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Magneto-optical properties of nanocrystals: Zeeman splitting
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We discuss different aspects of the Zeeman splitting in optical properties of 1I-VI spherical quantum dots in
presence of a external magnetic fi@ldA systematic study of the energy eigenvalues, wave functions, and their
dominant symmetries within the>88 k- p Kane-Weiler formalism, allowing the inclusion of the conduction-
valence-band coupling, nonparabolicity, and mixing of the electronic and spin states, is presented. The analysis
of symmetries inherent in thie- p Hamiltonian leads to sets of basis functions that can be separated into two
independent Hilbert subspaces. The linear and quadratic Zeeman splitting in the quantum dot have been studied
in the strong confinement regime. A detailed discussion of the symmetries associated with the electronic levels
and the magneto-optical selection rules for interband transitions are derived. We also calculated the optical
oscillator strengths and their corresponding magnetoabsorption coefficient for Faraday and Voigt configura-
tions. It shows that the effective Lahdgfactor, obtained theoretically, and diamagnetic shift can be tested
experimentally by complementary optical spectra measured in Faraday and Voigt geometries.
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[. INTRODUCTION ical approaches have been generally used to solve the eigen-
value problem in a quantum dot in presence of an applied
Much theoretical and experimental effort has lately beerimagnetic field. Techniques that are based on exact
dedicated to understand as well as explore the physical progjagonallzatmﬁ demand many computational resources and
erties of the semiconductor nanostructures in presence of eRfocedures of fast convergence such as the boundary element
ternal magnetic field$B. The ability to manipulate and con- method and can become f_ormldably complex if coupling
trol spin states as well as to modulate théactor is, at the effects between bands are included. K@ method allows

present moment, of fundamental importance in the study og) describe, in a precise manner, the most important facts that

electronic systems with potential applications in spintronic efine the electronic structure of a quantum dot in presence
y P PP P of an external magnetic field. This method has been gener-

computation, quantum communication, and_ quantum COrm_)uzilly applied to two-dimensional 11I-V quantum dots with
tation. Semiconductor quantum dots of diverse geometriegaranglic confinement. For this kind of geometry, the prob-
have been targeted as serious candidates for the implemegy, has an exact parabolic solution, thus a well-defined basis
tation of these new devices. Many aspects of the effects gt of functions can be used to diagonalize khe Hamil-
the magnetic fields on the optic properties in semiconductofonjan. Kotlyaret al.? for example, have calculated the hole
quantum dots still remain under discussion, especially thgtates in the valence band using a six-band Hamiltonian, and
effects of the quantum confinement on magnitudes such asarnhofer and Rsslet’ have used an eight-band formalism
the Landeg factor or the oscillator strengths for transitions to include the coupling between valence and conduction
with or without spin inversion. In this direction, the spherical bands and the effects of the spin-orbit coupling. The diagonal
guantum dot§SQD’s) grown in a host matrix, especially in parabolic problem is that SQD’s do not possess a separable
the strong confinement regime, provide an ideal environmergolution, since the magnetic effective confining potential
for the study of the confinement effects. The starting pointcannot be expressed as a sum of potentials with independent
for a serious study of any optical or spintronic properties isvariables. This is so because the diamagnetic term, propor-
the rigorous determination of the energy eigenvalues antlonal to the square of the magnetic field, mixes the spatial
wave functions. The strong spatial localization generated byariables. Thus, it is not a trivial task to define a basis set that
the confinement potential and mainly the effects of the broallows the diagonalization of thk-p Hamiltonian for an
ken symmetries induced by the external magnetic field ararbitrary magnitude of magnetic field. The range of the mag-
two aspects that should be studied when considering a reafetic and spatial potentials defined by the cyclotron length
istic model of quantum dots. Ig= V#ic/eB and the dot radiu, respectively, allows us to
Several works have been devoted to studying the effectdistinguish two opposite regimes for the study of the elec-
of the magnetic field on the electronic conduction bandtronic structure:(i) Ig>R is a regime where the magnetic
within the simple parabolic model. Also, quantum dots withfield plays the role of a weak perturbation to the system. The
cylindrical geometry in presence of magnetic fieBldhave  dominant contribution comes from the spatial confinement,
been analyzed.The magnetic-field effects in quantum dots with the magnetic field breaking the Kramer's degeneracy.
have been studied experimentaflyand theoreticallf. 8 In- (i) Ig<R is a regime of intense magnetic fields where the
teresting results were obtained in the determination of seveylindrical component of the magnetic confinement potential
eral optical properties such as exciton fine structure, Zeemalmecomes the most significative and dominant effect that leads
effect, and Landau-level formation. Several types of theoretto the formation of Landau levels. As we discuss below, un-
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der the condition >R, the eigenfunctions a@=0 repre- takes into account the known interactions between states in
sent an appropriate set of wave functions to diagonalize ththeI'g, I'g, andI'; bands exactly, and to consider the con-
k-p Hamiltonian including the magnetic-field effect. The tributions of the remote bands. Tlkep Hamiltonian is re-
conditionl >R is particularly interesting, since the Zeeman ported in Ref. 17 and its matrix elements taking into account
splitting and spin-flip transitions are revealed. Also, calcula-the magnetic-field effects are defined explicitly in the Appen-
tion and experimental determination of tilgefactor have dix A. Under the conditiong>R some characteristics of our
been performed under this particular magnetic-field regionapproach should be specifically pointed qut.The inherent
For materials and the dot geometry considered in the presesymmetry existing in thé-p Hamiltonian allows the sepa-
work, the formation of Landau levels only occurs atration of the Hilbert space into two orthogonal subspaces.
magnetic-field intensities near to or greater than 60 T. ThidVe expand the eight-component spinor wave functions in
statement was verified by means of the calculation of eleceach Hilbert subspace, in terms of the exact solutions of the
tron energies within the strong perturbation thedri? Re-  diagonal operators for each carrier typeBat 0. In general,
cently, Planellet al® presented a calculation of the elec- each component of the spinor has the fomﬁ’iL(r,Q)
tronic structure of SQD’s in presence of magnetic fie|dS=An,LjL(uhrlR)Yﬁ"(Q),wwith a special sequencé of parity

based on the four-barkl-p but neglected spin splitting ef- gictated from the inherent symmetry éf,.,. Here thez
fects. In faCt, the use of this method allows to describe th%omponent of the orbital angu|ar momentuin (LZ

mixture oflh andhh states. Nevertheless, due to the limited =z M, M=0, +1,... ) remains a good quantum number,
band model used by these authors they were not able f@hile is not possible to find states with well-defined spin and
discussion important effects such as the spin-flip and spigrbital quantum numbers, since these states are mixed by the
splitting mixing of spin states, nonparabolicity, and the ef-effects of the magnetic field and the interband coupliriis.
fects of the involved symmetries due to the interaction behe wave functionsy,, for subspaces | and II, fulfilling the
tween conduction, valence, and split-off bands. In order thoundary conditionp,(”)(R):O,lg can be written as a linear

achieve a better quantitative description of the magnetoprosgmpination of the envelopefﬁ"L(r,Q) and the eight Bloch
file for electrons and holes, spatial quantum confinement, thg, tions at tha" point, as ‘

electronicg factor, and magneto-optical properties of nanoc-
rystals, in this work we explore all the inherent power of the

. R . . f¥ e’
8x 8 k-p Kane-Weiler Hamiltonian to rigorously determine na(zeLnl€’)

the electronic structure in a single CdTe SQD in presence of fa1anlhh™)

an external magnetic field. On this basis, we are be able to £M lh*)

discuss and determine many relevant properties of the elec- ) ',\‘/;2"“(2")

tronic states and magneto-optical properties valid in the re- M fn,2L+1(2L)|So+>

gime Ig>R. The actual Hamiltonian model takes into ac- |¢I(II)>:; L;M‘ fM1 le™) @)
count the coupling between conduction and valence bands, :/;iLfLH) -

the contribution of the remote bands, the nonparabolicity ef- fn,2L+l(2L)|hh )

fects, and the mixing at the valence bands. In Sec. Il of this Mt 1enlth )

paper we extend the>88 k- p Hamiltonian to a nanocrystal M1 _

with spherical symmetry in an external magnetic field ac- fn,2L+1(2L)|50 )

cording to its inherent symmetry, and for the caselgf
>R, we provide an appropriate basis set and the Hilbert It is important to note that the spinofsy,) do not
subspaces to describe the SQD electronic structure. Als@resent a defined parity(), as assumed in Ref. 20 but,
magneto-optical selection rules for Faraday and Voigt geomi-nstead, the special mixture as indicated above. Within the
etries are derived. Section Il is devoted to discussing thé&X 8 k-p Hamiltonian the states with different symmetries
size dependence and magnetic-field effect on electronigre coupled even &=0. Nevertheless, by neglecting only
states and on optical spectra. Finally, we sum our results ithe warping term, proportional ta=(y,— y3)/2, the space
Sec. IV. of solutions of the Kane-Weiler Hamiltonian in spherical co-
ordinates can be separated into the two independent sub-
spaces with the specified values for the angular quantum
Il. THEORY numberL in each Bloch state. AB+ 0 the only good quan-
_ _ o ~ tum number M+J,) [J, being thez component of the
FO”OW|ng the effective-mass apprOXImatlon, we descnb%k)ch angu'ar momenturd (Ref 13] a|0ng the field is pre-
a carrier in the presence of an external magnetic fielderyed. Moreover, the applied fieBl does not modify the
B=(0, 0, B) and a confinement potentia¥ from the  poundary conditions over the radial part of the function
solutions of the Schdinger equatiorH.,y=E¢ for the  ¢M (v () and the above spinordl) constitute a complete
eight-component spinap. The magnetic-field effects can be 55js set of orthonormal functions for the effectivi 8 k
included after replacing with p+(e/c)A. Herep repre- ., Hamiltonian in each subspace, a very useful tool for the
sents the momentum operator aAd=3Brsiné(—singe,  case in whichlg=R. (iii) In our matrix diagonalization
+cos¢éy) is the vector potential for the uniform magnetic scheme we have ordered the envelope functidﬁs(r,ﬂ)
field written in the symmetric gauge. We have chosen to uséor each carrier sete(", hh™, Ih*, andso™, following the

the complete &8 k-p Kane-Weiler modet*~1" which  notation of Ref. 1Y for increasing values of the energy,
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i=1...No. Therefore, we can replace the s, , inthe L, g17 |n Faraday geometry and incident light with left
expansion1), by 2, with the magnetic indeM fixed. This circular polarizatioré’=(éx—iéy)/\/§, the dipole matrix
procedure permits us to select only the most important congjves us
tributions for the formation of a given state and obtaining a
significant gain in computational efficiency, since we must T 0 — \/§
diagonalize matrices much smaller than the ones normally 0
used in standard procedures. Hence, the results we present
can been achieved using matrices of size Nj8 8N, with 0
No=30. The results are fully converged to good numerical ip 0
accuracy(iv) Although the confinement potential is spheri- [[—=—
cal, thek - p Hamiltonian is essentially of cylindrical symme- 0
try, since we allow the Luttinger parameteys+ y; every- 0
where but the terms proportional to the warping teinare
equal to zero. The presence of these cylindrical components -1
in the Hamiltonian modifies the effective spherical confine- —\2
ment potential that acts on the carriers. The theory consid- 3)
ered here takes into account the complex interplay between ) ) ) ) )
these superimposed symmetries plus the conduction- annereiP=i(S|P,|X) is proportional to the Kane coupling
valence-band coupling in order to describe the Zeeman spli?@rameter,Po. The corresponding matrix interaction for
ting of electronic states. right circular polarizatiore™ = (ex+iey)/\/§ is obtained from
The optical transition probability is proportional to the the Hermitian adjoinil™=—[I1"]". In the case of \Voigt
matrix element of the crystal-radiation field interaction geometry, the optical processes with linear polarizaﬁnn

(Yejl€ Plgn;), i,i" =1, Il, whereeis the light polarization =g, are represented through the following matrix interac-
vector andP is the momentum operator. Using Ed) the  tion:
above matrix element can be written as

™
©O 0o 0o, OO o O
O o © © o o o o
O o © © o oo ©
O o © 9O o o o 9

oooﬁoooo
|
oo&ooooo

O O O o o o o

"0 0 V2 -1 0 0 0 O

0 0 0 oO 0 0 0 O

(PaslePlyp =2 (Felfi )(u,le-Plug) V2 o0 0 0 0 0 0

o . e iP|-1 00 0 0 00 0

e h [

+<ua|ua’><fe,a|e' P|fh’a,>. 2 \/§ 0 0 O 0 0 0 \/E -1

0 0 0 O 0 0 0O O

Hwtlare t't\)le states of the conductiGralence band are labeled 0 0 0 0 ﬁ 0 0 0

feo (fh'g), with @ enumerating the corresponding quantum 0 0 o0 0 -1 0 0 0
numbersn, L and the periodic Bloch functions at tHe - g

point of the Brillouin zone|u,)=|J, J,), in the sequence

followed in the Eq.(1) (see the Appendix _ On the grounds of Eq¥3) and (4), the corresponding
For interband transitions, only the first term in B&)  sgjection rules for each optical transition in any polarization
contributes to the overlap integral, which can be separated,, pe precisely obtained. It can be seen, according to the

into integrations over the fast oscillating Bloch part that de-gycture of both of the obtained Hilbert subspaces described
M

of the Bloch function part result in the size-independent di_%ame Hilbert subspace(ll) are forbidden in both studied

pole matrix elements that will be namel, = (u |é geometries. Thus, for circuleg™ (Faradayoc™ geometry
a,a’ T o

N . . nd lineare, (Voigt 7% geometry polarizations, only the op-
-Plu,/). The complete set of selection rules are obtalnedfi1 re, (Voigt 7* g yp y P

f h ishi ducts of th trix_el X cal transitions between initiaM;(H;) and final M¢(Hy)
rom the nonvanishing products of the matrix elementsg, q\q belonging to different Hilbert subspadés-1, Il are
lendi, L Lo wherelg ,=(fe o|fh o) are the envelope

h allowed. Selection rules do not allow interband transition
overlap integrals.

N _ from the same Hilbert subspaces<l or Il —Il), because of
The allowed transitions between the two separated Hilbefhe gifferent symmetries of the electron and hole angular

subspaces, as described by the spiridys are determined mementa. Moreover, for the magnetic quantum numbers we
from the angular dependence of the wave functions. By takhayeAM =+1 andAM =0 for the Faraday and \oigt con-
ing the magnetic field as the proper quantization axis for figurations, respectively.

the Bloch functiongu,) we can determinate the selection ~|n the framework of the confined potential model here
rules for two independent configurations: Faraday, when thgsed, the matrix elemertp) is reduced tafor left circular
wave vector of the incident lightd|B||z, and the Voigt if  polarization
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Mg 2= B M . M
(Warle - Plynm=IPA" UL S e, (5) “
where o L
M
fﬂZ’MZ(I'”) 556
%
I T I T § 552
= __ A€ hh*_'__ et lh= _~ aAsO” &
n,L;M\ AnsPnp _\/§ ngl Anpgt \/E ng | [ (6) [Lé

308
with 8=2L+ 1/2%1/2. In the same way the- |l transition L
is obtained by interchanging L2-1/21/2 by 2L+1/2 306
+1/2. If we consider right circular polarization we solely
have to substitute the signs:{ in Egs.(5) and(6) by (F) .
and vice versa. 138
In order to discuss the magneto-optical absorption spectra, [
the interband oscillator streng}f|? between single electron i
(Ne,M,) and hole (i ,M,) states has to be evaluated in -142

-140

detail. The absorption coefficient can be cast as = ol
>
g L
. r e
ale”,w)=ag — 5 1462
Ng:Np.M 7T 8
M=1 -162
e (G |
X
(Engm(D—En, mxa(ID—fiw)?+ T2 -164
|]:sh«’\";||11(||’|)|2 Col
n e G 2 4 6 8
(ENe,M(”)_ENh,Mil(I )—ﬁw)z-l-FZ Magnetic Field (T)

In the above equation we neglected the effects of nonhomo- FIG. 1. Electron and hole energy spectra of a 30-A CdTe SQD,
geneous broadening, which arise from the dot size fluctual'otted as a function of magnetic fieRl Solid (dashedl lines rep-
tion in a sample, and a constant broaderiing assumed for resent states arising from Hilbert subspaadl ). The levels have
all kinds of transitionsy is a constant and is the incident ~Peen identified considering the quantum numikeand the energy
light frequency. A similar expression can be obtained WhergmIer indexN (see text for details () Conduction band 1. ,e™,

v Al A Qll g 11 e 11 @ a2l . 1] .
: . . D€l 3igett, 4 _qetl) Bl el 6 get!, 70 e, and 8:
we consider Voigt geometry, that is _,€%'; (b) valence band 1:,;hh'", 2: (Ih'!, 3: _jlhi!, 4

r _ohhtt, 5., hh?T, 6: gIh, 7: _;1hYT, and 8: _,hh?!. Several
a6, 0)=ay D>, — optical transitions are indicated for Faraday™) and Voigt (%)
Ne.Np.M T geometries witle® ande, polarizations, respectively.
AT (LD
e energy A;=0.953 eV. The Luttinger parameters ar)é{
(En, m(D)—En, m(1)—fw)?+T? =5.37, y5=1.67, andy;=1.98; the nonparabolicity param-
N M eter for the conduction band is §12F)=1.24; and the
V(L D[? second-order magnetic parameters &tg=0, «=1.267,
. >+ (8 andg=-1.099 (see the Appendix for a brief discussion
(Engm(ID—En, m()—fiw)"+T about the meaning of the second-order paramgtdrse
where electron effective mass ig,=0.091Im, and the Kane param-
eter isE,=17.9 eV. For all calculated optical spectra in this
" ot Iht et xsot work, we have used a unique value for the homogeneous
V\'NZZM(l,ll):Zn Hu {\/EAn,ﬁAn‘ﬁ_An,ﬁAn,ﬁ}! (9)  electronic broadeningl’=1.0 meV, of the optical transi-
T tions.
and for the Il=1 we must interchange the index-( by In Figs. 1 and 2 we show the dependence of the energy
(*) in the above equations. levels with the magnetic field for two SQD’s with radii 30 A

and 50 A, respectively. In Figs.(d and 2a) are displayed
the electron energies and in Figsbjl and Zb) are hole
energies. For a given value of magnetic field, the levels are
The parameters for CdT&ef. 20 used in this calculation labeled by the quantum numbkt and by the energy order-
are the energy band gdp,=1.6069 eV and the spin-orbit ing numberN. Additionally, we identify the levels by means

Ill. RESULTS
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Zeeman splitting effect for each carrier in the SQD. The
splitting of the lowest levels is nearly proportionalBan the
entire range of magnetic fields in the regime studied in this
work. (ii) For both dot sizes considered, the effects of the
diamagnetic contribution, proportional B?, can be clearly
observed in the six excited electron levels labeled 3-8 in
Figs. 1 and 2. This contribution causes deviation in the en-
ergy levels from the linear dependence Bnwhich is ex-
pected when the diamagnetic term is not included. In other
II-VI nanocrystals, such as CdS SQD’s, the diamagnetic ef-
fects are only observed starting from figd=20 T.° differ-

ent from CdTe SQD’s where this effect is already appreciable
for fieldsB~2 T. Therefore, our results demonstrate that the
T L L exclusion in the Hamiltonian of the terms proportionaBto

252
248 L.
244

240

Energy (meV)

132

129

S22 ® J i - [see Egs(A4), (A8), and(A9) in the Appendiy is applicable

e :‘:‘:':':':::::::2:3:- only in the case of very weak field8¢1 T for the excited

56 |- 2t o e o 4_ - state$. (iii) We should pay attention to the spin splitting at
L /5/6 B=0.1T, produced by the effects of the asymmetry of in-
60 L ——f—:::::———-’-; version of thek-p Hamiltonian, and the spherical confine-
o ment effective potential. This effect can be observed, for in-
stance, in Fig. (@ for levels 3-8.(iv) Another interesting
-103 9 characteristic that can be observed is the change in the order
of the energy levels. In Fig.(4), for R=30 A the first two
I P ] excited states are identified agt'(Il) and _,et'(ll), re-
spectively; when the radius increasesRe50 A [see Fig.
o 2(a)], the first two excited states are now levgts! (1) and
o +1eX(I), respectively.
2 4 6 8 This exchange in the sequence of the energy levels can be
Magnetic Field (T) explained by the change of identities between the states due
to an admixture of wave functions when the radRiss in-
creased. AtR=30 A, the main weight contribution corre-
7: 0e!, and 8: _;e!"; (b) valence band 1:;hh!", 2: (IhlT, 3: Sp?nds_ to the St?‘t%ei(”)' while at R=50 A the state
Jhi 4 hhtl 50 hh?l 6 gkt 70 it 8 npzt, o€ (1) is the dominant one. . .
and 9: ,hh?!. Since we have be_en able to descnbe_the electronic struc-
ture, our next step is to calculate the interband transition
probability within the dipolar approximation by considering
the different light polarizations and, according to E).
and (9), we will determine the dependence of the magneto-
optical oscillator strengths on the magnetic field. Following
eV ((H) and a heavy hole state aghhV (D(H), with H the adopted notation, an interband transition from the initial

. . . . hole state, characterized by quantum numidrsM;, and
representing the Hilbert subspace to which the carrier state 10 the final electron state defined By, M,, ands; is
belongs. The same notation is used for lighit)(or split-off r(lepresented asy eV Si(H¢)—py hh(lh so)’Ni ’Sif(’H-) Nfote
(so) states and is appropriate if one looks to the form of . o M T e
which each state functiofEq. (1)] is written. Some impor- that the indexN is an energy ordering index. In this calcula-
tant characteristics should be pointed out in the analysis gfon, we have neglected the effects .Of temperature _by assum-
these resultsti) The linear spliting dependence @nis due N9 that the electron and hole t_1|str|but|0n functions are
to the linear Zeeman effe¢terms proportional té&iMB in FC(EC).Nl andF,(E,)~0, respectively. .
matrix elementsA2)] and the existence of an “effectivey In Fig. Swe present seve(al palcu_lated oscillator strengths
factor for electron and hole levels through the parametgrs ast a flfantz'on of the ma?:netlc field, 'P a Cgieg)g%[)s' foé the
and k [see the diagonal elements of thex8 Hamiltonian o-h_lan 7 gbeometnes. (;gure(_a) |sAor T] _” q Q
(A1)]. For example, in Fig. 1, the splitting of the states la-\WNI'e F]g. ab) corresponas I(R_SO. '.T € allowed tran-
beled 1, 2 in the conduction bands 1. 4 and 2, 3 for the heav itions included in this figures are indicated by the rows in

and light valence bands, respectively, are due to the spi igs. 1 and 2. We only include the transitions that present
orientation along the field, i.e., the electron and holg

significant variations with the magnetic field and omit those
factors. The levels 4Nl=—1) and 5 M=1) in Fig. 1(a)

transitions that are almost field independent. The dominant
represent the linear Zeeman behavior at low fid<@ T)

AN

Energy (meV)

FIG. 2. The same as Fig. 1 for a 50-A CdTe S@8.Conduc-
tion band 1:_,et, 2: e, 3: €?1, 4: . ,e'l, 5: _,e?), 6: _,ell,

of the spin numbefs=1 (up), s=] (down)] and the carrier
character. This notation is used in considering the large a
solute value of the weight coefficiends, | atB=0 for each
kind of carrier. Thus, an electron level is represented a

transitions(not shown in Fig. Bfor R=30 A andR=50 A

in the SQD. The same can be argued for the other states &€ —1€"(I) —_ohh*(Il) (Faraday fore” polarization,
Figs. 1 and 2 by checking the effectigefactor or the linear  ,el!(l)«—, ,;hh''(ll) (Faraday fore™ polarization, and
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0.30 4 | (@ Faraday geometry |
0.25
=
B 0201
g
2 0.15L
<)
=
g 010
38
005[ 7 .
0.6 (b) R=50A . - 1790 1795
0.51\3 g
K=}
E|
£ 04 s
g g
» 03 - é
8 %]
= 02 8
S 01 ‘g:
0.0 g
5
Magnetic Field (T) & .
= 1835 1840

FIG. 3. Calculated magneto-optical oscillator strength as a func-
tion of the magnetic field, fota) R=30 A and(b) R=50 A. Far- al © I i
aday geometryjf',j"’miﬂz with the left (right) polarization, is

)
]
1
]
]
[
3
1
1

shown by solid linegdashed lines while Voigt |VNN'“:,\“2|2 geom- 3
etries by dotted lines. The corresponding transitions are indicated
by rows in Figs. 1 and 2.

0T (1)«—olh () (Voigt for e, polarization.
Note from Fig. 3 that the oscillator strength present cross-

ings at some specific values of the magnetic fiidm 0.5 T 0 ' R 0.8T
to 7 T). The crossing is a direct consequence of the admix- TR 550
ture of the electronics states according to thex 8 k-p Laser Energy (meV)

Hamiltonian and their wave functior{d). To be more spe-
cific, these crossings are directly related to the optical selec- |G, 4. Different spectra regime of the magnetoabsorption co-

tion rules and the antic_rossing effect pbserved in_ Figs. 1 andicient in Faraday geometnB{z| ) for a 50-A CdTe SQD, for
2. Nearby level states in the conduction band with the same.

. . . € polarizations.
symmetry present an anticrossing at certain values of thé
magnetic field. The repulsion between levels with the same

symmetry for a given polarization may change the so-calleghow, in Fig. 4, the calculated absorption coefficient in a
“forbidden” electron-hole transitiongparabolic approxima- Faraday configuration for both analyzed polarizations. Figure
tion) into allowed ones and, at certain values of magnetic® is devoted to the independent Voigt configuration with light
field, crossing in the oscillator strength is achieved. Hencepolarizatione,. The numbers of the peaks are related to the
the “allowed” transition at B=0 diminishes its optical energy fan plot shown in Fig. 1 and to the oscillator strengths
strength as the magnetic field increases. The variation of thallowed by the magneto-optical selection rules derived in
spectral components in the oscillator strength, as a functio8ec. Il. At this point, we comment on the magnetoabsorption
of B, determines the behavior of the overall optical proper-spectra and electron-hole magnetoenergy dispersion. Figure
ties. For example, certain transitions can be favored by tund(a) shows the spin splitting of electron and heavy-hole
ing an appropriate intensity of the magnetic field. Also, as inground states that can be directly measured using the
the B=0 case, the interband transitions are only allowedcomplementaryy™ geometry. In this case the energy sepa-
between states that come from different Hilbert subspacesation is proportional to the electron—heavy-hgl&actor. By

The dependence of the oscillator strength on the dot size armbmparison we present in Fig(eb the absorption coefficient
magnetic field enhances the capability of controlling thefor the same window of the laser energy and magnetic field
magneto-optic properties in SQD’s. In order to study the efbut in a#* configuration. It can be seen that the spectra do
fects of the magnetic field on the optical absorption, wenot show any further structure aside from the main absorp-
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excites independent electronic states. In the free magnetic-
field case, the shape of the absorption profile dor is ex-

actly identical to ther™ configuration. This fact is a conse-
quence of the spatial symmetry of the problem which
guarantees that, in the absence of magnetic field, the energy
levels are degenerate with respect to quantum nuribher
The magnetic field breaks the degeneracy and the linear and
quadratic Zeeman magnetoabsorption take place, as can be
clearly seen in Fig. 2 for the electron-hole transitions under
consideration. Notice that the intensity of the peaks in Figs.
4(c) and Fc) change strongly when the magnetic field is
varied, and small changes in the value of the magnetic field
can favor certain transitions, such as in the electron-hole
transition 4(2) for the o~ (o*) geometry or the electron-
hole transition 5 for ther” configuration(see Fig. 3. In the
latter case, changes as large as one order of magnitude in the
peak intensity can be observed. On another hand, the broken
M degeneracy by the field induces a shift in the peaks toward
higher or lower energies, as can be expected. This effect is
obviously independent of the light polarization and only de-
pends on the transition energy behavior. As can be extracted
from a quick analysis of Figs. 2 and 3, the transitions 1, 3,
and 5 should present a redshift in the spectrum when the
magnetic field increases, together with the linear and qua-
dratic Zeeman effects. We can observe that several transi-
tions deviate from the typical quadratic Zeeman behavior,
indicating a more complex law of the electronic fan plot with
respect to the fiel®. The wide variety of transitions excited

by light with different magneto-optical configurations opens

a large possibility of creating elaborate experimental setups
that allow to measure parameters such as the electronic and
electron-hole paig factors and Luttinger parameters, and to
studying their dependencies on dot size, for a given material.

20l @ Voigt geometry |

Magneto-absorption coefficient (arb. units)

L " I IV. CONCLUSION
1910 1915 1920

Laser Energy (meV) We performed a theoretical study of the influence of an
. external magnetic field and quantum size effects in spherical
FIG. 5. The same as Fig. 4 for the Voigt geometB{4L )  npanocrystals, within the framework of the<® k-p multi-
with light polarizatione, . band effective-mass approximation, with the explicit inclu-
sion of couplings between the conduction and valence bands,
tion peaks due to an electron-light-hole transition withnonparabolicity, and band mixing. We have shown that the
AM=0. Figures 4b) and 5b) illustrate the behavior of the magnetic energy levels can be studied into two independent
absorption coefficient in an interval of the energy where theHilbert subspaces. The linear and quadratic Zeeman effects
oscillator strength is weak. These transitions correspond tand the spin splitting of the electronic carriers are obtained
o et ()« ;hh3I) and _jet'(l)«olh?(ll); o™  for relatively low magnetic fields in the case of a CdTe SQD.
_,et () _,hh3l(l) and oe'(l)« _4Ih2l(ll); and 7%=  The concurrence of the multiband model, the spherical con-
0t (1) «olh27(ll) and _,e*! (1)« _4Ih2!(ll). Figures 4c)  finement, and the field have indicated nonlinear and nonqua-
and c) were calculated for those intensities of magneticdratic behavior of the Zeeman splitting in the electronic mag-
field and laser energy where the oscillator strength for twmetic fan plot(see Figs. 1 and)2The linear Zeeman splitting
different transitions presents a crossing point following theis clearly obtained for a relatively “low field,” depending on
results of Fig. 3. The peaks shown in these figures are relatetie particular state and carrier under consideration. The in-
to the electron-hole transitions indicated in Fig. 2 as a functerband magneto-optical transitions are only allowed be-
tion of the applied magnetic field. tween different Hilbert subspaces in Faraday and Voigt con-
A fundamental characteristic of these absorption profilesfigurations.
contrary to the cas®8=0, is the linear and quadratic Zee- We have predicted that particular optical configurations
man splitting observed for those two independent polarizacan be useful for extracting information from the optical
tions. According to the magneto-optical selection rules despectra such as magnetoabsorption or magnetoluminescence
scribed in Sec. II, the incident lightin™ ando™ geometries measurements. We derived the magneto-optical selection
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rules for two independent configuratiofisaraday and Voigt ~ 1 .
allowing the possibility of a direct evaluation, from the ex- K,=i \@POPZ,
perimental point of view, of important nanocrystal param-

eters such as the electron-hgdactor, diamagnetic coeffi- A
cient, effective masses, and Luttinger parameters. In Faraday W=13
geometry the shift of the electron-hole energy optical transi-

tions, AEy N=Eun(0") —Eun(07)=0c nueB (g is R
the Bohr magneton due two independerg” polarizations,

directly give us the value of thg factor. By using Voigt

geometry one can follow the magnetic-field evolution of a . ~ .
desired electron-hole transitiofy, y(7%), and, therefore, R=772(P'2—3P§)1 (A3)
measure the linear or quadratic Zeeman effects for an appro-

priate chosen magnetic field. In the latter case the diamagyhere the operatoréL andP? in spherical coordinates are
netic shift of the SQD is revealed. Finally, the calculationgjyen by N

performed here can be applied to other 1I-VI or IlI-V nano-

crystal compounds where experimental values of the A, A eB . ,

magnetic-field evolution of the electron-hole states together Pi=P.t5zrsindexaxid), (A4)
with the theoretical predictions could provide available tools
for determining nanostructure parameters.

(A2)
(yP'2—uP'?),

.~ 1
iZRI—Z(K‘Fl),
lB

N

~ 1. 1
PP=V2+ —L,+ —r?sirfe. (A5)
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APPENDIX: MATRIX ELEMENTS OF THE 8 X8 k-p r=3(r2trs),
KANE-WEILER HAMILTONIAN IN PRESENCE
OF AN EXTERNAL MAGNETIC FIELD 1
o _ n=75(v2=73).
In presence of an external magnetic field in thdirec-
Hamiltonian are defined as with the electron and hole effective mass, respectively, con-
sider the contributions of the remote bands. The parameter

Bi=E,+ F+% l’:‘)giiz N+ 1 , Nw () takes into account the contributions of the rerr_lote
12 2 bands to the conductlp(rvalepce) g factor and theg param
eter related to the spin-orbit splitting. All the second-order
Kane-Luttinger-Weiler parametersF¢3), (N,+3), ¥,
~. =~ 31 9 1 . : 2
DﬁthP—LE_2 s Zq)’ (k+3), andg are measured in units dgf“/mg. Also, Pq
I =i(hImg)(s|p,|x) is the usual first-order Kane parameter
(in units meV-A) or Ep= (2mqo /4.2)P3 (meV), which sets the
. o~ 11 1 strength of the conduction valence-band coupling for a give
Din=D-+3 12 K+ —q), material. We have chosen the sequeatehh*, Ih™, so*
B e, hh™, Ih™, andso™ to represent the conduction, heavy,
+ 3 light, and split-off carriers. The signst() represent the
|j+:(71_72)ﬁ>2:_72|5§, component of the total angular momentudn for each
- 2 2 carrier” Using the wave functiorf) (r,Q) introduced in
Sec. Il, the off-diagonal matrix elemen{a2) are given by
Deo=—Ao+ %ls = K+% (A1) N 1
<fn/,|_/|P,+|fML>: §5M/,M+1[5L',L+1bL,M
The off-diagonal terms are given as
— oL -1C,mlT-,
K.=i \ﬁ PoP! 1
- 6~ <an',|_/|PL|fr'\1/!L>=§5M’,M71[_6L',L+lCL+1,M71
G.=\3y3PLP,, T oL L-1boam-1IT+,
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2
(f r|_r|P |f |_> RMn5n nOmrml =@M L
—a méL -l L (A6)

2!

(f /|_/|P |f L> O m—-2100L7 L +2CL+2m—-2CL +1m-1B+
+ 6L -2bL oMb —am-1B-

+oulCrim-1bLm—2

+b_1m-1CL,m-21Bo}, (A7)

K '
<fn’,L’| 2|f L= 2Mn5M'M E'E

X[a rimaL2mOLr,L2(2L+3)
—a -1maL MmO L-2(2L—=1)],
(A8)
(f ,,_,|P P, |f L> OomrmralaLrambrsimoLr L +2Cy
+C_gmaL Mo L-2C-+ 6L Co
X(—asimCLramtagwbe—1m],
(A9)
(f ,L,|P P, |f |_> Omrm—1lar+amMCLioam—10LL+2D ¢
+b_om-18 MO

a L mCLm-1)1,
(A10)

X(—apyimbrv-1—
where

T,

=| 2u51], n+<5)2 T
nLL— IB

jL+1(Mh)jL’+l(;U«rL]r)
2 L) +1

1 Ta0)

= - : ;
Is JL+1(/’Lh)JL’+1(MrI;r)

2 =n’,n
T4
p 1, (ALD

jL+1(M;|§)jL'+1(Mnr)
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=n’,n
B.— 2, TL',L+1(3)
0~ B |2 . Ly L’
B Jira(mep)ierva(my,)

T 4) ]

2 Ié jL+1(Mh)jL'+1(Mh:)

.. __2%[, o {w

R2
T K &)
T LL,L-+1 - , (AL2)
I JreaCum)ior sy
, l2L=1)+1
_ L n,n
Dt—+2ﬂn[|L,’L{—R2
TR <)
T LL,L-+1 - , (AL13)
I JuraCmp)iors1(pgy)

_,U«h TE':E+1(3)

lé jL+1(/~Lh)jL’+l(MrI;r’) ,

(L—M+1)(L+M+1)
(2L+1)(2L+3)

aLyim=

(L+M+2)(L+M+1)
b= \/ (2L+1)(2L+3)

(L—-M)(L—M—1)

“v=N"or-neLr (A14)
The overlap integrals are given by
! Mn/
I =— . (A15)
T () ()
~ ! 1_ ! .
TEr:E(p):jOJL’(MrI;rX)XpJL(,U-rI;X)dX- (A16)
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