski-Krastanov growth mode. at 3.5 K in Faraday configuration. The PL was excited with

In this work, we study the factors of InAs and InGaAs the 632.8 nm line of a He-Ne laser beam focused by a mi-
quantum dots by single dot spectroscopy and a calculationroscope objective to a diameter of about. The excita-
with an eight-band -p model taking into account the strain tion power was limited to 10 W/cfrto create only a single

Il. EXPERIMENTS
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the calculation made for the dots with a base length of 15 nm and a

FIG. 1. (a) PL spectra of the InGaAs dots as a function of height of 7.5 nm(4.3 nm.

magnetic field from 0 to 5 T. All the spectra are obtained without
polarization selectivity except the upper two traces that are recorded _ E(c*) -E(0")
for ¢ and o~ circular polarizations, respectivelgb) The center Gex= usB J
position of the doublet ira), or the diamagnetic shift, plotted as a

function of magnetic field. The solid curve is a quadratic ().

Peak positions after the subtraction of the diamagnetic shift, plone%hereE(a*) andE(o”)
as a function of magnetic field. Opécdlosed) circles represent the
energy ofo™ (o*) polarized emissions. The solid lines are linear fits
to the data.

1)

are the energies af* ando™ polar-
ized emissions, respectively. By fitting the data in Fige)1

we obtainge,=-2.53. We have investigated the magnetic
field dependence of the emission lines for 30 InGaAs dots
o o and 10 InAs dots, and have observed very similar magnetic
electron-hole pair in a dot. The PL emission from a mesgig|q dependence for all the measured dots. All the emission
structure was collected by the objective, dispersed by §nes exhibit a quadratic diamagnetic shift in addition to a
double grating monochromator, and detected by a Si charggear zeeman spin splitting into a doublet. Other features
coupled device or an InGaAs detector array. By using thesg,ch as a zero-field splitiing arising from electron-hole ex-
two detectors we could study thg factors in almost the change interaction, a quadratic increase of the Zeeman split-
whole emission energy range of the InAs and the InGaAsting with B, and a splitting into a quadruplet due to an ap-
quantum dots. _ _ pearance of dark exciton lines have been repé?tedin

~ The excitong factor was determined by the Zeeman split- geformed dots with broken rotational symmetry. No observa-
ting of the ground state emissions of the single dots. Wgjon, of such features suggests that most of our dots Baye
studied only the emission lines whose intensity increases “nSymmetry except for a slight symmetry breaking due to the

7000 Wi/cri. The emission lies are expecied to arise ftor]0UVaISNCe of the atormic siructures in (140] and(110]
single neutral exciton® Other lines possibly arising from dlrect|on§ and the piezoelectric fields. The high symmetry of
complexes formed from electrons and holes were not dis?U" dots IS confirmed by macro-PL measurement. Although
cussed in the present work. optical anisotropy has been. commonly observed for elon-
gated or asymmetric dots witB,, or C, symmetry?%2” no
lll. EXPERIMENTAL EVALUATION OF THE EXCITON g optical anisotropy has been observed in our as-grown4dots.
FACTOR The excitong factors of the InAs dots and InGaAs dots
obtained by the earlier-described procedure are plotted as a
The typical PL spectra from a single InGaAs dot underfunction of the emission energy in Fig. 2. The experimental
applied magnetic fieldB) along the growth direction are errors are less than the size of the symbols in the figure. The
shown in Fig. 1a). The emission lines have a linewidth of scatter beyond the errors represents the inhomogeneity of the
about 100ueV. The spectral shapes of the InGaAs dots argjuantum dots. The excitog factor of the InGaAs dots de-
very similar to those of the InAs dots. With increasing mag-pends on the PL emission energy very weakly. The value
netic field, the unpolarized emission line splits into an oppo+anges from -3 to —2 while that of the InAs dots ranges from
sitely circularly polarized doublet. The energy shift of the =2 to —1. The compositional dependence of théctor is
center of the doublet, which represents the diamagnetic shiftlifferent from that of the bulk materials even qualitatively. In
is quadratic inB with a constant of 9.2eV/T? [Fig. 1(b)].  the bulk materials, the excitapfactor of the InAs should be
The energy positions after subtracting the quadratic diamagsmaller(or the absolute value should be larg#ran that of
netic contribution shift linearly withB [Fig. 1(c)]. On the the InGaAs?® In order to understand the difference between
basis of the linear relationship, we define the excgdactor  the quantum dots and the bulk materials, we calculategthe
as factors of the quantum dots.
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IV. THEORY TABLE |. Material parameters used in the calculation. Unless

. . . otherwise noted, values are taken from Ref. 44.
In this section, we describe our method to calculate the

electronic properties of the InAs and InGaAs quantum dOt%uantity

under applied magnetic field. Our method is based on the NGa-As
eight-band effective mass mod&f?which includes the con- Deformation potentials
duction, heavy, light, and split-off carriers for a total of eight _ (ev) -5.0&-7.171-X)
bands. Recently, at zero-magnetic field, the multiband effec o ~1.00-1.161-X)
tive mass model has been successfully applied to calculat[()a ev) 1.8-2.01-%)
pyramidal quantum dot¥-37 We have computed the ener- ° ' '
gies and wave functions by finite difference method where (€V) ~3.6¢-4.81-x)
the material parameters and strain are varied from site to sit&nergy 9ap
In the presence of a uniform magnetic field oriented alongFg (€V) 0.41%+1.5191-x)-0.47%(1-x)
the z axis, the wave vectok in the effective mass Hamil- VB offset
tonian is replaced by the operator E,bo (V) 0.21x+0.38(1-x)
e Luttinger parameters

k=-iV +=A, (2 20.0¢+6.981-x)

5 8.5x+2.061-x)
whereA is the vector potential. For the vector potential, we . 9.2¢+2.931-x)
choose the Landau gauge W 7.68+1.201-x)?

A =-Byx. (3 Spin-orbit coupling energy
The total Hamiltonian in a magnetic field is written as Aso _(ev) _ 0.39+0.3411-x)~0.1%(1-x)
Optical matrix parameter

Hiot=Hik+ Hs+ Hy, 4 E(ev) 21.5(+28.81-%)+1.4%(1-x)
where H, is the kinetic piece of the effective mass Hamil- Static dielectric constant
tonian,Hs is the strain-dependent one, addis the Zeeman e 15.1%+13.181-x)°
Hamiltonian describing the interaction of the spin with the Piezoelectric modulus
magnetic field. We solve the Schrédinger equation for the, , (c/m?) -0.05%-0.161-x)°

multicomponent spinor of the envelope functions. Following
Bahder! we choose Bloch functions, in the order, ¢*, Ih*, zReference 6.

+ — - . + ; Reference 45.
hh*, hh™, Ih7, so, and so’, to represent the conduction,
heavy, light, and split-off carriers, respectively. The signs
() on the top label the sign of thecomponentJ,) of the  tonian. The material parameters used in the calculation are
total angular momenturfd) formed by coupling the spin and summarized in Table I. All the parameters are set to the val-
the orbital angular momentum. Our set of the Bloch func-ues corresponding to the local composition except for the
tions|J,J,) and the Hamiltonansi,, Hg, andH, in the basis dielectric constant which is set to the value for the dot com-
set are described in the Appendix. The Hamiltonian is dis{osition throughout the structure. The discretized Hamil-
cretized on a three-dimensional mesh. The dot is modeletpnian is diagonalized by the Arnoldi-Lanczos algorithm.
with the shape of a pyramid with a square basé ofm and
a height ofh nm. The pyramid is embedded in the center of
a cube with sides of 50 nm. Wetting layer is omitted in the
calculation because the thickness is represented by a too
small number of grids in the condition avoiding exorbitant In absence of magnetic fields, the calculated result is very
computational expense. The wetting layer may be accountesimilar to previously reported eight-band-p calcu-
for separately. The strain distribution in and around the dot igations33-3"The ground lowest conduction ba(@B) state is
calculated by a three-dimensional finite element analysis ermalways s-like, and is mostly localized in the middle of the
ployed on the modeled structure. The lattice mismatch bepyramidal dot structure. The projection of the wave function
tween GaAs and lisa,_,As is incorporated through a linear to thes-like Bloch function(c*) is more than 90% in all the
static analysis. The calculated strain components are substalculated dots although the shape is slightly elongated along
tuted for the strain HamiltoniaHs. In addition to the explicit  the diagonal direction of the square base due to the piezo-
strain dependence iH,, the effect of piezoelectric fields is electric potential. The first and second excited stdtdzeled
included in the calculation. The piezoelectric polarizatiyn ignoring the Kramers degeneracy at the zero magnetic)field
in the zinc blende materials is determined as a linear functioare p-like, and are splitted also due to the piezoelectric po-
of off-diagonal components of the strain tensqy: P;  tential. On the other hand, the ground valence bavi)
=e4(€jxt €), (i#]#K), whereey, is the piezoelectric con- state remains closer to the bottom. Most hole states are elon-
stant. The electrostatic potential induced by the piezoelectrigated and localized along the diagonal direction of the dot
charge density=—divP,(r) is calculated by solving the cor- square. The projection of the hole wave function to the bulk
responding Poisson equation, and is included in the Hamilheavy hole(HH) band (hh*) is more than 80% in all the

V. NUMERICAL RESULTS AND COMPARISON WITH
EXPERIMENT
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1.4355 1.2270 transition from a single electron state of the CB to an empty
~ ™~ single-electron state of the VB, which is related to the single-
i c e % hole state by time reversal. Therefore, in the dipole approxi-
g 14350 s © g mation, the transition energy of (o) polarized emission is
5 « 8 8 2 ct & obtained from the energy difference between ¢théc™) CB
(2) 1.4345 (0)1.2265 state and théah™ (hh*) VB state if we neglect the-h Cou-

' lomb interaction. The effect of-h Coulomb interaction on

0.2086 M 400 magneto-optical propertigscan be discussed independently
3 = " hh H 200 o in a weak magnetic field range where modification of the
% 020811 " - ‘;”, o exciton wave function_ induced by th_e magnetic field is very
e - hh* 2 200 small. In our calculation, the projections of the CB and the
w o 6 - o* VB states to their dominant components of the Bloch func-

0.2076 . -400 tions vary by less than 1% in the range of magnetic field

0123 45 0123435 from 0 to 5 T. Thus, theeh Coulomb interaction does not
(b) Magnetic field (T)  (d) Magnetic fleld (T)

significantly change thg factor in our condition. The effect
can be included by just adding the exciton binding energy of

FIG. 3. Magnetic field dependence of the energyzpithe low- several tens of milli-electron-volts although we neglect it for

est CB state an¢b) the highest VB state. The zero of the energy

) ) . simplicity.
scale is taken at the VB edge of unstrained GagsMagnetic field " The center of the calculated energies of tieand o~
dependence of the calculated energy of the center of the spin-

splitted transition energies. The solid curve shows a quadratic fit t(?sOISar::'_)zv?/g ienmllzsizlogg, V.\Il_wgh erneeprzgeysecgtr? Lhee fcijtgrg?’?glft;)if:m’
the calculated energie@) Magnetic field dependence of the calcu- - 2 : . >
lated transition energies @f* polarized emissioficlosed symbols quadratic function off8 with a constant of 13.eV/T".

ando™ polarized emissioopen symbols The solid lines are linear ThL.JS’ th.e calculation reprOdugeS well the quadratic dlamag_
fits to the data netic shift measured by the single dot spectroscopy. Figure

3(d) shows the transition energy of the and ¢~ polarized
calculated dots. In the following, we label the calculatedemissions after subtracting the energy of the center of the
ground states by using the dominant components of themissions. The linear Zeeman splitting is also reproduced. It
Bloch functions, namelyg*, ¢, hh*, andhh™. We note that should be noted that, strictly speaking, the calculated dia-
the size-dependence of the calculated energy levels in th@agnetic shift is not exactly quadratic B and the calcu-
InAs pyramidal dots with(101) facets is also very similar to lated Zeeman splitting is not strictly proportionalBadue to
previously reported oné%3 except for slight differences the weak modification ok -p coupling by the magnetic field.
possibly due to different material parameters used for th&Ve determine the excitog factor by fitting the Zeeman
calculation. For example, the splitting magnitude betweersplitting with a linear function a€(o*)—E(07)=geuusB.
the p-like electron states and the energy separation betweerhus, we obtain the excitog factor for dots with various
the first and the second excited hole states are rather close ¢omposition, size, and shape.
the values reported in Ref. 33 than those in Ref. 35. The composition dependence of the exci¢oiactor of the

Figures 3a) and 3b) show the calculated energies of the dots with a base width of 15 nngdiagonal length of
the lowest CB state and the highest VB state under applie@1.2 nnm and a height of 7.5 nm is compared to the experi-
magnetic field. The calculated dot has a pyramidal shapenent for the dots with a diameter of 20 nm and a height of
with a height of 7.5 nm, a base width of 15 nm, and a diag-7 nm in Fig. 2 by plotting they factor as a function of the
onal length of 21.2 nm. The pyramidal shape with a diagonaémission energy. The dot composition is represented by the
length of 21.2 nm is adopted to compare the measured dotorresponding ground-state transition energy. The lowest
with a diameter of 20 nm on average although the atomiemission energy pertains to the InAs dot while the highest
force microscopy is not capable of resolving the detailed doemission energy to the §sGa, sAs dot. In addition to they
shape due to the tip-convolution effect. The compositionfactors of the dots with a height of 7.5 nm, those of the dots
Ing §Ga&y 4AS of the calculated dot may be representative ofwith a height of 4.3 nm are also shown since the capping of
the measured InGaAs dots with the nominal composition ofGaAs barrier layer might reduce the height of the dot by
Ing :GaysAs. The size and composition dependence of theseveral nanometef§.In the dot structure the highest emis-
magneto-optical properties will be discussed later in moresion energy pertains to JrGa, ;As dot. With further increas-
detail. ing Ga content, electrons are not confined in the dots. Figure

When we apply a magnetic field, the Kramers degenerat2 shows a good agreement between the experiment and the
states of the calculated CB and VB states split into doubletsalculation. Not only the quantitative values of the excigpn
due to the Zeeman effect. We focus on the Zeeman splittingactors, but also the characteristic composition dependence
of the ground states although the eight-band calculatiof the g factor, namely the smaller absolute values of ghe
gives also the splittings of the excited states, which are mucfactors of the InAs dots than those of the InGaAs dots, is
larger than those of the ground states due to nonzero mesuell reproduced. In the following we discuss the character-
scopic angular momentufi.To compare the calculated re- istic composition dependence.
sults with the experiment, we derive the emission energy The excitong factor is written byge,=-g.+9,, when we
from the the calculated energies of the CB and VB statesdefine theg factors of the lowest CB state and the highest
The emission of a photon occurs from the interband opticaVWB state asg.=(E(c*)-E(c7))/(ugB), and g,=[E(hh")
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FIG. 4. Calculatedy factors of the lowest CB statég,), the (@)

highest VB statég,), and the electron-hole pdige,), as a function

of the emission energy of the quantum dots with a base length of —"—b10h5 .\.

15 nm and a height of 7.5 nm. The lines are to guide the eye. The 0 ::: E]é[}ﬁ_s o ~m
composition of the quantum dots, ranging from pure InAs to —i—b15h7.5 \o\

Ing sGay sAs, are represented by the emission energy. 2 :;:258:;0 0—0—0
—E(hh")]/(ugB), respectively. It may be noted that haje g f==oxn QA A _a—4 <
factor has opposite sign ). As shown in Fig. 4, in the dots < a4l < P
with a base length of 15 nm and a height of 7.5 nm, the ~ ~ /./
variation ofg, with composition is much larger than that of 0\._._,0/‘ /

d.. Therefore, the compositional variation gf, is domi- 6[ — Y %

nated byg,. It should be noted that the characteristic com- V——vV */

position dependence cannot be explained by the wave func- kX

tion spill-over from the 10GaAs dot to the GaAs barrier -8 1'0 : 1'1 1'2 13

layer. More than 95% of the hole wave function is always
confined in each dot in all the calculated compositions.
The VB g factor g, is strongly influenced by thé-p

(b) Energy (eV)

coupling. We have confirmed that if tikep coupling among
the VBs (hh*, Ih*, andsc) is neglected by setting the cor-

responding off-diagonal elements are set to zero, then thp

characteristic compositional dependence vanishes to a
proach the bullg factor qualitatively and quantitatively. An
important contribution for thé-p coupling arises from the

FIG. 5. Calculated factors of(a) the lowest CB state angb)
the highest VB state for quantum dots with various size and shape,
lotted as a function of the emission energy. The dot size and shape
Sre labeled by the base length nm) and the heighth nm). The
omposition of the quantum dots, ranging from pure InAs to maxi-
mum allowable Ga-rich InGaAs for carriers to be confined, are
represented by the emission energy.

shear strain in and around the dot since the off-diagonal com-
ponents of the strain Hamiltoniat, are composed mainly of shape dependence of thdactors. Theg factors of the low-
the shear strain componerifs’ The shear strain decreases est CB statgg.) and the highest VB stat@,) in the quan-
with increasing Ga content. The decrease of the shear straianm dots with various shape and size are shown in Fig. 5.
decreases thle-p coupling, and results in an increase of the The dot composition is represented by the corresponding
HH band projection. The increase of the HH band projectioremission energy. The compaosition dependence of thegCB
increases the absolute value of théactor because the HH factor is very similar in all the dots. Thg factor depends
band is fully perpendicular to the magnetic field while themainly on the emission energy although there is a tendency
light hole and split-off bands have a parallel component tdfor the absoluteg factor value to increase with increasing
the magnetic field. Thus, with increasing Ga content, thesize. This is due to increased orbital contribution to the
relaxation of the shear strain increases the absgusetor  factor through decreased quantum confinement. In other
value despite the decrease of its bulk value. In contrast to the@ords, electrons in a strongly confined quantum dot stay in
good agreement of thg factor with experiment, the calcu- its ground orbital state. Strong quantum confinement pushes
lated emission energy is slightly different from the experi-the CBg factor toward 2. On the other hand, the composition
ment. The slight disagreement may be improved by finelydependence of the VB factor strongly depends on the size
tuning the dot shape, and by taking into account nonuniforand the shape. First, we focus on the dot-size variation of
mity of In distributior?® although the characteristic magneto- |g,|, keeping the base-to-height ratidh=2 in the dots with
optic properties of the self-assembledG@As quantum  a base length ranging from 10 to 20 nm. The dots are labeled
dots are well reproduced in our simple model structure. by their base width(b nm) and height(h nm) as b10h5,
b12h6, b15h7.5, and b20h10. In all the compositions of the
dots, the absolutg factor value|g,| decreases with decreas-
ing dot size, due to decreased orbital contribution. In addi-
By using the same calculation procedure which gives thdion, with decreasing dot size, the characteristic composition
good agreement with the experiment, we study the size andependence becomes strong. In the small dots, the abgplute

VI. SIZE AND SHAPE DEPENDENCE OF THE g
FACTOR
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2K dots are smaller than those of the InGaAs dots. The charac-
) teristic composition dependence of théactor is reproduced
by the calculation based on the eight-bd&ng model includ-
ing strain, piezoelectric fields, and Zeeman effects. The nu-
.. merically calculatedg factor agrees with the experiment
Mo T .?ex qualitatively and quantitatively. The eight-band calculation
4l a, ™ T predicts an increase of the absolute values of the CB and the
~ VB g factors with increasing dot size. The absolute value of
, , , , , the VB g factor increases with flattening the dot shape. These
&8 10 12 14 16 18 20 composition, size, and shape dependencies are attributed to
Base Length (nm) the k-p coupling. Shear strain in and around the quantum
) _ ) dots plays an important role on the coupling. The variation of
FIG. 6. Size dependence of thefactors in the pyramidal InNAs  the HH projection is especially important for the \¢factor.
dots with a base to height ratio of 2. Due to the difference of the size depend&np coupling
between the CB state and the VB state, the CB and thg VB
factor value increases largely with the emission energy ofactors become zero and change the sign at different dot
with the Ga content. It should be noted here that the eightsizes. Such a controllability of thg factors may be advan-
bandk -p theory is accurate in the vicinity of thE point.  tageous for future quantum information processing.
The accuracy of the eight-band model decreases for smaller
dots and more elaborate methods as empirical pseudopoten-
tial calculations are necessary. Comparison for InAs quantum ACKNOWLEDGMENTS
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jection in the InAs dots increases from 84.8% to 96.8% by

the height reduction from 10 to 4 nm. On the other hand, the APPENDIX: BLOCH FUNCTIONS AND HAMILTONIANS

absoluteg factor values of the dots with a base length of  The set of Bloch function$J,J,) at the zone center is

15 nm are slightly decreased by the height reduction fromyyitten ast

7.5 to 4.3 nm although the HH characters are increased by

-6

large{k| states are found to be negligible.

the height reduction. This is because the height reduction in 1) = ‘} 3 1> - |s1) (A1)
the dots with a base length of 15 nm induces the effect of T2 2/ '

size reduction in addition to the effect of the shape flattening.

A competition between the decrease|gf| due to the dot- 1 1>

size reduction and the increase due to the dot-flattening re- |2) = ‘—,— =|S0), (A2)
sults in the slight decrease in the absolgtiactor. 22

More detailed size dependence of théactors in the py-
ramidal InAs quantum dots witf01) facets with a constant 13) = ‘ 3 }>
2'2

| .

aspect ratio of 2 is shown in Fig. 6. The size dependence is - V’E|(X+ Y)1=2z1), (A3)

close to linear although the gradients are different between

the CB and VBg factors. Consequently, thg factors be- 33 i

comes zero and change their sign at different dot sizes. |4) = ‘55 = T§|(X+ iY)T), (A4)
v

VIl. CONCLUSIONS 3 3 i
. : e 5)= ‘—,-— =-—=|(X=iY)]), (AS5)
We have investigated the Zeeman splitting in self- 2 V2

2
assembled IfGa)As quantum dots by single dot spectros-
copy and eight-bandk -p calculation. By using single dot 3 1 i
spectroscopy we have evaluated the excitpfactors for |6) = ‘5,—5 = —=[(X=iY)1 +2Z]), (AB)
various InAs and InGaAs quantum dots avoiding multipar- V6
ticle effects as much as possible. The composition depen-
dence of the self-assemble dots is different from the bulk >

i .
ones. The absolute values of the excitpfactors of the InAs = FX-int+zl), (A7)

V3
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11 —i ) tive mass Hamiltoniansl, and Hg in the basis set in bulk
8) = ‘ 55> = T§|(X+ i)l +Z1), (A8)  zinc-blende materials have been given expliG#§We use
v the same Hamiltoniand, andHg as in Ref. 31 except for the
corresponding to electron spin down, electron spin up, lighteplacement of the wave vector to the operaksr—iV
hole spin up, heavy hole spin up, heavy hole spin down, light-(e/%#)A under a magnetic field=rotA. The Zeeman
hole spin down, split-off hole spin down, and up. The effec-HamiltonianH, is written ag?#243

-1 —
2
o1 _
2
— . L -
oK —T(K+ 1)
L K o
— 2K —
H,=2ugB 3 (A9)
- K
— 2 —
- -—=(k+1
2" Bty
- 1 -
-+l k+
p— \‘J —
1 1
[ +1 — + —
- V2 «*+1) (K 2) —

where ug is the Bohr magneton. The constants the modified Luttinger parameter related to the Luttinger parameter by

1 E
K=K-— = (A10)

whereE;p is the optical matrix parametei is the band gap, and, is the spin-orbit coupling energy.
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