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Optical transitions in a single CdTe spherical quantum dot
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We discuss different aspects of the optical properties in a single CdTe spherical quantum dot after perform-
ing a systematic study of the eigenvalues, wave functions, and their dominant symmetries within the
8X 8 k-p Kane-Weiler Hamiltonian derived from the conduction-valence band coupling and the mixing of the
valence states. The analysis of the inherent symmetries in the Hamiltonian leads to basis function sets separated
into two Hilbert subspaces. A detailed discussion of the symmetries associated with the electronic levels and
the selection rules for optical transitions are derived by considering circular polarization for the incident light.
We also calculated the optical oscillator strengths and the corresponding absorption spectra in the dipole
approximation. Also, we discuss the roles of nonparabolicity, valence-band admixture, and symmetry signa-
tures of the involved states. We compare the numerical results for the electronic dispersions in a zinc-blende
based quantum dot when the spherical or the axial approximations are used insidegautiband Hamil-
tonian.
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[. INTRODUCTION If compared to CdS and CdSe quantum dots, the CdTe
microcrystallites imbedded in a host matrix are better suited
Semiconductor quantum dots are new man-made crystafer the study of the strong confinement regime, where the
line systems exhibiting electronic and optical properties thaindividual motions of electrons and holes are restricted to the
cannot be observed in bulk materials. Due to the full quansize quantization region. This limit is realized when the bulk
tization of all degrees of freedom the electronic spectrum ofxciton Bohr radiusg exceeds significantly the quantum dot
a single quantum dot, such as in atoms, always consists ofradius and, thus, the Coulomb interaction between the
discrete set of eigenvalues and this is where lies its greatlectron-hole pairs can be considered as negligible.
interest from the point of view of fundamental physics and The assignment of the electronic states based on the
also for their potential application in microelectronic and op-multiband effective-mass theory has provided strong founda-
toelectronic devices such as light-emitting diodes. Much eftions for description of the electronic structure in quantum
fort has been dedicated to understand as well as to explodots’? The properties derived from it have helped the analy-
the physical properties of these systems both theoreticallgis of different results, such as the optical absorption,
and experimentally. In the present work we will define athe resonant tunneling of holéghe g-factor evaluatiofiin
guantum dot as a microsphere of radRis layered heterostructures, and the Raman-scattering processes
The quantum confined states and the optical transitiongnder applied magnetic fields in bulk zinc-blende
between these quasi-zero-dimensional states have been stsemiconductors.
ied by several experimental techniques. The photolumines- Several versions of this theory under different approxima-
cence excitation experiments permit to study the evolution ofions have been formulated from bulk materials to
the electronic spectra with respectRd-? The observation of ~ zinc-blendé®* and wurtzité® based nanostructures. Here
persistent hole burning enabled the investigation of the siz&ve have chosen to use thex8 k.p Kane-Weiler
dependence of these electronic levesdditionally, impor-  model**~*¥to study all different aspects of the interaction
tant experimental and theoretical results on the optical propbetween thd'g, I'g, andl’; bands as well as the symmetries
erties of quantum dots have been compiled by Wodgon.imposed to the involved states in SQD’s under strong con-
Recently, new optical properties were discovered in quanturfinement regime. Besides, the influences of these band inter-
dots as, for instance, the photostimulated luminescence ol&ctions on their optical selection rules are yet scarce and a
served by Masumotoin spherical quantum dotéSQD’s). more complete theory should be desired to provide better
The understanding and interpretation of these experimentainderstanding of their electronic structure and optical spec-
results would require a proper and precise description of th&ra. A remarkable effort has been done by Séfcahd by
optical selection rules, a study of the dependence of the erEfros® to study the electronic states in SQD’s under different
ergy levels on the dot size and on the spatial symmetry agpproaches. In order to achieve analytical expressions for the
well as the effects of external fields on the electronic statesadial part of the wave functions and eigenenergies, Ref. 10
of these atomiclike systems. These components are stronghas assumed the spherical eight-band model and Refs. 11 and
affected and mutually connected by the quantum confinel4 have implemented a simplified block-diagonalized 4
ment. Therefore, an extended theoretical work is needed thlamiltonian model. Several 1I-VI and IlI-V semiconductor
explain the different aspects of the electronic transitions andompounds present zinc-blende symmetry where the Lut-
symmetries of the involved states. tinger parameters,, y,, andyz are different. By neglecting
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the warping termu=(7y,— y3)/2 and consideringy,#vy3; A, L is a normalization constarit, (x) is the spherical Bessel

except where theu terms occur, the&k-p Hamiltonian is  function, andY,’i"(a,¢) the spherical harmonics. If we ne-

reduced to the well-known axial approximatith. glect the warping term, each subspace can be constructed
In the present work we have implemented the@Kane-  with a special combination of everf,,’}’sz(r), and odd,

Weiler Hamiltonian beyond the spherical approximation forfM, . (r)functions. The general forms of the spinor states
zinc-blende based nanostructures to study the size and SQfpe given by

parameter dependences and the general nature of the elec-

tronic states. We present an extensive theoretical study of the Chy fNa(r)]e’)

eigenvalues, the dominant symmetries in the Hilbert space Me1 eM-1 4

for a single CdTe SQD. In the following section we present Cn,2L+lfn,2L+1(r)|hh )
results from a rigorous calculation of the electronic wave Cr'\]/!2L+1fr'\1/!2L+1(r)||h+>
functions and energy eigenvalues within thkep Hamil- cM M (r)]so")

tonian model. We also have derived the selection rules and lM()y=> na+lnad+1 (1)
calculated the interband optical oscillator strengths and the ! n L;M\ Cha NIt (r)e)

absorption coefficients for circular polarization in single CMI2 §M42 (1yipph-)

dots. The general discussions are presented in Sec. Il and, n2+17n2+1

finally, Sec. IV is devoted to our conclusions. Cha L Mt (nih™)
M+1 M+1 —
Cha+1fnasa(r)[so”)

IIl. THEORY and

A. Symmetry of k-p states of spherical quantum dots M M
Cra+1fna+1(r)le”)

Electron and hole states in SQD can be characterized by CM‘lfM‘l(r)|hh+>
eigenstates of the component of the total angular momen- na "n2
tum defined by the sum of the Bloch, and the envelopd,, CM M, (N]Ih™)
angular momenta, respectively. Within th&8 k-p model, C'Vi f,\/] (n)so")
these states can be written as a linear expansion in the form |¢M(r)>:2 2 na )
of eight-component spinor functions. The Hamiltonian : n L;W Chahafiat(nleny |
model is shown in the Appendisee Eq.(A2)]. cM +2fM+2(r)|hh7>

Several remarks should be made regarding our version of n2L "n2
the method when applied to SQD’s: CY M) |Ih )

(i) We shall assume an infinite barrier confining model. M+1fM+1(r)|so—>

(ii) As stated in Sec. | in reality we can define here two n2 tn2

types ofk-p Hamiltonians to study the electronic levels in whereC), are constants to be determined. It is important to
SQD's: (@) One is the spherical model where we assume&emark that the above states are in thé coupling scheme,
¥2= 3 in every term;(b) another is the axial model where here the eigenstates are obtained by an expansion in a basis
we let y=(2vy,+37y3)/5 and y,# y3 everywhere but in the of wave functions with well defined projectiobF, (F,=
terms proportional tox which are set to zero. In the case of =1/2,+3/2, ...) of thetotal angular momenturk =L +J.

the axial model diagonalA3) and off-diagonal(A4) ele- The special order of the numbktin wave functiong1) and
ments in the HamiltoniafA2) present different inversion (2) is dictated by the constant of motiéty and following the
symmetries and the structure of operat@g) determine an values of thezzcomponent of the band-edge angular momen-
inherent symmetry that allows the separation of the Hilbertum J,. Hence, the &8 k- p Hamiltonian can be diagonal-
space into two orthogonal subspaces. To satisfy the inversiozed in each Hilbert subspace I, Il independently in different
symmetry of the diagonal and off-diagonal operators in ouM subspaces.

Hamiltonian, each subspace must be formed by special com- According to our model, statgd) and (2) should fulfill
bination of even and odd statesee below Eqq1) and(2)].  the boundary conditioﬂfl'\f',,(R)=0 at the dot radiu® and,

(iii) In both Hamiltonian models the component of the therefore, the wave numbers occurring in each component
orbital angular momentunh,=%AM of the envelope wave me(r) are given byKrI;:Mh/R! where,uh is thenth zero of
function remains as a good quantum number. The wave fung (x). Notice yet that each statg)(r) or ¢l(r) differs
tions for any electronic state are represented by an eightrom the usual descriptions which classify them by their
component spinor. A complete set of eigenfunctions for theyarities!® The order imposed upon the orbital quantum num-
k-p Hamiltonian of the spherical QD can be expanded inper | in Egs. (1) and (2) is determined by the off-diagonal

terms of the product of the periodic Bloch functiddsJ,) at elements in the HamiltoniafA2). The operator.. change

k=0 and envelope functions. In order to take full advantage A
P g the parity of angular envelope functidf‘ﬁ"(e, ¢) while P,

of the above-mentioned symmetry properties, we shall ex: . )
pand the eight-component spinor wave functions in each HilPreéServes the parity of the orbital angular momentum. Both
bert subspace, in terms of the exact solutions of the diagongpn_ductmn-valgnce band cgup!lng and the valence-band
terms for each carrier type. Each component of the spinomixing, appearing as combinations of the operaters,

has the fornf ) (r)=A, j (Kir) Y (6, ) (Ref. 19, where  P_, and P, in the off-diagonal terms of the Hamiltonian,
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determine how the states must be constructed. Clearly, tr®ymmetry and, in principle, any optical selection rules for
states cannot be classified anymore as symmetric or antisyrmcident light with linear or circular polarization are equiva-
metric, as can be done for the parabolic Hamiltonian modelent. As we mentioned for the axial Hamiltonian model, there
or the odd/even classification that has been used for theill be some different effective masses along the quantiza-
spherical and for the Pidgeon and Brown Hamiltonian tion direction(taken asz axis) and on the plane perpendicu-
models?® The axial approximation, wherg,# y,, couples lar to this(denoted by-y plané. It is important since for all

all carrier componentge™), |hh™), [Ih™), |so”) and this crystals of interest here, thEg valence-band states show
implies that for a giverM all values of the quantum number different effective masses in these two non-equivalent direc-
L, fulfiling the condition L=|M|, have to be taken into tions according to th@-type character of the hole branches.

account. However, the other two carriers belonging td'g
Finally we need to mention that the classification of the(s-characterandI'; (p-character bands are spherical sym-
states in the Hilbert subspaces I, Il and independently imetric implying equal curvaturegffective massesin any

different M subspaces simplifies tremendously the calculadirection. We may infer that, at least away from the spherical
tion (the order of the matrices to be diagonalized is redyced interface and may be for radii not “too small,” the SQD
permits a precise study of the selection rules for the opticajrown by any process should have a lattice with the same
transitions, as well as allows an unambiguous analysis of thbulklike symmetry properties. Therefore, these differences in
final results. the carrier and their effective masses should be reflected in
(iv) In our matrix diagonalization scheme we have or-the optical experiments. Moreover, it is implied that a proper
dered the basis sel{é%_(r)} for increasing values of the lattice direction should be identified in a given samfdee
energy eigenvalueg;, i=1,... N. Therefore, we can re- for example Ref. 24 In the following we have chosen to
place the sum&,, | , in expansiongl) and(2), byin, with  assign the proper-quantization axis along the wave vector

fixed value ofM. This procedure permits to select only those of the incident light with circular polarizatiore( ore™). It
most important contributions to construct a given spinor. Thés important to remark that in colloidal or host matrix
total number of values ofl used can be fixed when an ap- samples, to grow QD’s in a certain crystalline direction may
propriate convergence condition has been reached. In thiecome experimentally difficult, depending on the density
approach we have diagonalized much smaller matrices thaand on the size of the dot8.

those used in the normally standard procedures, with a con- Within the present growth progresses, our calculation can
sequent gain in the computational efficiency besides discardieglect the effects of non-homogeneous broadening, which
ing many zeros in the matrix to be diagonalized. arise from the dot size fluctuations in a sample. Thus, the

(v) The complete Kane-Weiler HamiltonigA2) used in  absorption spectra will be calculated by considering only a
this work neglects only the warping terms, proportional toconstant homogeneous broadenifig which may be as-
the parameterw=(7y,— v3)/2, which appear in the off- signed to the presence of phonons, impurities, surface states,
diagonal elementV [see Eq(A4)]. In all other components etc. In order to discuss the optical absorption spectrum, the
of the Hamiltonian(A2) we have kepty,# v, thus preserv- probability for dipole-allowed optical transitions between
ing its axial nature as well as the type of coupling betweersingle electron and hole states has to be evaluated in detail.
the Kramer doublets for each carrier. This asymmetry is re- Within the electrical dipole approximation, the oscillator
flected in the difference of the contributions from remotestrength is a linear combination of the matrix elements of the
conduction bands to the carrier effective massgsandy,;.  optical transitions,

Note that this difference on the effective masses is neglected | . o
if the spherical approximation is considered. (ile- Pl y=(f;|f; ) (ujle-Pluj )+ (ujluj ) (fjle-Pfj).

The current growth techniques for quantum dots synthe- €
sized in host matrices can produce samples with narrow size A~ . o o
distributions &5%) of nanocrystallites. Uniform shapes Here, e is the light polarization vector? is the _momentum
have also been obtained besides the high degree of reprod RRerator.f; andu; are the envelope and periodic Bloch func-
ibility and control already reached. Additionally to these NS at thel” point for each involved carrigy respectively.
technological facts, at the present time, the characterizatioh"€ Second term on the right-hand side of E3}.is respon-
processes and size selective optical techniques such a9'€ for intraband optical transitions, sin¢ey|u; )= ;.
fluorescencé® low-temperature two-photon fluorescence ex-" this case the incident light couples, in the same band,
citation microscop$* and far-field microscogy have per- statAesA with different symmetries whenever the term
mitted to study the optical properties of an isolated quantunif;|e-P|f;:)#0 for given polarization. These optical transi-
dot, confirming thes-function-like character for its density tions correspond to a range of excitation laser energies,
of states. (typically hundreds of me)/ smaller than the fundamental
gapEq. In the following we will solely study the first term
of Eq. (3) given the contributions for interband transitions,
i.e., in the range wherew=E,. In CdTe the interband and

In the framework of the Pidgeon and Brown Hamiltonian intraband optical transitions are well separated in energies
model treating an also spherical central potential, all thre@and can be studied independently. We need to remark that if
Cartesian axes become identical. Besides, any radial direcrarrow band-gap semiconductors are considered both terms
tion in the sphere can be taken as the quantization axis in this Eq. (3) have to be considered in the analysis of their

B. Selection rules, oscillator strengths, and optical absorption
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optical properties. The interband term can be separated in theith 8= (2L +1/2+1/2). In the same way the-}IlI transi-
integration over the fast oscillating Bloch part, which will tions can be obtained by interchanging. 21/21/2 by
determine the interband selection rules between the Bloch| +1/2+1/2. To right circular polarizatiore™ we solely
states, and the integration over the smooth envelope part dgzve to substitute the signs={ in Egs.(5) and(6) by (¥)
termining the intensity of an allowed transition. The integra-gnd vice versa.

tion over the Bloch function results in the size-independent |y order to discuss the optical absorption spectra, the in-
dipole matrix elements that will be namel ;, . In our case  terhand oscillator strengthF|?> between single electron
the complete set of selection rules are obtained from th?Ne,Me) and hole N,,M};,) states has to be evaluated. The
nonvanishing  products of the matrix elementsgpsorption coefficient can then be written as
lendL, L, a,ar» Wherel eh={fealfnar) is the overlap inte-

gral of the electron-hole envelope functions allowed by the

interband transitiomr— «'. The allowed transitions between (& w)=ap > r
states belonging to the Hilbert subspaces described by~ '’ ONe,Nh,M T
spinors(1) and (2) are determined from the angular depen-
dence of the wave functiorf%",_(r). According to our choice M=1 9
R ) ) LV o : _ | )|
7|k, the interband dipole matrix for incident light with left « e
circular (0~) polarization,e™ = (x—iy)/\/2, is given by [E,\,e,,\ﬂ(l)—ENh,Mﬂ(ll)—f'm)]erl“2
[ 0 -y3 0 O 0 0 0 0 _
A L2
0 0O 0 O 0O 0 0O i e @
0 O 0 0 0O 00O [En, m(ID)—En, mz1(D)—fiw]?+T?
iP 0 0O 0 O 0O 0 0O
H_:ﬁ 0 0 142 o o 0 ol where aq is_ a ma_lgnitude which includes the bLHk_param- _
eter, the dielectric constant, etc. As we have pointed out in
0 0 0 0 -y3 000 the Introduction the warping term was neglected, provid-
-1 0O 0 O 0O 0 0 0 ing an 8<8 k-p Hamiltonian with cylindrical symmetry. In
CdSey,~ vy5; and the warping term contribution to the qua-
L~ V2. 0 0 0 0 0 0 0 siparticle energies and optical selection rules can be ruled by

(4) perturbation theory. In this case other electronic transitions

where (P)=i(S|P,|X) is proportional to the Kane coupling have to be added, for example to E@). Nevertheless and

parameterP,. The corresponding matrix interactian” is  Since the corresponding oscillator strength is proportional to

obtained from the Hermitian adjoidl "= —[11"1". the u parameter, these new contributions to the optical spec-
On the grounds established by Ed), the corresponding rum are smaller, in comparison with those obtained through

selection rules for each optical transition in any polarizationEd- (6), in the cylindrical approximation.

can be precisely obtained. It can be seen, according to the

structure of both obtained Hilbert subspaces and the dipole

matrices, that only the allowed transitions are those between Ill. RESULTS
initial M;(H;) and finalM¢(H¢) levels belonging to different o )
subspacesi =1, II. This is due to the difference in the an- The parameters for CdT&ef. 10 used in this calculation

gular momentaL. (symmetry of electron and hole compo- &' the energy band gép,=1.6069 eV, the spin-orbit en-

nents in the subspaces. Moreover, the preservation of tH¥OY Ao=0.953 eV. The Luttinger parameterg;=5.37,

projection of the total angular momentufy, (AF,=F,,  ¥5=1.67, ¥5=1.98, the nonparabolicity for the conduction

—F,,=0) requires for the magnetic quantum number thatand (1+2F)=1.24, the electron effective masm,

AM=+1. =0.091m,, and the Kane conduction-valence band coupling

For left circular polarization, the optical matrix element E,=17.9 eV. For all calculated optical spectra in this work
(3) takes the form we have used a unique value for the homogeneous electronic
broadening]’=20 meV.
<,r/,2”'le|éf P ‘/’r’:/lﬂ :inEZJmZ(I'll)5Me,Mhil' (5) For the numerical calculation we have built eddhsub-
space using as basis all the possible electronic states that
where fulfill the conditionE<2.5 eV. Hence, the results we present
can achieved using matrices of size df8x 8Ny, with Ng
" =30.

—AS AN In Fig. 1 we show the variation of the first electron and
hole energy levels as a function ofRE. We identify the
levels by the magnetic quantum numiérand by the index

, (6) n=1,2 ... that enumerates the ordering of levels by increas-
ing values of the energy. Thus, the electfbiole) levels are

Fn(h) =

n,L=(M|
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FIG. 1. Electron and hole energy spectra of a CdTe SQD as FIG. 2. Transition energies obtained from thep model fore™
calculated in Sec. Il A, plotted the inverse-mean-square radiugolarization for a CdTe SQD. The numbers indicate the following
1/R?. Solid (dashedi lines represent states arising from the Hilbert transitions: 1._1)e*(1) < 1,)h*(1); 2, o(—1ye*(1) —1,0h?(11); 3,
subspace [Il). Some levels have been identified considering theo(,l)el(ll)Hlv(o)hl(l); 4, 0(,1)e1(ll)ely(o)h2(l); 5, 0(,l)ez(ll)
guantum numbeM and the energy ordering index(see text for <—1,(0)h1(l); 6, 0(_1)e2(ll)bly(o)h2(l); 7, 1(_2)e1(ll)
detailg. Square-dashed lines indicate the same result according tﬁ‘gy(,l)hl(l); 8, 1(,2)e1(ll) hzv(,l)hz(l). Transitions 4 and 6, 7
the spherical approximation. are labeled by dashed lines and line dots, respectively.

(only numerically through their effective masgdsy the
labeled in the following way:ye"(H)[wh"(H)], andH  axjal component inherent in the zinc-blende symmetry of
=1,1l representing which Hilbert subspace the carrier statgnany I1-VI and 11l-V based semiconductor nanostructures.
belongs to. This notation is appropriate if we consider theThys, the energies of the first light-hole and of the other
form in which each state functioiiEgs. (1) and(2)] is writ-  excited stategexcept thegh?(1l)] in the valence band are
ten. Our diagonalization scheme has allowed an easy identigongly modified by the presence of the axial components
fication of the levels as well as the optical transitions. The(yﬁ vs) in comparison to those calculated with a complete
level degeneracy is indicated in the figure by parenthese§pherica| QD Hamiltonian. Another interesting feature in
that is, 0(*1)81“) meaning that the state is doubly degener-Fig_ 1 is the observed splitting in the conduction basthte

e lor e Vel o 10 11, 2w o e 1l conie, (1) shoun by dashed Indend aso i e valnce
! g¢e spacing and [state 0(,1)h4(ll) shown by dashed linds The main

creasing values dR. The figure shows clearly the existence " . - .
of nonparabolicity in the conduction-band levels and the off€ason for these splittings is the existing coupling between

fects of the admixture between heavy and light holes result(_alectron- and light-hole states, a first—ordAer contribution gen-
ing in the anticrossing @~13 A. It will be very useful to ~ €rated by the linear terms proportional Ko in Eq. (A2).
check the differences between the calculated electronic statédso, these matrix element coupling blocks with different
by using the spherical model or the axial approximation. Aspin orientations break their Kramer doublets degeneracy.
direct comparison is given in Fig. 1 where the data of Ref. 10/e can see that the same behavior is obtained in Ref. 10 for
are shown by square-dashed lines. The energy values of Réhe electron but complete different values for hole level en-
10 are well reproduced by our calculations when the approxiergy are found for the spherical model.
mation of y,= 5 is considered and the same set of param- Figure 2 shows the calculated interband transition ener-
eters are used for CdTe. giesAE as a function of the inverse of the square of the SQD
It can be seen that the eigenenergy values for the conducadius. Notice that for dot sizes below 100 A, the nonlinear
tion band in both models are nearly the same. Neverthelesshape of the transition energies also reveals the strong non-
the difference increases as the SQD radius decreases. Huarabolicity and the inherent multiple band mixture effects.
example the IeveIO(_l)el(I) in both approximations pre- It is important to remark that the linear approasft=a
sents a difference of 140 meV Rt 13 A. The same we can +b/R?, as used in some worksto interpret the optical
argue with respect to the valence band for the first twoproperties, can be applied only for a very limited range of
heavy-hole statessh®(Il) and oh?(Il). A more significative  dot sizes.
behavior(quantitative and qualitatiyecan be observed for According to our notation, an interband transition from
the other hole excited states at any value of the QD radiughe initial hole state, characterized by quantum numbers
These differences have their origin in the Hamiltonians. It is(n;,M;) , to the final electron state defined bg(My) is
seen that electron- and heavy-hole states are less influencegpresented aﬁfe”f(Hf)Hth”i(Hi). In this calculation, we
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FIG. 3. Calculated oscillator strength as a function of the SQD g
radius, in left circulae™ polarization. The shown transitions are as g 3r 7
follows:  gel(l)«—h*(I); b, ee(I) —hi(l); c:_,et(ll) P
—oht(l); d,_jet()—ohi(ll); e, (1), hi(l); f,_,el(l) C 2 .
— _1h*(1), 9,0€?(11) — 1h*(1); h, _1€2(I1) < oh*(1). 3 2
=] _
<
have ne_glected any effeqt of temperature by assuming that 1700 1800 1900 2000 2100
the carrier Fermi occupations ar€E.)~1 angF(EU)~O. Energy (meV)
In Fig. 3 we present the calculated oscillator strengths
as a function ofR, in a CdTe SQD, for circulae™ polar- FIG. 4. Absorption spectra fog~ polarization in CdTe SQD

ization. The involved transitions were obtained from the genwith R=30 A and 50 A. Peaks contributing to the optical absorp-

eral interband selection ruleM = +1 as can be identified in tion are as follows: 1,,e*(l)«— h*(I1), _e(1)— h*(I); 2,

the figure. oet(l)— 1h2(lly, _iet(l)«—oh2(ll); 3, el(Il) «— ;hi(1), (e?(ll)
Two qualitative characteristics can be observed in Fig—ih'(l), _,e'(I)«— _;h*(1), _;el(ll) —oh'(l), 1€l

3:(i) The strongest contributions are transitions starting in the— oh*(1); 4, oe(I) < 1h?(1), ¢e?(ll) — ;h?(1), 1e*(Il) — ;h*(}),

first hole state(ii) the oscillator strength presents a generalie*(ll) < zh?(l), _et(l) — _1h?(1), _1e(1l) —oh?(1),

slow variation with the dot radius. For some specific transi--1€°(11) < oh*(l).

tions and for well defined dot radius, the oscillator strength

shows a very sharp variation. For example, in.FHa clear

interchange of optical strengths between the transitiosnsd

g can be observed at approximatéy=42 A. For dot sizes

R<42 A the transitiong is the dominant one while that la-

significant differences betweest, e~ absorption spectra.

The overall absorption profile shown in Fig. 4 is a result
beled asc is extremely weak. Just the opposite happens foqf thei addition qf all 16 pqssible contributio_ns \_Nhich are
R=42 A where the transitioh becomes the dominant one fisted in the caption pf the flgure. Some contrlbutlons to the
These facts can be understood by considering that the fih le_aks 3 and 4 are slightly shifted from each other, since they

rise from very close but not degenerate energy levels, as can

i i 2
states of the mentioned transitions are(11) and oe’(ll), be seen in Figs. 1 and 2. This difference is sufficiently small

gr 4tzh'e& li\{?ﬁ thalt p:ﬁsentt tthe ant_lctrossr,wlng _effe;: riaa;: so that when the separate contributions are added the result-
_t ‘ d IS vg_uet € sla f.s arelln e{ﬁ angl_r|1|gt elrtc ar'ng profile (solid line) shows only one peak due to the large
acter and, according to selection rules, the osciliator Strengiy e for the broadening used in the present calculation. To

will ghsplay the character of the most .favored ransition. —yoqove spectroscopically these contributions we would need
F'gureA 4 ShOW,S the cglculated op.tlcal absorption SPeCd smaller value for the phenomenological linewitltha pos-

for the e polarization in SQD withR=30 A and R jhility that could only be checked from the experiments

=50 A. Due to symmetry arguments, the shape of the abgone in high quality samples.

sorption profile fore™ must be exactly the same as fer It is completely clear that both mentioned Hamiltonian

polarization. This fact is a consequence of the spatial symmodels will present different characteristic behavior for the

metry of the system that assures that the involved states musptical properties, in particular, for those transitions involv-

have degenerate energy levels with respect to quantum nuring electron and hole excited states. Another experimental
ber M. Obviously, any deviation from the present symmetry,evidence that seems interesting is the possibility to distin-
as induced by electric or magnetic fields or by shape deforguish interband spectra from the two Hamiltonian models
mation, can break thel2+1 degeneracy oM, producing described before, a fact that would demand optical experi-
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ments using different independent polarizations of incident
light on the same SQD. APPENDIX: THE 8 X8 k-p HAMILTONIAN

Some details of the conventionkl p formalism used in
this work are shown. We define the basis stdtgg,) in
Within the framework of thek-p multiband effective- terms of spin and orbital wave functions wisttype symme-
mass approximation we have studied the main features cofty for the two conduction band=), and those withp-type
cerning to the electronic structure and the optical propertieSymmetry for the six valence bands, corresponding to heavy
for SQD’s in the regime of strong confinement. The results(hh), light (Ih) and spin-orbit §0) holes. They are repre-
obtained in our calculation for the eigenstates and eigenvasented by
ues have shown the relevant aspects of interlevel coupling on
the study of the optical and electronic properties. The Hilbert let)y=|%,3)=]s1),
space of solutions and their symmetry properties for the 8
X 8 k-p Hamiltonian were deeply analyzed providing a de-

IV. CONCLUSIONS

tailed study of the optical properties and their dependence on lhh*)=[3,3)=—i \/g|(X+ iy)T),

the dot size and SQD parameters. The nonhomogeneous ef-

fects of the size distribution have been neglected and the Ih*)=|3 l>__i\/z[|(x+iY)l>_2|ZT>]
—l2y2/— 6 ,

light-matter interaction was addressed in the dipole approxi-
mation. Also, we have shown that the two types kofp

Hamiltonians, spherical and axial models, will conduce to |so*)=|3, %)z—i\/g[|(x+iy)i>+|zT>],
different hole energy dispersions and different optical transi-
tions. It has been clarified that as long gsis not equal to leT)=|%,— 1y=|s|)

— |2 2/ ]

v3 both models provide different values of the electron and
hole energy spectra. Our results are the starting steps for a

complete and rigorous discussion of other optical properties lhh™)=[3,— 3)=—i \/g|(X—iY)l>,

in semiconductor quantum dots and possibility to observe

different polarization excitations. The present results are Ih=V=12 — 3V=i/il(x—i +2|z
completely valid for any other SQD nanostructure as CdS, h=lz.~2 \/ZH( 2zl
CdSe, etc.

so)=1%,— Hy=iVill(x=iy)1)—|zl)]. (A1)

Notice that we have used a different ordering of the band-
This work was supported by Fundacde Amparo éPes- edge Bloch states. In the above sequence of states, the
quisa do Estado de BaPaulo(FAPESB and by Conselho Hamiltonian matrix takes the form given below, after K¥he
Nacional de Desenvolvimento Ciéfito e Tecnolgico and Weilert® and represents the kinetic energy of the carri-
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Each diagonal element is defined as <fM' “5 |fM )
n/,L'I" zltnL

Dei=Eq+ (F+1/2)P?, ,
el = Egt( ) :2kh5M’,MIEIZE[_aL+l,M5L’,L+l_aL,M5L’,Lfl]a

th:|5+, (A7)
~ ’yli’yZ A _3 ~ 2L+3
th(T)P2+§72P§, X OLr L+2 CL+2M—-2CL+1M-1
n
_ Yigo 2L—1
Dso=—A0+ 7P' —OL L2 T PL_om-2BL—am-1,
Mn
The off-diagonal terms are given by (A8)
Rfipo\[g's:, (Ad) (T L IP2IEM Y =2(kE) 280 2l
2L+3
G.=\3yP.P X oL 2| = | PLmbPLram+1
n
. 1. 2L-1
KZ_'PO\QPZ’ +5L',L2<—L) CLmCL—1M+1|
n
N=3(yP2 - uP?), (A9)
L2 (L AP T =20k5) 28w wl

R=— 72(P*~3P)).
2L+3

In the above expressions, we define the momentum opera-
tors asP. =[d/dx*i(aldy], P,= a9z andP?=V?2. The ad-
ditional parameters are given by 2L-1

LL-2| 7 |aL-1maLm

n

X 5L',L+2( )aL+1,MaL+2,M

Mn

y=3(y2+73),

(A10)
1
m=3(y2—v3).
< ’L’lP F)Z|.f L>__2(kL) 5M’M+l|
The second-order parametéfsy,, y,, andy; take into
account the contributions of the remote bands to the conduc- <| 5., 2L+3 a b
tion (electron and valenceholes effective masses, respec- LhL+2 u LHIMEL+IM
tively and are measured in units @f?/my. Finally P,
=i(#i/mgy)(s|py/x) is the usual first-order Kane parameter 2L—-1
(measured in meV Ror E,= (2m, /%%) P§ (meV) which sets TOu L—2| — T |CL-1mALMm |,
the strength of the conduction-valence band coupling. Writ- Fn
ing the operator®. and P, in spherical coordinates and (A1D)
using the wave functiorﬁ,’}’fL(r,Q) introduced in Sec. Il, the o
off-diagonal matrix elements are given by v U PoPIT Y =2(kp) 28 m— 1'
L PN 2L+3
< L | +fa) X 5L’,L+2(T a +1mMCL+2M-1
’ n
=2er15Mf,M+1|Er’,:[(SLf,LHbL,M—5L',L—1CL,M],
2L-1
(AS) T -2 bL-om ,ALm|s
Mn
(f r|_r|P |f L> 2kL5M' M- 1||_r L[ CLiimM-10L7L+1 (A12)
+b _am-16 1 -1], (A6)  where
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(L—M+1)(L+M+1) and the overlap integrals are
BLram= (2L+1)(2L+3)
b (L+M+2)(L+M+1) AL3 L
LM™ (2L+1)(2L+3) (AL3) [’ M
L'L L2 1y2'
- (L—M)(L-M—1) (Mn/) (#r)
‘M= N2t +1) ¢
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