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The linear intrabandintersublevel optical magnetoabsorption between the valence-band states in thin
disk-shaped self-assembled quantum dots is studied. Strain is modeled with the continuum mechanical ap-
proach, while band mixing and the magnetic field are taken into account through the axially synkmgtric
model. The absorption spectra in InAs/GaAs and Ge/Si quantum dots are computed for the case when a
magnetic field perpendicular to the dot’s base is present for ppqiblarization in the Voigt configuration and
s-polarization in the Faraday configuration. Due to the selection rules, the transitions between the states which
differ by +1 in the total angular momentu(f,) dominate fors-polarized light, while the transitions between
the states of differenf, are strictly forbidden fop-polarization. In InAs/GaAs quantum dots, the magnetic
field brings about a red shift of the absorption peak $eolarized light, while the absorption peak for
p-polarization is blue-shifted with respect to the zero field case, and also the absorption curves widen. In
Ge/Si, much smaller shifts of the absorption curves due to the magnetic field are found and almost no
widening occurs, which is attributed to the larger number of energy levels in Ge/Si dots. The obtained results
compare favorably with the spectroscopic measurements at zero magnetic field, especially with regard to the
relative energies of the absorption peaks $oand p-polarized light.
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[. INTRODUCTION to tailor the optical properties of a nanostructtite.
Quantum dots are most efficiently formed by the Stranski-

There is a growing interest in quantum dots, which areKrastanow mode of epitaxial growth. Due to strain fields,
expected to have numerous possible applications, like lasethese structures self-assemble in vertical stacks. Quantum
and photonic detectofs: The zero-dimensional density of dots of various shapes and sizes, and also of various materi-
states in quantum dots allows for absorption of arbitrary poals, have been fabricated by this method, but InAs quantum
larized light, which has a great advantage over quantundots grown on a GaAs substrate have been most comprehen-
wells, where absorption of in-plane polarized light in the sively studied to date. Because of the unperfect control of the
conduction band is prohibited. In the valence band of thedot's size, intersublevel absorption lines in the conduction
guantum well, however, band mixing lifts this shortcoming, band of an InAs/GaAs self-assembled quantum(8a#tQD)
but the larger effective mass of holes decreases the photorare subject to strong inhomogeneous broadenfngnother
sponse ofp-type doped quantum-well infrared photodetec-interesting system to realize QDIP’s ip-type doped
tors (QWIP’s). In order to take full advantage of the low Ge/Si*!? Intersubband transitions in the valence band of
conduction electron effective mass, quantum dot infraredse/Si quantum wells are promising for lasing in the THz
photodetector§QDIP’s) are usually doped with donors, and range!® For a similar case of three dimensional confinement,
usually rely on discrete-to-continuum transitigrisDiscrete-  there has been a quest to realize so-called quantum-dot cas-
to-discrete intersubband transitions occur in intersubbandade laser$*~'6 For the much more explored quantum-well
spectroscopy, which has emerged as a powerful tool to probeascade lasers, it has been shown that the external magnetic
the electronic structure of quantum wells and dofsTo field is beneficial for their performandé:2 The theoretical
explain spectroscopic data, discrete-to-discrete intersublevstudy of the influence of a magnetic field on quantum-dot
absorption should be appropriately modeled which is the aintascade lasers has been tackled only very recEntiyeat-
of the present paper. For example, pittype doped quantum ments of SAQD’s in presence of a magnetic field, including
dots, band mixing should be taken into account, and also thstrain and band mixing, are practically nonexistent. A notable
strain distribution, if the structure is grown on a lattice mis- exception is Ref. 22, where the magnetoluminescence spec-
matched substrate. The discrete-to-discrete intersubbarich were modeled. Recently, intersublevel transitions in
transitions in the valence band of quantum wells were treated-type doped InAs/GaAs SAQD’s, including both mixing
in Ref. 7 for the first time. Subsequently, the discrete-to-and strain but in the absence of an external magnetic fields
continuum intersubband transitions in the valence band ofvere addressed theoreticatfy.
quantum wells, aiming to explain the photocurrent measure- In this paper, a model for discrete-to-discrete intersublevel
ments onp-type doped QWIP’s were considergdlt has  absorption in the valence band of cylindrical SAQD’s is pre-
been recently demonstrated that by coping with the valenceented. In contrast to previous works, we consider intersub-
band intersubband transitions one may rely on band mixindevel transitions between the holes, and also include an ex-
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ternal magnetic field directed perpendicularly to the dot’s Ecask= P~ A F (1 + 2¢) ugB, (30
base. The continuum mechanical approach is adopted to

model the strain distribution, which is then entered into the 52

multibandk -p theory of the valence-band electronic struc- Pe=——n(C+ kf, +K2), (3d
ture. The variations of the transition matrix elements with the 2my

magnetic field are determined. Selection rules are ascertained

for both the Faraday configuration, where in-pldsepolar- Qu=Qx M, (3¢
ized light is incident on the sample, and the Voigt configu-

ration, where we assungepolarization. The influence of the 52 s s 5

magnetic field on the absorption-line shape is examined. The Q=- ﬁ'yz(kx +k = 2k), (3f)

results are compared with the previously published experi-
mental results on linear absorption prtype doped SAQD’s

of similar geometry as analyzed hér. M, = (1 +x)ugB, (39

The paper is organized as follows. In Sec. Il, the models
of strain and electronic structure are briefly explained. The h2 =yaty

: S . R = — 322232 (3h)
model for intersublevel absorption is discussed in Sec. lll. k= v '
, . . . 2mg 2

The results of our calculation are given and discussed in Sec.
[V. Our conclusions are given in Sec. V. In the appendix we 52
give the_ matrix el_ements and selectiop rules needed in the S= —\"%Vakkz, (3i)
calculation of the intersublevel absorption. 2my

wherek,, k,, andk, denote the components of thb electron
IIl. STRAIN AND THE SINGLE-PARTICLE ELECTRONIC wave vector along th¢100], [010], and [001] crystallo-
STRUCTURE graphic direction, respectiveli, =k,xiky, y1, v, ¥3, andx
are the Luttinger parametera,is the spin-orbit split-off en-
The strain distribution is extracted from the three-ergy, ug is the Bohr magneton, arfl is the magnetic field,
dimensional continuum mechanical model, in which the dis-oriented along the direction.
placements are discretized by means of first-order finite ele- In Hg, the shear strains and the difference betwggmand
ments onto a nonuniform mesh. The model is explained ir,, in the off-diagonal terms are neglected, and moreover all
detail in Refs. 24 and 25. For a small average number ofliagonal strain tensor components are averaged over the po-
holes in the quantum dot, like 1-2, the intersublevel absorptar angle in cylindrical coordinates. Such modifications de-
tion may be computed in the single hole picture, withoutliver axially symmetricHg, which contains the following ma-
losing details at the scale of 100 meV of the photon energytrix elements:
The 6X 6 multiband Pikus-Bir Hamiltoniamd, which con-
sists of the kinetic part,, the strain part,, and the poten- Enhis = Enn-s= Pst+ Qs, (43)
tial V due to the band offset at the dot-barrier interface, i.e.,

H=H+Hg+V, (1) Eih+s = Eh-s= Ps = Qs, (4b)
is used to compute theb statesH, andHg have the same Eqos= Ps, (4¢)
form,26.27

Evve 125 -S 0 -R -\2R Py=a, (6xx+ By + £22), (4d)
28" Em V200 R0 3
ool st V20 Ecor V2R —:Es 0 | Qis=Q= g(s_xx+?yy— 2e4), (4¢)
’ 0 R' \2R" Ey V2 -&
-R' 0 -3s' V25 E- \J’EQJr R.=0, (4f)
- 2R 3s' 0 -S V’EQ+ Eqo
i "2 §=0. (49)

with the matrix elements additionally labeled lyands,  Here,a, andb denote the deformation potentials for the va-
respectively. BothH, and H, are modified to establish the lence band, while,, ey, ande,,are angular averages of the
full axial symmetry of the Hamiltonian, which i is en- ~ diagonal strain tensor components. The effect of the piezo-
forced by an assumed cylindrical shape of the {othe  electric field on the electronic structure of flat quantum dots

matrix elements ofi, are given by is small? therefore it is neglected in the present model.
Moreover, the thin wetting layer is disregarded in the model,
Enek = P+ Q + 3xugB, (38 since it affects mainly the states near the energy continuum.
The magnetic field is taken into account in the symmetric
Ejhek = Px— Qx + kugB, (3b)  gauge. In Eq(2), it is convenient to introduck, andk_,
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_ L . d id _p N, = £ (e , 9
Ke = ket iky = —i exp(i|<p)<a—pi;£+5g>, (5) h P%m Fo(Ep.f,m) ©)
for a given number of holes per quantum dgt
In the absence of broadening, like due to interaction with
polar optical phononsz takes the formS(E,—E;—#%w). The
interaction with optical phonons, as an example, leads to
omogeneous broadening, described by the Lorentzian of

instead ofk, andk,. In Eq. (5), ¢ andp are the polar angle
and the radial coordinate, respectively, while \#/(eB) de-
notes the magnetic lengtle is the elementary charge

The envelope functions are expanded into a basis whic
consists of products of 1p-dependent Bessel functions and

100 sin/cos functions along ttzedirection. Furthermore, the width I,

symmetry with respect to the=0 plane is used to alleviate _ I/(2m)

the computation of eigenstates. Theomponent of the total E(Ej Epfiw) = 2 o2 (10)
(Ef—Ei—fLw) +1'9/4

angular momentunt,=f,4 and the state’s parity, denoted
here asP, are good quantum numbers fowh electron. To  The existence of a phonon bottleneck, due to the zero dimen-
each envelope function, there corresponds the envelope agional density of states, was predicted some time 2&go.

gular momentuni =14 (v=1, 2,...,6 for a givenF,. For ~ However, it was argued that the model of weak coupling
the state with the eigenenergy, the vth envelope function between electrons and phonons in quantum dots is dubious,
has the form: and was subsequently replaced by a model based on

polarons’®32 The intersublevel relaxation time in the va-
(6) lence band of a single InAs/GaAs SAQD was measured
recently®® More recently, it was determined that the polaron
decay depends on the transition energy, which is accounted
The envelope function spinor for the eveh state has the for by the finite lifetime of the phonon in a polaréi? De-
form scription of the real process of electron-photon interaction in

1 .
File.p.2) = ,=\If(p,z)e”i.,¢_
N2m

m T + ilige (312 the phonon bath is beyond the scope of the devised model,
Fi el Wi e and therefore a simple relaxation-time approximation is
Fi Vo elize Vel adopted to describe the line broadening. However, the shape
= P glize Pogf-12¢ of the absorption line in fabricated quantum-dot ensembles is
Blzf 73 | =| " ® vame | (7)  dominantly affected by the spread of the dot $ifayhich
Fia Wi elia? ‘I’i4e'( 2#3/2¢ brings about inhomogeneous broadening due to energy levels
Fis Vi ellise V12 variation. In order to model such system, we employ the
_Fie_ \I'i*ee"iﬁ‘P \Prsel(fzﬂ,z)(p Gaussian distribution function 2
where the parities are explicitly labeled in the superscripts, Z(E,Enhw) = i exy{— M) (11)
and are reversed for the odd state. Note that the zone-center v2ml 2r

basis functions are arranged as in Ref. 24. In additiofy, to

. . . The interaction Hamiltonian is given b
and P, the lowest|l,|=X among six bands is used in the g y

symbole to denote thevb state. Hi=ele-v, (12
z
wherev=V,H/# denotes the velocity operator aeds the
[ll. TRANSITION MATRIX ELEMENTS unit polarization vector of light. Note that the interaction
AND INTERSUBLEVEL ABSORPTION Hamiltonian is derived in the Coulomb gauge, which is a

. . . . special case of the symmetric gauge employed for the elec-
oTT'e approp;r;’:lttemqgi?tlt_y iﬁ;lg?f(;rll;e;hce(;nteri%%lgr\]/el abt'ronic structure calculation. In the following, we consider the
sorption in quantu SIS ClVE Cross s matrix element =(F|eVH|F;). For s-polarized light, there

- ) exists an in-plane anisotropy of the intersublevel absorption,
o(hw) = e CwA-E [(Fe[Hind F) which is not relevant for our axially symmetric model of the
0 it electronic structure, and therefore we decided to average the
X2 (E;, Eq, o) EU(E) - fI(EN]T, (8)  modulus squared of the matrix element over the polar angle

6 of e in the cylindrical coordinates. The calculation of the
wheren denotes the index of refractiory is the vacuum transition matrix element fos-polarized light|M |? pro-
permittivity, c is the speed of lightaw is the photon energy, ceeds along the lines listed below:

A'is the intensity of the magnetic vector potential of the light (1) The kernel of the transition matrix elemept, (M |

wave, indices andf are for the initial and the final state, ={,u, dQ) is written as

respectively,F; and F; denote the valence band envelope

function spinors of the two states, while and E; denote B N N

their energiesH;; is the interaction Hamiltonian elaborated #1~ > FrOLFiO (0, ¢) + > FILFP (). (13
(h) A L . . k=1 k=1

below, andf_y is the Fermi-Dirac distribution function for

the holes. The Fermi level is obtained as the solution of thé® , and Il denote theoverlap and dipole matriceéwith

equation respect to the direction, given in Tables VII and VIII of

4 2
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Appendix B, respectively. The in-plane anisotropy of the 2 4 n Lo
transition matrix element is contained @, shown in 2233 3 RE(7101:0. kiAki)
Table VII, hence it affects only the overlap part of the matrix k=1 k=1 =1 ji=
element. The dipole matrix elements are selecteddhy, 2 N
functions, shown in Table VIII. x
(2) 9l g is replaced by its eigenvaltig,, and the inte- +2k§1 E 2 Re(”m“m’)@j’,,lj,5|j',|j- (16)
grals overg in the transition matrix elements are evaluated =
analytically. Thel;, is extracted for a giveri, of the initial For p-polarized light, there is no dependence @rihere-

state and the index is arranged by overlap or dipole matrix. fore the matrix elemeni,, is much easier to calculate. Its
The integrals ovep andz are computed numerically. It turns kernel is given by
out that the transition matrix elements are given as linear

combinations of theeomponent matrix elementahich are 2

- . - +
classified as overlap integrals, My = k% FIOWFiO(¢) + FITIF;. (17
R +H, . . . .
- A~ The overlap matrice©,, and functions®,, are given in
= d dz¥y, O, 14 el e Ik
© fo P pf_HZ fm"= = im (14) Table IX of Appendix B. Here, it is not necessary to expand
the modulus squared of the matrix element, and also the
and dipole matrix elements, selection rules are much simpler. Hence,
R +H, Mo1 Mo2 M
w:f pdpf A2V (Wi (15) M= Oy diy -1+ > Oj2j iy 11 + > ITIN (18)
0 —H; j=1 =1 j=1

~ ) , ) with the symbols having similar meanings as in Ef). It is
In Egs.(14) and(15), O denotes eitheg or v, defined in Eqs. g5y 10 prove that irrespective of the values aif the initial

(B1) and (B2), respectively, the operatdfis given in EQ.  anq the final state, the equal parity states produce Ifro
(B3), R, and H, denote the radius and the height of the Therefore, the expression fod, is simplified to
cylinder employed to expand the envelope functions of the

vb states in quantum dots, amdandm’ are number of the Nyt

states which take part in the overlap integrals and dipole M= o, (19)
matrix elements. The component matrix elements are addi- j= "

tionally labeled by subscripts for s-polarized light and| .

for p-polarized light. For the later use, we denote the numheren;; =10, as Eqs(B8) and (B11) indicate. Because of
bers of the nonzero matrix elementsdn, andIl, byn,o,  the structure ofil, and the selection rule for the envelope

andn | 1y, respectively. angular momenta, only the states of eqtiaproduce finite
(3) [M, |2 is formed as linear combination af ;0. M.

74O ki and 0} terms, wherej counts the non-

zero matrix elements irO,, and II . The coefficients IV. RESULTS AND DISCUSSION

which multiply these terms depend not only éiut also on ] ] )
the orbital momenta of the two envelope functions which 1he model is applied to InAs/GaAs and Ge/Si quantum
participate in the component matrix elements. dots with base radiuR=8 nm and heighh=3 nm. Such
(4) The coefficients iffM , |2 are averaged ovet, which ~ P-doped g?f‘S/GaAS and Ge/Si SAQD's were fabricated
gives selection rules for the envelope angular momenta diecently>®*? The material parameters for the two dots are
the envelope functions used to compute the productiven in Table I. The average number of holes per quantum
Olk'oJ.k’j’ and Wlk'ol.k’j’- These rules are expressed by ma-dot amounts to 2 in our calculation. For the Lorentzian, Eq.
trices A and A, given in Eqs(C1) and(C2), respectively. (10, we usel'=1.88 meV, which corresponds to the recently
The expression for the in-plane average of the matrix e|measured intraband relaxation time 0.7 ps in InAs/GaAs

ement[M 2 derived according to the previous procedureSAQD's™ and the same value is adopted for the Ge/Si
reads(Dyy =Ae (1) + Ay (-1)) SAQD. For the Gaussian curve, E41), I'=20 meV seems

to be a reasonable choice. The magnetic field spans the range
14 Mok 2 0=<B=40T, while all states of sizable contribution to ab-
4_12 > |0ij|2(5|_/’|._1+ 87141 +> |7le]_|25|‘,‘|. sorption in the_: range _—9/:2 f,<9/2 are take_:n into account
k=1 j=1 i" J7] =1 i when computing the intersublevel absorption. For the tem-
perature we choosg=77 K. The envelope functions are ex-
panded onto a cylinder of radid&=32 nm and height &,
=80 nm. No compositional mixing between the dot and the

|ML|2=

4 njokNiok

+2> > > RE(0', 40 Dy

k=1 j=1 jr>; i ial i i i
T barrier material is taken into account. Zero energy is taken to
4k nioNioK X be at the top of the valence band in the matrix, and the
+22, > > > Re(0 .0, kj'Dyir) energy axis points upwards from the valence to the conduc-
k=ly=1 j=1 j'=1 tion band.
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TABLE |. Material parameters of GaAs, InAs, Si, and Ge, relevant for the calculation of intersublevel
absorption in the valence band of InAs/GaAs and Ge/Si SAQD's. All the values for GaAs and InAs are
taken from Ref. 34, and for Si and Ge from Ref. 35 except where it is explicitly indicated.

Parameter GaAs InAs Si Ge
A (eV) 0.341 0.39 0.044 0.297
" 6.98 20.00 4.285 13.38
Y2 2.06 8.5 0.339 4.24
Y 2.93 9.2 1.446 5.69
K 1.28 7.68 -0.2¢ 3.41
a (eV) -7.17 -5.08 -5.10 -9.50
a, (eV) 1.16 1.00 0 0
b (eV) -2.0 -1.8 -21 -2.9
d(eV) -4.8 -3.6 -4.85 -5.28
n 3.258 3.51 3.3 4
a (nm) 0.565325 0.60583 0.54304 0.56598
Cy; (10'9N/m?) 12.21 8.329 16.75 13.15
Cy, (101° N/m?) 6.498 0.494 5.66 4.526
Cyq (109 N/m?) 8.007 0.684 6.00 3.959

aT=0 K value;n(T)=3.2551+4.5x 10°°T).

bT=0 value;n(T)=3.381+3.9x 10°°T).

°T=300 K value;a(T)=0.565325+3.8& 107%T-300 K).

dT=300 K value;a(T)=0.60583+2.74 10°%T-300 K).

€7=298.15 K valuea(T)=0.54304+1.8138 10°3%(T-298.15 K +1.542x 10°%(T-298.15 K2,
fT=300 K value;a(T)=0.56598+4.14& 1075(T-300 K).

9Reference 36

hReference 37.

iReference 35.

A. Hole states and transition matrix elements heavy holesin the 1S, state is even. 3;, and 1S,
If the magnitude of any, in the vb envelope function states split by a rather small amount in InAs/GaAs SAQD,

spinor is zero, the ground state of the holes may be obtaine(filnd even smallefvirtually zerg splitting is found in Ge/Si

s : . . quantum dots. In thé&;,, states, zero envelope orbital mo-
Sl:fth |S|tuat|0n ta”sesf'?hter%zgandhi%fhftzfj”"\Nﬂterﬁotlze mentum belongs to the light holes, which have lower ener-
orbital momentum VY 9 gies due to strain, and also a larger splitting with respect to

equals(lh) zero, respectively. Furthermore, most bright ab-, o S, states. Thevb states in all shells do not exhibit
sorption lines are due to transitions which involve states ohnticrossings, except for the states near the energy con-
these two symmetries, therefore their energy levels ijinuum.
InAs/GaAs SAQD are shown in Figs(a and Xb), and for The overlap matrices fa-polarized light, shown in Table
Ge/Si SAQD in Figs. @) and 2b). In the absence of the || of Appendix B, andA,, functions, given in Eq(C1),
magnetic fieldX;; states are degenerate wih; states, but  favor transitions between equal-parity states with +1 differ-
B> 0 lifts the degeneracy. Fermi level, shown by the dotted-ence inf,, as shown in Table Il. The three largebt | at
dashed curves in Figs. 1 and 2, is computed for the two holezero-field, and also the three largéldt, |2 for the transitions
in the quantum dot. Because of the compressive strain anfilom the 1S;,, state, are displayed in Table II, with the rank
the larger effective mass of the heavy holeS;;L and 1S,  of the 1S}, -derived transitions displayed in the boxes. The
states have the highest energies in both quantum dots in tlevelope angular momenta in all displayed states guarantee a
whole explored range dB, and the lowest energy states of nonzero value fofM , |?, which may be large for the transi-
the other angular momenta are well separated in InAs/GaAgons which include not only th&;,, andS;,, but alsoP}s),
SAQD. In practice, only these two states are populated foand Dy, states. The transitions which do not satidfy
the chosen acceptor density in InAs/GaAs. =f,+1 and have opposite parity are also allowed by the di-
In contrast, for Ge/Si SAQD thes[,,, and 1S, states  pole matrices in Eq(13), but rather low|M , | is computed
shown in Fig. 2b) are not far from the pair of ground states for them. When deriving Eq19), we explained that only the
displayed in Fig. ga), and therefore some population of the states of equall, and opposite parity givev,|>+# 0, as shown
f,=+1/2 states may be expected at 77 K, the temperatur@n Table Il for the InAs/GaAs SAQD, where the largest
which we considered in our calculation. The increase of thenatrix elements are displayed, and also where the transitions
1S,,, energy above the g,, level does not seem to be from 1S;,,, states are explicitly labeled in boxes. Slightly
unusual if one recalls that the envelope function(for the  different order of the largest transition matrix elements in the
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FIG. 2. The same as in Fig. 1, but for Ge/Si quantum d@bs:

FIG. 1. The energy spectrum in the valence band of InAs/GaAss» and (b) Sy, states.

single quantum dot as it varies with the magnetic fi¢dl'S; 3, and

(b) S}, states. Even and odd hole states are shown by the solid a

dashed lines, while the dotted-dashed lines denote the position
the Fermi level. The energy is measured from the valence-band t
in the matrix upwards.

TABLE Il. Three largest optical transition matrix elements in
InAs/GaAs quantum dots fas-polarized light. Each transition is

accompanied with its Kramers counterpart, which occurs betwee

states of reversed total angular momentum and opposite pari
Rank of the hole transition from theS]g,, states, which are shown
in Fig. 4, is displayed in boxes.

Eit IM_[?

Rank Transition (meV) (1072 eV2 nn?)
1 1S;,,-3S',) 111.59 9.85
2 1P}c =4S, 136.23 8.46
3, 1S;5,- 1P/ 37.10 5.18
2 1S},,-6S;, 188.13 5.02
@3 1S}5,= 7S 192.50 3.23

In%-e/Si quantum dot is found, as Tables IV and V showsfor
Oafnd p-polarized light, respectively.

o In order to illustrate the localization of the hole wave
ﬁmctions, the effective potentials for thé, |h, and the split-

off (so) band along the direction are plotted in Fig.(d) for
INAs/GaAs SAQD. Because of the strain and the band off-
set, the heavy holes are confined within the dot, while the
light holes are expelled towards the lateral surface of the dot.
The confinement of theo holes is established by means of
mixing with thelh band. The §;;, states are only populated
for the assumed two holes in the InAs/GaAs SAQD, and
Yherefore we show their probability density in Fig(bB
where thehh, Ih, and so components are resolved, and the
percentage of contribution of each band in the total probabil-
ity density of the holes is explicitly given in the figure. The
hh hole cloud, whose peak is located in the center of the dot,
gives the dominant contribution to the probability density,
while thelh andso hole clouds are substantially smaller. The
probability density of the B}, hole state, which makes the
largest matrix element fas-polarized light, is plotted in Fig.
3(c). Here, a largeth contribution is found than in the initial
1S,,, state. As inferred from EqgB4) and (B5) and the
composition of the states shown in Fig. 3, only a few com-
ponent overlap integrals are relevant for the transition matrix

t
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TABLE lll. The same as in Table II, but fop-polarized  hole envelope functions of the states involved in the transi-

light. tions. The effects of the magnetic field ¢M,|? and associ-
atedE;, shown in Figs. &) and 4d), are similar to the case
Eif IM,[? for s-polarization, and similar values of the matrix element
Rank Transition (meV) (1073 eV2 nim?) squared are obtained. The values of the largest transition ma-
- trix elements displayed in Fig. 4 are similar fer and
1.0 18.3,~4S,3p, 148.90 4.95 p-polarized light, but the transition energies differ. For
2 1Pl5,~4PLs) 148.18 4.18 s-polarized light, energies of the transitipr i¢ close to
3 1S;1/,=3S:1/ 111.59 3.30 40 meV, while the transitions markgd&hd Jare close to
200 meV, which is near the energy continuum. Here we note
2 1S5~ 55 12 190.05 219 that discrete-to-continuum transiqt?/ons in quantum wells by
K 1S}32- 25,312 128.19 1.72 rule result in a lower absorption coefficient than the discrete-

to-discrete transitions. For the large transition matrix element
in quantum dots, however, not only the spatial localization of
Tthe envelope functions need to be appropriate, but also the
hole orbital momenta should be favorable. In other words,
the transition matrix elements to the highly localized states in

0 b heh : ¢ ] tth the dot may be reduced by the selection rules. Other states
overlap between thieh envelope functions of theP[s,, state positioned near the energy continuum, where considerable

and thelh envelope functions of thes[,, state produces the spill-over of the envelope function in the matrix occurs, are
main part in the transition matrix element, while the overlapsy,on, the only ones which contribute to the absorption.
between the twdh envelope functions give a much smaller The three largestat B=0) values of[M 2 for the total
contribution, and only tails of thieh hole clouds overlap in angular momentum of the initial statei® in Ge/Si
this matrix element. In contrast, fgrpolarization, the main SAQD's, shown in Fig. ), vary like those in the

part (.)f the dipole matrix eI_ement is due_ to th enve_lppe InAs/GaAs SAQD'’s, although they are substantially larger,
functions of the states which take part in the transition. As

o . and the transition energies shown in Figa)Ssplit by similar
already shown, theg[,,-4S,,, transition and its Kramers amount[compare Figs. () and 4b)]. However, the transi-

degenerate counterpart produce the largest transition matrj energies are higher afill |2 is larger here, which may
elements, and therefore the probability density in 88,4 e ascribed to the better confinement in Ge/Si SAQD's. Fig-

state_is displa_lyed i_n Fig.(@). Like for the 1S5, stgte, theF; _ures §c) and Fd) show|M, |2 andE;; in the Ge/Si SAQD for
function dominate in the ¥, ,, state, hence the dipole matrix p-polarized light.

element between them offers the largest transition matrix el-

ement forp-polarized light, as indicated by the dipole matrix

given by Eq.(B11). B. Intersublevel absorption spectrum
In addition to the hole energy levels, the matrix elements

squared take different values with increasing magnetic field\,/a

as illustrated in Fig. @) for the three largesi | | where the

element fors-polarized light. These are the overlaps betwee
(1) the hh envelope functions(2) between thehh and Ih
envelope functions, antB) between thdh envelope func-
tions. Comparison of Figs.(B) and 3c) reveals that the

The absorption spectrum is affected by the demonstrated
riation of the transition matrix elements and the energies in

N % : the external magnetic field. The homogeneously broadened
initial hole state has,s, symmetry in the InAs/ GaAs quan- absorption lines in the InAs/GaAs quantum dots for

tum dot. The population of only theSl,, and 15 5, states s-polarized light in the low-energf0<#%w <120 meVj and

demonstrated in Fig. 1 reduces the contribution of the Otheﬁigh—energy(lzo meV<7w< 200 me\j ranges are shown
transition matrix elements. The transition energigs=E; in Figs. 6a) and 6b), respectively, while the absorption for

—E;, shown in Fig. 4b), are also affected by the magnetic |, olarized light and homogeneous broadening is shown in
field. The energy shifts are less than about 20 meV for field P gnt 8 gene g 1S
up to 40 T. In each pair, orfé/ |2 increases witlB, and can ig. 6(c), respectively. A few highest absorption lines are

. . xplicitly labeled in the figures. The relatively long relax-

reach a maximum, while the value of the other counterpart..” . . : )
: -~ ation time and zero-dimensional character of the holes bring
decreases, taking extremely low values for some transitions,

> , . about narrow absorption lines. Farpolarized light, the
The latter effect is the result of the spatial separation of th%ominant peak atE,;=37.35 meV is due to the X,

-1P}5,, and 1S 5,— 1P, transitions, ranked ]in Table II,
which is almost merged with theSk;,-1S;;,, and 1S,
-1S,,, pair of transitions. In the range between 120 and

TABLE IV. The same as in Table IlI, but for Ge/Si SAQD.

2
o B JMLL 200 meV, there exist a few absorption peaks with an order of
Rank Transition (meV) (10°° ev2 ) magnitude lower absorption than the peaks positioned below
1 1P}s,—3Sta) 186.45 21.85 40 meV. The absorption near 200 meV corresponds to tran-
2.0 1S5,,-3S ) 193.40 18.25 sitions to levels which are near the top of 'ghe valence band in
3 1S 3 181.33 17.91 the matrix, where the result may be modified by the presence
*1/27 99112 ' ‘ of the wetting layer, which was not included in our theoret-
2 1S5~ 1P/ 40.74 5.60 ical model. The largest contribution for 120 me\E;
3] 1S,,-11S 625.74 3.79 <200 meV is found from the 3, 6S;,,, (ranked 2in

Table 1), 1S;,,-3S;,,, and 1S5;;,-7S;;,, (ranked[3in
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TABLE V. The same as in Table II, but for Ge/Si SAQD and is second[2]) in magnitude in Table Ill, take place. The third

p-polarized light. absorption peak is found at 128 meV and it arises from the
transitions B,3,-2S,;, and 1S;,-2S',, (marked[3in
Eif M2 Table 1)
Rank Transition (meV) (1072 eV? niP) Since the magnetic field reduces the matrix element of
N - one of the Kramers degenerate transitions, the other starts to
1 3D 7/=8D 72 332.99 51.56 contribute to the absorption, as shown by the dashed line in
2 18"1-7S 12 358.72 48.60 the left part of Fig. 6a). Furthermore, the absorption lines in
3 1S°,,-8S 5, 371.29 41.62 the energy rangé» <40 meV are redshifted with respect to
their positions aB=0. In fact, the £ ,,—1P_., transition
1] 1Si52=4Sss12 300.85 38.03 produe:es the highest absorption Iine,spl)zositiorﬁgd at 32.1 meV,
& 1S03/2-8S 312 462.85 9.11 while the second peak is found from th&;3,~1S;,,, tran-
] 183,953, 591.28 5.64 sition, and it is positioned at 20.4 meV, which is already in

the far-infrared region of the electromagnetic spectrum.

Table 1) transitions and their Kramers counterparts. TheThUS’ the magnetic field may shift the absorption lines in

fourth and fifth bright absorption line arise due to the QDIP to energi(_as below the opticgl phonon_resonance in bulk
1S°,,- 45, and 1S-y,—4P*,, transitions, which are lo- (~36 me\). Thls energy range is interesting for the THz
cated atE;=157 meV andE, =182 meV. Forp-polarized detectors,s\évhlch was recently discussed for the case of quan-
light, the brightest line is due to the transitionsg, tum wells®® For p-polarized light, depicted by the dashed
—4Sf'3,2 and 155,455, (M2 marked1in Table III)T A2 line in Fig. 6c), the ma_lgnef[ic field of 40 T slightly redshifts
lower effective cross section is computed at 190 meV, wheréhe dominant absorption lines. Because of the reduced ab-

the transitions % - ,—5S...., and 1S ..~ 55" ..., whose|M, 2 sorpt!on on its Kramers cpuntfarpart, we found that the ab-
312 )2 312 sl M sorption line at 160 meV in Fig.(6) originates only from

: : : the 1S ,,—3S’,,, transition, but|M,|? is enlarged consider-
® o3} pp—o . ably [see Fig. 4c)], thereforeo in this peak is larger than at

0.2-?;_ - B=0. Another peak, positioned atw=192 meV for B

0.1 =40 T, arises from both the §;,-5S,;, and 1S,
° 00 -5S',, transitions(labeled 2in Table IlI), which are very
N close to each other, and does not shift tremendously when the

magnetic field increases, as Figdjishows.

03k ] If the inhomogeneous broadening is taken into account,
— 3 — the low energy absorption lines overlap to dominate in the
-20 -10 0 10 20 energy spectrum fos-polarized light, thereforer increases
®)1S5 * (um)
kb 93.8% [ In 5.2%
=123
(©)1E,
ko 80.6%QIh  16.9%
= [ £)
()43
o 11.9%Qh 254%fs0  27%
> oo |==
P
FIG. 3. (Color online (a) The effective potentials for thah FIG. 4. The dominant transition matrix elemefieft pane) and

(blue ling, the Ih (red line, and theso band (green ling in the transition energieqright panel in the valence band of
InAs/GaAs SAQD, where the dot radiusRs=8 nm, and the height InAs/GaAs single quantum dot as they vary with the magnetic
is h=3 nm. The probability densities ¢8) the 1S5, state,(b) the field. Parity of the states is symbolically denoted by + and - sign,
1P}, state, andc) the 45, state. The states displayed(i and  while the full state’s symmetry is shown in Tables Il and Ill. The
(c) have the largest transition matrix elements for the initi&],} three transitions fos-polarization(upper panél (a) |M |2, (b) E;;.
state alB=0 in the case 0§ andp-polarized light. The dot bound- The three transitions fgp-polarization(lower pane), (c) |M,[%, (b)

ary is indicated by the solid white line. Ej.
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Jo470 1S/5,—4S,5, and 1S 5,—4S',, transitions, which was also
{0465 found for InAs/GaAs SAQD's, but here the peak ofis
10460 located at 300 meV as shown in Fig. 7. At photon energies
T4 < hw>350 meV, there are several resonances, displayed in
o0 Fig. 7(c), which are mostly due to the transitions between the
Toae populated 8,5, and empty 8§, , states with high principal
P— guantum number. But, as enabled by the close Fermi level to
o 4‘;40 the initial 1S;,,, state[see Fig. 2b)], the 1S}, ,~7S,,,, tran-

sition matrix element, located &;=385 meV gives a non-
—+1038 negligible absorption line. When compared with the
INAs/GaAs SAQD’s, all absorption lines are shifted to

0.36
To34 g( higher en_ergies, which we attribute to the largbroffset in
TRy the Ge/Si SAQD’s.
410.32
HI==—"""" " Jo30 —3 '
0 1032(90 30 4 1032&) 30 40 12 @ -—-g—jOT -
FIG. 5. The same as Fi [ i- 15507185,
. 5. g. 4, but for the three dominant transi 'E 8 ;o LSh gt
tions in Ge/Si quantum dots. The symmetry of the states is shown e =n Sian 181,
in Tables IV and V s-polarization(upper panel (a) M, |?, (b) the 4 I ;E 4
transition energie&;;. p-polarization(lower panel, (c) |M,%, (d) ',"\ r A
Eif~ ,I l\, ,"\
&

considerably agw decreases below 40 meV, while no large () —B0 '
transition matrix elements witg;; <40 meV, allowo to de- 2.0r ——-B=40T T
cay asfiw tends to zero. For the two polarizations, the ab- Lo 155,455, 18%,-7834 )
sorption spectra do not differ much B0, ando has simi- st gt 15* —6s*
lar values in the peaks, which are separated by a rather small T 100 2R 32 TR -
amount of photon energy. These absorption peaks are located A
at 179 and 142 meV fos- and p-polarized light, respec- 0.5 ;"\ ,-' Iy
tively. The enlargement of some transition matrix elements 0 N AU
by the magnetic field, makes the absorption spectrum wider, b2 014 0l6 013 020

while the height of the absorption peaks lower only slightly.
At B=40 T, the absorption peak farpolarized light is red-
shifted by 19 meV, while the absorption peak fepolarized
light is blueshifted by 5 meV. These changes might be in-
ferred from Figs. 6 and Gb).

The different features in the homogeneously broadened
absorption spectra of Ge/Si SAQD'’s are of similar origin as
those found in InAs/GaAs SAQD’s. This is also shown by
the explicit labels of the transition lines in Figs@@7(c).
Furthermore o for Aw<40 meV andB=0 exhibit peaks of
comparable magnitude to those in InAs/GaAs SAQD's, al-
though much largefM ,|? and |M,|?> were found in Ge/Si
SAQD’s. This is a consequence of the absence of strong
transition matrix elements which include th&3,, state in
this energy range. The dominant peak $guolarized light at
40.8 meV, shown in Fig. (&), arises from the %5,
-1P.,, and 1S ,,- 1P, transitions. It is separated by a
few meV from the absorption line due to th&3,-1S;,,,
and 1S, ,— 1S ,, transitions. We previously found that these
four transitions merge in InAs/GaAs SAQD’s to form the
b.“gh.teSt .absorptlon line below 40 meV. Qn the hlg.h energy FIG. 6. The intersublevel absorption spectra in InAs/GaAs self-
§|de in Fig. 7a) (~200 me\{), the absorption peak is posi- assembled quantum dotsB¢0 (solid lineg andB=40 T (dashed
tioned at 192 meV and arises from th&$,-3S;,, and  |iney. spolarization and homogeneous broadening (@r0 meV
1S ;,,-3S 5, transitions. For still higher energies, there exist<4,<120 mev  and (b) 120 meV<#w<200 meV. (c)
abSOI’ption |ineS W|th much IOWer OSCi”ator Strength. In thep.p0|arizati0n and homogeneous broaden(mg.'rhe case of inho-
low energy range(fw<350 meVj, shown in Fig. T),  mogeneous broadening. The highest absorption lines are explicitly
p-polarized light is dominantly absorbed by means of thelabeled.
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100 (@) s —B=0 ] The inhomogeneous broadening smears out the large

——-B=40T changes observed in the absorption spectra in Figs.
S p-18% ) 183,735, 7(a)-7(c). As shown in Fig. 7d), the low-energy transitions
S 15t o35\ increase the absorption sfpolarized light asiw tends to
32 s TN zero, while no similar variation is found fop-polarized
light. Furthermore, as the result of a large band offset, sev-
eral absorption peaks in the near-infrared region are found
for both polarizations. Splitting of the transition energies in
the magnetic field and their increase, slightly blueshifts the
main absorption peaks. Furthermore, the absorption peak
near 126 meVsee the thick dashed line in Fig(dJ] rises by
. _ means of the magnetic field, which is attributed to the red-
a4 T shift of the low-energy transition energies by the finite mag-
185,-4S3, 1 netic field.

Let us briefly compare qualitatively the results of our cal-

. culation with the measurements performed on lens-shaped
InAs/GaAs quantum dots, which have slightly different size,

0.32 0.34 but similar volume as adopted hefaround 600 nrf). The
LsF (-c)p P - - ] absorption peaks fos- and p-polarized light at 165 and
——-B=40T around 110 meV, respectively, were measured using inter-
1S58, 185,953, subband spectroscopy, while for the same polarizations

179 and 142 meV are computed in our model for zero mag-
netic field. We find that the mutual position of the two peaks
are well reproduced in our model. The discrepancy between
theory and experiment arises due to the different geometry
and shapes of SAQD’s which were used. Fgpolarized
X light, the single band model used in Ref. 6 demonstrated the
. . . . . . existence of transitions at 133 and 188 meV, but failed to
08 (&) —s @=0 —p@B=0) reproduce thes-polarized transition at 165 meV, which was
—=s(B=40T) - p(B=40T) tentatively ascribed to the position of the absorption peak in
Ref. 6. In our multiband -p calculation, we observe more
than two absorption lines, namely at 150, 157, 182, and
188 meV. Therefore, our model indicates that the position of
4 the inhomogeneously broadened absorption peak does not
coincide with any bright line, but is a result of the overlap of
a few of them. We conclude that our modelithout using
OO s o any fitting parameterproduces important refinements to the
#o (eV) simple single-band model, and offers plausible results which
compare favorably with experiment. At this moment, to the
FIG. 7. The same as in Fig. 6, but now for a Ge/Si singlebest of our knowledge, no experimental results on the mag-
guantum dot. The case of inhomogeneous broadening(dbr netic field dependence of the hole intersublevel transitions in
s-polarization, (b) p-polarization in the energy range 280 meV SAQD’s, are available, and consequently our theoretical re-

<fw<350 meV, and(c) p-polarization in the energy range sylts may be considered as predictions.
380 meV<7%w<650 meV.(d) The absorption for inhomogeneous

broadening and for botk and p-polarized light.

00571

V. CONCLUSION

For nonzero magnetic field, the positions of the absorp- The intersublevel absorption spectrumgitype cylindri-
tion lines below 40 meV, shown by the dashed curve in Figcal InAs/GaAs and Ge/Si self-assembled quantum dots in
7(a), decrease. On the high energy side200 meV}, the  the presence of an external magnetic field perpendicular to
main contribution to the absorption line positioned atthe dot's base was calculated. The strain and the large effec-
193 meV arises from the[;,-3S/;, and 1S;,-3S;, tive mass of heavy holes favors the populatiorfgf +3/2
transitions. The magnetic field splits the dominant absorptiorstates by holes, therefore they chiefly contribute to the ab-
line for p-polarized light athw=300 meV, shown in Fig. sorption. The homogeneously broadened sharp absorption
7(b), into two lines, separated by 12 meV. At the high- lines fors- andp-polarized light are found in the midinfrared
energy side of the photon energy, the absorption obpectral range. When inhomogeneous broadening is active,
p-polarized light, shown in Fig.(€), exhibit a few changes the low-energy transition matrix elements between the
related to the changes of the transition energies between theghest-energyb states which differ by +1 iri, increase the
relevant states, but no large increase of the absorption arabsorption of thes-polarized light in the far-infrared range.
only small energy shifts of the absorption lines are observedThe absence of similar peaks fpipolarized light leads to a
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decay of the spectrum for the effective cross section when TABLE VI. Matrix elements betweeg andf functions used in

the photon energy decreases. Such difference in the responige calculation of the Hamiltonian matrix.

for s- and p-polarized light is a consequence of the small

height and the large radius of the quantum dots, for which Type Expression
the ground states of differemlj (favorable for the absorption P
of s-polarized ligh} are close to each other. The magnetic Hp1 (Gl =19nay)
field removes Kramers degeneracy between transition matrix p
elements and their energies, and mostly increases one coun- Mp,2 <gn’(l’)‘1|gn(l)>
terpart of the Kramers pair and decreases the other. In the p
InAs/GaAs SAQD, the redshift of the low-energy transitions Hp3 (G| plGnay
and the increase of their matrix elements causes a redshift of P
the inhomogeneously broadened absorption spectrum for Hp4 (O (1)l =19nay
s-polarized light. On the contrary, transition energies for %P
p-polarized light are blueshifted by the magnetic field and a Mp,5 <g”’<")|}i\gn(|)>
few of them have comparably large magnitudes, which leads pIp
to the blueshift and widening of the inhomogeneously broad- Ko (Gt \i|g )
ened absorption line. In Ge/Si SAQD, a few distinct peaks T p2 e
located in the near-infrared region of the electromagnetic Hp7 (Gnr 1) Gy
spectrum are found. 5

Our theory explains the experimental absorption spectra Hp8 (G 10%Gna))
as to be a result of the overlap of several optical transitions. P
Furthermore, the transition energies found in our calculation Kp.9 (@nrnlp7~IGn0)
agree well with previously published single-band (f |]f)m>
calculations, but ourk -p-based model disclose more details Hz0 m’
in the absorption spectra gf-type doped SAQD’s. Even d
though, the fabricated SAQD’s have different geometry and Hz1 <fm’|d_z|fm>
size (but the same volume a favorable comparison with o2
experiment was established. Moreover, by reducing the Kz2 <fm’|d_22|fm>

spread of the dot’s size during the growth, we showed that
the absorption may be shifted towards the THz spectral

range. The advantage pitype quantum dots is the existence
of a large number of energy levels, which may be shifted by

the magnetic field to enhance the absorption in certain ranges
of photon energies.

The parts of the Hamiltonian matrix elements which origi-
ate fromHg and V are computed numerically, whilél,
allows some analytical work. Each linear combinatiorin

denoted hereafter by, is constant within the dot and also in
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APPENDIX A: MATRIX ELEMENTS
OF THE HAMILTONIAN MATRIX

M

AN

Dkbomitzmj + (94 = Tm) Mpditzdj-  (A3)

The subscripts in the one-dimensional matrix elements-

fer to the coordinatép or z), the domain of integratiom

andd), and the type of the matrix element, listed in Table VI.
The parts of the Hamiltonian matrix elements, which arise

from the variation ofy at the dot-matrix interface, depend on

We expand the¥ functions given in Eq(6) in products of  gne of the following functions:

the p-dependent functions

> 1 A, 0=~Rgy1)(Rgn)(R), (Ada)
Gniy(p) = = = di(kayp). (A1)
PR Py R don
and functions which depend an Bp1=~Ravin(R) do | R’ (A4b)
+ 1 mar
(@ =eoq 5 2 M=185, .., (A2 Az0= for (= Dfin(= o) = fi(+ D+ ), (Ado)
/ 7 z
f-(2)= ésin(mz) m=2,4,6 (A2b) Aza ~ fy(d) Gl (A4d)
m \J”HZ 2HZ 1 Ty s dZ +d
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1. Matrix elements due toEpy, Ejh, Eso
and Q, [Egs. (3a)—(3d) and (3f)]

All diagonal matrix elements of the multiband Hamil-
tonian andQ, may be written as

Dic= 7,k + K) + 7 (A5)

where 7, and 7, are the multiplying coefficients. It is
straightforward to prove

2+ 1= k+k_+—. (A6)

By using Eq.(5), the p dependent part of the operatbr
takes the form

& d # g, d
— 2,12 7 7 7
=Ktk =y ST
p> pdp p*de® dp dp
2
p 7, 9
+7lpm——l|—22 (A7)

The matrix element oD, is given by

MDI): <|’n,m’|Dp||nm> = (S|_|/<_ an,4,0_ Mr]p,5,0+ IZan5 0

1 1
+ |_2M —M 7,807 (pa — 77pm)Ap,1MzoLo> )
C

+
”pv7v0 4| :

(A8)

wherel and!’ denotes the order of the Bessel functions,
andn’ are indices of the zeros of Bessel functions, emaind
m’ are the indices of sin/cos expansion functions for zhe
direction.

The z dependent part dD,,

Ok 69
produces the matrix element
Mp,=(I"n'm’|DInm)
=3[= My 72~ (720~ Do Azaptpa 7). (AL0)

2. Matrix elements due toS, [Eq. (3i)]

In order to comput&, defined in Eq(3i), we use Eq(5),
and employ symmetrization, to obtain

12 \6 i pdys dysd | ddys p d
e s A e 2y
2my 2 200z 9z dp pde iz 2I Jz
dysd 2 P &
_IBlL2,, -2y, ) (A11)
dp dz  p "Tdpdz dpdz
The matrix element is given by
;
h? V%
I'n'm’|S{Inm) = —— -1 2, Mg;, Al2
rnfmjsdnm =2 oGy X Ms, - (AL2)

where

PHYSICAL REVIEW Br1, 125342(2005

1
Mg =~ EQ(VSd ~ Vam) Az 0k p4,3; (A13a)
C
Mo == (Y30~ YamAz0kpd, 15 (A13b)
Mgz == 1(¥39 = Yam) Az 0tpd,2: (A130)
1
Msi== M5 (A13d)
C
Mg == (Y30~ Yam)A, 0izd1s (A13¢)
Mes=-2M, 55, (A13f)
Mg =-2M, ;. (A13g)

3. Matrix elements due toRy [Eq. (3h)]

The Ry matrix element in Eq(2) in cylindrical coordi-
nates is given by

h? 2 dy 19 p_d dyd
Rk‘—\,se '2“’< p47—£_y _‘V_‘Bz)’_‘_y_
2my 41 212 cdp p dp 1E°dp dpdp
29 i_d idyd _&F vy &F
Vo a6 papae Vi pPog?
p=de ¢ pdpde p- pde
2 P
=y, (A14)
p dedp

wherey=(y,+y3)/2. Matrix elements due to th&, operator
in the multiband Hamiltonian are composed of the nine
terms,

9

h?
'l RYINM) =~ 3854 2 Mg, (AL5)
mO i=1
which are given by
1
Mg == "—M3s0 (Al6a)
417

TABLE VII. The four overlap matrices fos-polarized light.

k OLk ®Lk

1 Go O ¢ sin(6-¢)

2 [ 0 Clo:| , _[ 0 CLO:|’)’3U sin(6+ @)
—C,o O Cio O

3 Gio 0\ cog - ¢)

0 G,o

* [co Céo]i%ng c0 _%O]i”v o)

10 10
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TABLE VIII. The dipole matrices fors-polarized light. TABLE IX. The overlap matrices fop-polarized light.
k N Dy k Ok Ok
D K ; Do K ;
1 o Ram exp(-igp) 1 [ lo Kol exp(-igp)
va iya(=£+v)
0 DIH 3 0 Dﬁo :
D/y O -
D' 0 . 2 o ; exp(+ie)
2 L yal exp+ip) [—K|o DO]I73(§+ V)
-Kim Din
0 - - \/E
1 Co=|Vv3 O 0 |, (B5)
Mpo == —(v4— vymRA , Al6b —
R2 2I§(yd Ym) 0,0M2d,0 ( ) 6 0 0
Mgs=(1-2)M5s, (A160) 0 23 -6
L Dnp=({0 O 0 |, (B6)
Mps = - |_2Mig,01 (Al6d) 0 0 0
¢ and
Mgs == (Y4~ Ym)A, 14240, (Al6e) 0 O 0
_
Mps=1(2 =DM 0, (AL6f) Kin=|0 032, ®7)
O - 3\!’2 0
Moo = — I—M— (A16Q) The overlap matrices and dipole matrices are shown in
R 2o Tables VII and VIII, respectively.
| 2. p-polarization
Mpg =~ (ya~ 7m)§Ap,oMzd0: (A16h) For p-polarized light, we define
Mgro=~Mz740. (A16i) = (=27 0 0
Gin= 0 ~(1%2+2y) 2\2y,|, (B8
APPENDIX B: OVERLAP AND DIPOLE MATRICES 0 5 E y
vy, N
All overlap and dipole matrices depend only on three op- ?
erators|M | |? and|M,)%, —
IM_| M, | 0 —\3 |32
#2 id p _
522_ Z_a__l_z ' (B1) Dpo=|0 O 0 |, (B9)
h? 9 and
v=——, (B2)
Mg dp 0 O 0
and Ko=|0 0 =-312]. (B10)
52 03V2 0
[=——k, (B3) e o
2mg The overlap matrices fop-polarized light are given in
Furthermore, the overlap and diagonal matrices are separata@?!e IX. The dipole matrix fop-polarized light is given by
into the 3X 3 block-matrices. Gn O
;=2 L. (B11)
1. s-polarization 0 G

For s-polarization we define
APPENDIX C: THE SELECTION RULES

(n+7v) 0 0 FOR THE ORBITAL MOMENTUM
— 0 — r/— . . .
Gio= (y1= %) 2% |, (B4) In the axially symmetric model of the electronic structure,
0 \'572 " there exist a set of selection rules, due to the dependence of
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the wave function on the polar angle. We also imposed averaging with respect to the polar angle of light polarization, which
provides a set of selection rules for the envelope orbital momenta of the states which take part in the transition,

dr O
j,Ij u IJ,,,I]! u
dr_ér_ 5|r__5f__
j,Ij u |j,,|]r+U j,IJ u IJ.,,I], u
- __d/ - —i5'__@’ ) o ._@’ -
IJ.,IJ u j,,IJ, u IJ.,IJ u j,,IJ,+u IJ.,IJ u j,,ljr u

167 1_40 1. 1871 —ud .- O 1 -yl | N 1—uO -
TG I, u@j,,lj, u O ) @j,lj ud -

1
A(U) = Z (Cl)

Here, § is the Kronecker symboly takes the values +1 and -1 in Ed.6), andk labels the overlap matrix as shown in the
leftmost column of Table VII.

The products of the component dipole matrix elements and the overlap matrix elements are selected by the rules arranged
into the matrix,

'fﬁj’,|j+15|j’,,|j, - I5|j’,|j—15|j’,,|j,
1 '§j’,lj—15|j’,,|j, - '@j',|j+15|j',,|j,
A== (C2)
2| Gy, O -10, )
ivi i it i
=10, Al
| i iv I
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