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A theoretical model has been developed for the electronic resonant Raman scattering processes in direct
band zinc blende—type semiconductor quantum wells in a magnetic field. In order to take into account the
spin-flip transitions, anomalous behavior of the Landau levels and the Lgfalgor, an 8<8 Kane-Weiler
Hamiltonian model has been considered for the evaluation of the Raman scattering amplitude. Elements
concerning the selection rules of resonant inelastic light scattering in quantum well systems are reported. The
multiband model predicts conditions for resonant spin-flip Raman processes in several light scattering con-
figurations for crossed and parallel polarization. Special emphasis is given to the effects of the interlevel
coupling and mixing within the conduction subband and their relation to spin-flip and inter-Landau level
transitions. Symmetry and electronic properties of the level structure in the first conduction subband as well as
anomalous Landéactors are discussed in terms of complementary Raman scattering configurations, Fermi
energy, and multiband parameters.
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[. INTRODUCTION that the Raman spectral weight of single-particle excitations
was significantly enhanced in the resonant Raman scattering

A detailed calculation of the electronic resonant Ramarcondition. Under resonant conditioris;<#fw, (E4 being
scattering(ERRS cross section in bulk semiconductors andthe effective energy gap an@d, the incoming light fre-
two-dimensional electron systems has often been consideregliency, it is necessary to consider the interband transitions
a a tedious task.The basic ideas related to the electronicto describe the electronic Raman scattering. As we men-
Raman scattering calculation in doped bulk semiconductoroned above, however, the nonresonant theory that ignores
under external magnetic field have already been establishabe role of the valence band on the ERRS processes discards
(see Ref. 2 and references thejeifhe electron-electron in- important aspects concerning relative Raman intensities, op-
teraction, collective excitation, spin wave, and energy bandical selection rules in different scattering geometries, and
nonparabolicity effects on the Raman cross section were angaeir relation to the symmetry properties of the electronic
lyzed in Refs. 2-5. Also, the role of the complex band struc-structure of both conduction and valence bah@islere, we
ture and its influence on spin-flip transitions was stressed byeport a resonant microscopic theoretical model for the scat-
Blum in Ref. 1, where general features and major improvetering cross section where the detailed effects of the com-
ments to the ERRS microscopic theory for real semiconducplexity of the band structure are included and only transitions
tors in a magnetic field were established. From the abovef single particle nature are taken into account. Formally, our
general formalism and in a natural way it was shown that fortheoretical calculation can be considered as an extension of
the scattering light wave vector parallel to the direction ofthe former ERRS theory in semiconductors in a magnetic
the magnetic field, the spin-flip excitation is an allowed pro-field to quasi-two-dimensional heterostructures or QW's.
cess because the band coupling does not necessarily conseNevertheless, we have implemented a direct calculation of
the spin. Also, it becomes clear that inter-Landau-level tranthe Raman scattering cross section and the corresponding
sitions (AN¢#0) contribute to the scattering cross sectionselection rules for different scattering configurations taking
even in the dipole approximation, a forbidden result in theinto account the detailed multiband structure according to the
framework of a simple parabolic model. 8X8 k-p Hamiltonian model.

Usually nonresonant Raman scattering theory is exploited We emphasize that a simple parabolic band model is un-
to explain experimental data in quantum wel@W's), able to explain the complex response of the system in differ-
which are obtained in resonant conditidrRecently, ERRS ent inelastic light scattering configurations. Despite a large
was studied theoretically by Wang and Das Sarma for oneamount of theoretical and experimental work devoted to
dimensional1D), 2D, and 3D semiconductor systems within ERRS in bulk semiconductdr&®or intrasubband and inter-
parabolic band structurédn their study, following the pio- subband Raman scattering processes in quantum Weéis>
neering works on the fieltl; the electron-electron interac- there are no clear references to proper theoretical detailed
tion was considered within the random-phase approximatioralculations of the magneto ERRS cross section in the reso-
for the electron gas in the conduction band. It was showmant regime considering the complexity of the band struc-
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ture. One of the main difficulties in a theoretical simulation N L

of Raman scattering processes in magnetic fields by a reso- e

nant theory is the impossibility of explaining inter-Landau oo Fermi
level transitions in the same QW subband without phonon N S cb
assistance in the framework of the standard parabolic band e

theory. In this work we show that by going some steps be- fio ho)L

yond the parabolic band model and standard optical dipole - Y | e=---

approximation, the break-down of selection rules can be ex-

plained. This will allow for resonant spin-flip transitions in 0

the same QW subband which would be forbidden otherwise. N v v.b.
A multiband model should appear as a dominant factor in the
calculation and in the interpretation of the Raman scattering g|G. 1. Diagram representing an ERRS procétis a Landau
cross section measurements. In particular, resonant spin-fligye| in the valence band ard- and NS are Landau levels in the
transitions in QW's are naturally obtained when the lack ofconduction bandEge,y; is the Fermi level.

inversion symmetry in the zinc blende structure is taken into

account. The break-down of spatial parity leads to mixing ofsecond order expansion of the electron-light interaction. The
states with different spin orientations whose effects are enwave functions and eigenvalues, as obtained for the88
hanced by the proximity of conduction and valence bandsHamiltonian model, are given in Sec. Ill. It is shown that the
Major attention will be given in this paper to the study of |ack of inversion symmetry induces a coupling between dif-
electronic properties within the conduction subbands byferent QW subbands and the carrier wave functions. Selec-
spin-flip Raman scattering as a relevant and current topic ofon rules are obtained in Sec. IV for different scattering
researcH®*® Spin-flip Raman scattering processes haveconfigurations. Approximations of different orders on the
been studied intensively in narrow gap semiconductor systight wave vector are described in Secs. IV A and IV B. Sec-
tems, such as Hg,CdTe ternary alloys® ' This was a tion V is devoted to the general discussion and numerical
promising material for spin-flip lasers with fine magnetic results. Also we provide a direct method to measure the ef-
field tuning mechanism. Spin-flip lasers based on narrow gafective Landefactor of the first conduction subband. The
structures have been studied and used ever since. In particgenclusions are presented in Sec. VI.

lar, the construction of lasers with epitaxial layers of

Hg, - «CdTe allowed for an optimization in size of the de- Il. THEORY
vices as shown in Ref. 22.
We will focus our attention on Hg ,Cd, Te/CdTe QW's At low temperature the effective momentum transfer from

since they provide a valuable system to explore the effects dflementary excitations to the incident light is negligible, thus
electronic band structure on the Raman scattering cross selé- the following, we will focus our attention on the Stokes
tion. Recent experimental and theoretical studies on layereBRRS only. The system under consideration consists of a
structures based on Kg,Cd, Te have reported new charac- QW in a constant magnetic field, along the QW growth
teristics of these systems and new approaches to study thdlirection (taken as the axis). We assume the presence of a
peculiar structuré®?*We should point out that all the physi- guasi-two-dimensional electron gas with densityy in the
cal properties studied within this work and the conclusionsconduction band. In the partially filled conduction band in a
derived from the theoretical calculations are applicable, inmagnetic field, the level filling can be characterized by a
principle, to several IlI-V or 1I-VI semiconductor QW’s of factor v=2m\?n, 5, where \=#Ac/eB, is the magnetic
the zinc blende energy band structures. Narrow gap ternafgngth. The ERRS is effective at energies of the incident light
alloys such as In ,GaSb, In,_, As,P, Hg_,Zn,Te, may %w_ larger than the effective energy gdf,, leading to
show similar behaviors, however, there is no restriction teelectron-hole pair creation and its subsequent annihilation.
apply the same qualitative analysis to other systems since tHgnder this condition, interband optical transitions in the QW
derivation and the subsequent discussion are based on puaee provoked. Our attention is focused on Raman processes,
symmetry considerations. Thus, the conclusions and the irwhich consist of two steps. First, an incident light quantum is
sight of the reported effects on spin-flip resonant Ramarabsorbed creating an electron-hole pair between the Nfate
scattering are quite general and independent on the choice of the valence band and the staté in the conduction band
the zinc blende—type material. above the Fermi level. Second, a scattered photon is emitted
A special issue of the present paper is to explore differentlue to an electronic transition from the staé below the
scattering configurations and to extract complementary inforFermi level in the conduction band to the lews? at the
mation about the electronic structure such as Lapthetors  valence band. The final state of the process consists of an
in the QW among others, provided by different resonantelectron-hole pair in the conduction band electron gas and a
spectra. Also, an analysis of the cross section dependence spattered light with energf ws. A typical diagram of the
the Landau level filling factor has been introduced in order toERRS here considered is shown in Fig. 1. Hence, neglecting
characterize the spin-dependent nature of the resonant tratie electron-phonon interaction, the ERRS process can be
sitions. treated within the standard second order perturbation theory-
This paper is organized as follows. In Sec. Il the ERRS is for the heterostructure-radiation interactign
described in terms of the scattering cross section given by a The Raman cross section is given by
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bands, respectively. For a totally filled valence band and a
E Pom: (1) partially filled conduction band, we obtain for the total prob-
nm ability of the ERRS process

3
d’o Vo o3s7L7s

dQdos  (27)° w.ct

where 7 () is the refractive index at frequency 5 VTS WL ‘2
o, (wg), c the light velocity,V, the scattered volume, and =S P, =2 5 [ Ol Teln
P.m the transition probability per unit time between electron- o "M finiRe | T o, En,—hoL—iY|
hole pair states with energi&s, andE,,,. The sum in Eq(1)
runs over all states that may contribute to the given process. Nf(en,)—f(en)] ©
The functionP,, is given b X : 6

nm 1 GVEN BY (£n,— &n, —hlo—wg])2+ 72

dw . . .
Pom= d:m[g(Em)_g(En)] (2)  Whereg, (s.nh) is the one—partlgle electronic state energy at
the conductionlvalence band with a set of quantum num-

and within the Fermi golden rule bersne (np).

In the following we shall study the behavior of the Raman
dw,, 2 , lines as function of the Raman shéfghmfﬁ(wL—_ws), QW
TR 7|an(w|_ ,0g)|*8(Ey—En—fil o — wg]), parameters, _ma_gneto-Rar_ngn scattering configurations, ap-
3) pl|ed_ magnetic field, and filling fact(_)r. Th|§ can be done ac-
cording to the two resonant conditions in express{én
where W, (o, ,wg) is the scattering amplitude arg(E,))  fiw =&y —e&n andfi(w —ws)=en —&n,-
the electron-hole pair occupation probability function at en-

ergy E,. Neglecting higher order contributions on the inter- . WAVE FUNCTIONS
actionV, there are 16 topologically nonequivalent Feynman _ _ _
diagrams contributing to the scattering amplitilg,,. Un- The electronic structure of a zinc blende semiconductor

der resonant conditionsw =Eg4, only two terms effec- QW in a magnetic field can be described by an@k-p

tively contribute to the Stokes Raman process and the scatiamiltonian modef® Disregarding the warping terms the

tering amplitude can be cast as space of solutions can be separated into two orthogonal sub-
spaces | and Il. The wave function can be cast#s

Win(w ,0g) (B!
(0L, 05 |AL(BY))IN—1)|uy)

s VeV VeV | IALBL)IN-2)]u;)
4 |Ef—Epthows—iy Ei—En—tho —iy|’ Co
|B3(A3))[N—1)[us)
with Vi, and V{; being the optical matrix elements of the IBL(AL)YIN=1)|u,)
electron-hole transitionf)—|m) due to inciden{L) or scat- [m,N; , 1(11)) = ky) - , (7)
tered (9 light, respectively, andy accounts for the energy [B5(As))|N)|us)
level broadening. |Bi6(Ai6)>|N+ 1)|ug)
Depending on which denominators in Ed) vanish, two o

types of resonances are present: outgoing or incoming, for |A7(B7))IN)|u7)
the first or second term on the right-hand side of E, |AL(BE))[NY|ug)
respectively. For outgoing resonances photon emission takes
place before photon absorption as is indicated by the firs¢there i is the band index corresponding to

term on the RHS of Eq4). Thus, they would play a role in €1, hhT, IhT, sof, e|, hh|, Ih|, so|, respectively,
the ERRS if hole plasma in the valence band is present or d¢lated to the character of the main Bloch function compo-
sufficiently high temperatures. Therefore, a0 K or no  hentatB,=0, m=1,23 ... thesubband index due to spa-
hole gas, outgoing resonances are disregarded and the 2l quantum confinemenk, they component of the carrier
coming ones are the only active process reducing the propvave vector, andu;) the set of Bloch functions at the center

ability per unit time to of the Brillouin zone given in the following order:
[Uer)s [Unnp)s [Uing)s[Usor) [Ue )| Unn ) Uin ) [usq ) for
AWpy 27 VIAVE ‘2 =1,2,...,8, respectively.|N) is the quantum oscillator

gt 7 ECE—fe —iv SEnEm—fhloi—ws]),  wave function with Landau level indeM describing the in-
fTEm— oL '7’ ; - e i [
(5) teraction with the magnetic ﬂeld'. Functiops;) .(|Efj>) are
even(odd) functions of the QW without magnetic field along

where the delta function in E@5) can be taken as a Lorent- the z direction.
zian. If the electron-hole correlatidexcitonic effect is dis- From Eq.(7) it comes implicitly that in the framework of
regarded, the probability distribution functig(E,) of the  8X8 Hamiltonian model the magnetic field induces the cou-
electron-hole pair can be treated in terms of the one particleling of different Landau levels in different bands. Thus,
representation through the Fermi distribution functi¢g.) N;=0,1,2 .. .,labels the new Landau levels for each carrier
and f(E,) for the carriers in the conduction and valencei. Since our discussion will be focused on the lowest sub-
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the first subband for the conduction and valence bands, re-
spectively. In the calculation, the same parameters were used
as given in Ref. 26. Figure(@ shows the crossing of the
levels (indicated in the figure ag=0) with different spin
orientations leading to an inversion of the sign of the effec-
tive Landefactor. This effect has a strong influence on the
ERRS as will be shown in Sec. V. The strong interlevel cou-
pling in the valence subband is revealed in Fig&) 2and
2(c), where states belonging to the same solution subspace
are plotted together. The strong anticrossings of coupled lev-
els seen in the figure remark the hybridized character of
heavy and light hole states. This has far reaching conse-
guences on the ERRS selection rules. The hybridized levels
contain components of their coupled neighbors which allow
for transitions that would be forbidden in a simple uncoupled
band model.

Using the functions given by Ed7), one can write the
transition matrix elements explicitly as

400

300

200

(Nim| VSN (N VYN
8
=Ay 2 (File "“IF~><F |eF)

roanosm

BLininiT=1

Energy (meV)

"

X (NI NI ) (NI €5 N) (o € - plu)

' ' ' X(“j'|e|_'p|Uj>5kg’,kg—K§5k;,ky+K;, (8)

where

e’ 2mh 1
m2 Vo Vo 77L773

wherex-® ande (g are the wave vector and polarization of
the incident(scatteregilight, respectivelyN! denotes the dif-
ferent Landau indexes appearing in K@), and F' are the
corresponding functlonsﬂq orB: ;) along thez dlrect|on The
components of the wave vector for the incidahtand scat-
tered x° light inside the sample are relative to the QW
growth direction with a certain anglé for which «-

5 10 15 20 =k Osin g and kL ¥ = k- cose. The actual incident angle
Magnetic Field (Tesla) can be determined from the Snell law.
FIG. 2. Landau levels in the first subband fay electrons in the IV. SELECTION RULES

conduction band(b) heavy hole spin up and light hole spin down in . .
the valence bar?g,)ar(d) ﬁl/eavy hgle sSin dowgn and Iighpt hole spin Let us assume the LeLmdau I%“_ﬁﬂ n th_e first valeqce
up. For the calculation the parameters of,|8d, ;Te/CdTe QW of ~ Subband and the leveld, and N in the first conduction
width 100 A are chosen. subband with energies,(N5) ande(NS), respectively. Let

N} the state in the conduction band involved in the absorp-
bands in each band, witlm=1, the subband index will be tion of the incident photon anN3 the state from which the

dropped. The indexes, andn;, in Eq. (6) are replaced by emission of the scattered photon occ(gse diagram in Flg
the new seN; regarding the character of the given state. In1). For a Stokes Raman scattering process, we i)
the followmg, in order to illustrate the strong influence of the >&¢(N3) sincefiw| >%wg and the same valence band level
band coupling and nonparabolicity effects on the ERRSs involved in the absorption and emission of photons. For
spectra, we select the kig,Cd, Te/CdTe QW which presents transitions within the first conduction and first valence sub-
a variable gap with Cd concentration. Nevertheless, théand (n=1) one can guarantee, within a wide range of mag-
method and calculations are valid for any II-VI or llI-V netic fields, that
semiconductor QW. . S L s

In Fig. 2 we show Landau leveNg; |, Npp,, N, of ge(Ng)=ee(Ng) for  Ng=Ng, 9
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since the Landau levels with differeNtin the same conduc- In the case of linear polarizatiarthe matrix elements are
tion subband do not cro$8 Hence, the necessary condition given by
(not sufficienj for a Stokes Raman process is

(Nir,

i

AN+ ANS=0, (10

whereAN"=NL—N? andANS=NP—N3. Let us denote the o €757 NG [(V2(A] |cosk,z| AL)

(N
net Landau Ievel change in the conduction band as V3
AN=NL—NS=ANL+ANS (11) —(A!'|cosk,z|Al) + V2(BY |cosk,z|B})
If the net Landau level changél0) equals zero &N‘ —(Bjy[cosk,z|B1)) Sy, n-10n, n-1
+ ANS=0) the electron states involved in the absorption and -, . ., .
emission are in the same Landau level. In this case, the mea- X (\2(A§ [cosk,z| AL} +(By | cosk,Z| By)
sured Raman shift should correspond to the effective Zeeman i i " i
splitting of the first conduction subband indicating a spin-flip +2(BY |cosk,z|By) +(By |cosk,z|By)) 1.
Raman scattering process. It is important to noticed that (13
there is a Landdactor sign restriction for spin-flip Raman
scattering processes. This effect will be discussed in Sec. For the other matrix elements we have to proceed in the
We have to emphasize that different scattering configurasame way as indicated for the case of circular polarization.
tions will activate selectively different excitation states de-The dependence om, in Egs.(12) and(13) is given by
pending on their symmetry properties. In this study we con-
sider two major configurations. One corresponds to thé(N’ |e"‘ﬂ’|N>|2
incoming light along thez direction with circular polariza-

tion (denoted byo=) and the scattered light collected on the e @ IN"! L3l ) ?
x direction, with linear polarizatiorz [in Porto’s notation (Q%)*{min INE ,, mm(N’,N)(Q )
z(a ,2)x]. The signs= indicate the direction of rotation of

circularly polarized light, with polarization vecta™ = (e, (14)

+|ey)/\/§ The other configurations here studied 'nVOIVewhereQz—)\Z /2, \ is the magnetic length, () is the
) n
back- scatterlng processes in Faraday geonsy ,os)z generalized Lague polynomial, and
For o' or o5, the matrix elements in Eq8) are given A=|N"—N]. (15

b
y The quantityA defines the order of the matrix elements on

ip _ . Q2. Terms similar to those in Eq14) appear twice in Eq.
(Nir I|VIN; Iy = —=(N,|e*"*LP|N 5[ ((A} | cosk,z| A) (8), once due to mcommg light witlQ? =\2?x"-%/2 and the
V3 other as function 0fQ3=\?«??/2 that corresponds to the

y : scattered light.
+2(AY | cosk,z|Ab) ?

- \/§< Bi4/|COSKZZ|Bi5> A. Dipole approximation
i i For interband optical transitions, the carrier-light interac-
_<B3|COSKZZ|B5>)5NA~N’*15NB'N tion is usually treated within the dipole approximatior (

y : =0). Because the term given by Ed.4) is proportional to
—V3(A; |COSKZZ|A1>5NaaN’*ZaNpaNﬂ e ?%(Q?)%, the dipole approximatiofwith «, = «,=0) al-
0" i lows for transitions withA=0 only. All the terms with
—3(Bs |cosk;2|Bg) On, w7 Ong 1l sin(x,2) andA # 0 vanish[see Eqs(12) and(13)]. In a para-
(12  bolic band model, the conditioA =|N’—N|=0 for an op-
tical transition would restrict the transitions to those with
whereiP =i(s|p,|x). In the case of incider(scatterefllight N;»=N;j, since the parabolic terms are diagonal. Any optical
K corresponds ta"(— «°). Foro_ or o4 the corresponding transition with N;,#N; is the result of inter Landau level
matrix elements are obtained from the Hermitian adjoint ofmixing. In a multiband model the conditich=0 does not
Eq. (12. necessarily means tha, =N; .

The matrix elementgN;,,I1|V|N;,Il t) can be obtained The selection rules for the optical transitions resulting
by interchangingd; B, on both sides of the cogzin Egq.  from a multiband model are thus considerably relaxed in
(12). The elementgN;/,1I|V|N;,I) are given by replacing comparison to the selection rules obtained from a parabolic
cosk,z—isink,z and interchangingh; <= B; on the left side band model. For instance, a transrtrQNel|V"*|th> is
of the sinkz Finally, for (N;,,I|V|N;,Il) we replace forbidden in a parabolic model becauge||e-p*|hhT)
COSk,z—i sink,z and A; = B; on the right side. =0. However, in the multiband model, it is given by
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TABLE I.
z(o ,2)Xx 2(o 05)Z
transition al (o)) transition z transition og
hht —e ANE=2(-) el —hht ANS=—22 et —hh ANS=0
hh|—e| ANE=0(—2% el —hh| ANS=2 e|—hh| ANS=2
lh|—el ANE=0(-) el —lh| ANS=0* el—lh| ANS=2
Iht—e| ANL=2(0) el —lh? ANS=0 el —lht1 ANS=0

aSuch a process is not effectivegk 0.
bSuch a process is not effectivegt>0.

within the first order ornx,. The corresponding Raman se-
lection rules and interband transitions are listed in Table II.

which does not vanish in the dipole approximation fof Itis important to remark that at+0 tﬂe Raman selection
—N=3. The existence of a componeluts) =|upp, ) in the rules for crossed polarizati_oz(crf ,05)Z sh_o_vvn in Table |
state|Nyy;) is the result of the hybridization of the valence are also relaxed and new interband transitionsAfdr- and

band levels as revealed in Figsb2and 2c). For crossed ANS appear in the Raman spectrum. Nevertheless, the cor-
polarizations asz(oy ,z)x or z(o} Ug); the dipole ap- responding intensities are weak in comparison to those found

proximation can be used to describe ERRS processes. T- the framework of the d_ipole appr_oximation. For sake of
ERRS selection rules for crossed polarizations are given ig ortness the corresponding selection rules for backscatter-

Table I. The 88 k- p Hamiltonian model does not preserve Ing configura_ltion with crqssed polarization \{vhen thellight
the Landau level index for the optical transitions in the di-wave vector is assumed different from zero will not be listed.

. . —_— + .
pole approximation. It is remarkable that spin-flip RamanMo_reoyer, there are conf!gura_tlons, SUChZ@L 05)Z, in .
processes witAN=0 are allowed in the configurations which intrasubband transition in both the dipole and the first

+ o order approximation is forbidden. The main restriction
z(o ,z)x. This important fact shows that the measured Ra- L . .

. - . in both approximations comes from the rule defined in Eq.
man shift for those transitions withAN=0 corresponds to

the effective Zeeman splitting and it can be useful for the(lo)' For instance, both the transitiorfsh| o _.e| with

N L _ + . S_ s
determination of the effective Landactor and to study its 2N = —2andelos_hh| with AN®=0 are allowed within
dependence on the magnetic field and QW parameters. THEE dipole approximation, but thfy do Not participate in a
obtained ERRS selection rules are quite general and bound ®fokes Raman process sinceN™+AN"=—-1<0. Any
the condition in Eq(10) (AN +ANS=0). In the particular combination of transitions out of Tables I and II, for
case of AN"+ANS=0 we obtained restrictions to the al- Z(U[.ATg)Z geometry, is forbidden in both the dipole and
lowed Stokes transitions depending on the Lafaigor sign  the first order approximation for analogous reasons.

(see Sec. V. If the incoming(scatteregllight in Faraday configuration
In backscattering configurations for parallel circular po-is not strictly perpendicular to the well interfaces, but it has

larizations of both incident and scattered ligiir;* o)z~ rather a small angl@, a small component of the light mo-

ERRS processes are forbidden within the dipole approximaMentum lies within thecy plane withx, = « sin 6. Following

tion because all optical transitions involve terms proportionaFd- (14, the next order approximation will contain terms
to sin(,2). Then, we have to go beyond this approximationprOport'onaI toQ~ and we have to consider all possible com-

and take into account the finite values of the incident andinations of the matrix elementd4) either proportional to
Z or Q3, which involve transitions withA =|N'—N|=1.

scattered light wave vectors. QL
Typical Raman measurements have already been performed

with an effective wave vector transfer parallel to the QW

(Ng IV [Ny )~ —iP(B [cosi 2| BG)(N'[ €1 7N +3),

B. Beyond dipole approximation

At k#0, ERRS processes for backscattering in Faraday TABLE Il. ERRS selection rules beyond the dipole approxima-
configuration with parallel poIarizatiomio-Li ,o-é)z are al- tion for backscattering in the Faraday configuration with circular

_ - arallel polarizations. Only the first valence and conduction QW
Iowe.d. For f|n|t¢ value of the light wave vectarthe ab_o_ve gubbandr')s are considered.y
obtained selection ruledable ) are relaxed and transitions
within the first QW subband are possible. In the backscatter-
ing configuration we have strictly perpendicular incidence
with 6=0°, «?=«-=0, but k,= 7/c(w +wg). In this

ju £\
Z(o( ,05)z
transition al (o) transition as(os)

limit Qs=Q, =0 and the matrix elements given by E44)  hh|—e] ANL=0(-2) el —hh| ANS=1(3)
are again different from zero only £=0, which provides hhi—e| ANt=3(1) el —hhy ANS=-2(0)
the selection rules for the Landau level index This case |h|—e| ANt=1(-1) eT—lh| ANS=0(2)
will be called the “the first order approximation” since it |nt e| ANE=2(1) et —lht ANS=—1(1)

comes out when terms proportional to sijzj are considered
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TABLE Ill. ERRS selection rules beyond the dipole approxima- ¢l N (a) el N’ (b)
tion for small angel for the incidence or scattered light in Faraday
configuration with circular crossed polarization. Only the first va- €T N el N'-1
lence and conduction QW subbands are considered. Bold number
in AN indicate those transitions proportional(@i. + +
0) 16
— L L
2o ,0¢)z
transition oL transition o v.b. N, v.b. N,
hh] e  AN'=—lor—-2 el—hh|  ANS=1or3 el N, (c)
hht—e| ANt=2o0r 1 el—hh! ANS=-2o0r0 ot N
Ih|—e| ANt=0or —1 el—lh| ANS=0 or2 e
IhT—e| AN-=1o0r0 el—lh]  ANS=-1lor1l .
© L

layers (x, #0) using a rotating sampf&?2° Table Il indi- v.b. N

cates the allowed processes in the configuratien ,o3)z . . . . .
due toQ? contributions. It is important to point out that our ~ FIG. 3. ERRS diagrams for different scattering configurations
theoretical approach is valid only for small angles of the(® z(o{ ,05)z, (b) z(o( ,05)Z, (¢) Z(a| ,05)z.

incident light inside the sample since we have not considered

the corresponding rotation of the polarization vectors in thee@, —E®)

calculations, leaving unchanged the optical matrix elements

117, =(uj/|e-p|u;) as for6=0. According to these selection =[ee(N) —ee(N'=1)]=[ee(N') —ee (N'=1)]
rules given in Table Il any allowed process has spin-flip =[ee)(N") =g (N')]+[ee (N =1) =g (N'—1)]
nature withAN=AN"+ ANS=0.

Up to this point, we can see from Tables I, II, and lll that = —[9(N")+g(N’'—1)]ugBo, (17)

the most common processes in all approximations and d'ﬁeri's proportional to the mean effective Lanékctor g of the
ent scattering configurations are of the type

consecutive Landau levels, which is independent of the sign
of g(N).
vb—e|—el—vb or vb—el—el—vb. (16) In order to highlight the influence of the band coupling
and the results coming from a detailed microscopic theory
All these processes are related to spin-flip transitions in th&lsing a 8<8 k-p model, we selected a narrow gap
first conduction subband wheteN=0 or AN#0. Hgo ¢Cdp .Te/CdTe QW and the Raman scattering cross sec-
tion was calculated atw, =400 meV for a 100 A well
width. The Raman cross-section calculation for the configu-
ration z(o| ,04)z is shown in Fig. 4a) for n, p=0.72
The ERRS selection rules described by the resonant 102 cm 2. The magnetic fields are chosen in such a way
theory presented here indicate that the spin splitting of théhat the filling factor varies from 4 to 3. The resonances
conduction band shows up at small Raman siée Fig. 2 labeled A and B correspond to processes such as dia@am
According to these selection rules and from the position off Fig. 3. The effective Landau level differenceAsi=1 for
the corresponding resonances in the Raman spectrum onedl transitions ¢b—e|—el—vb, see Table ). Peaks A
able to determine the structure of the spin-split electronidepresent processes with a photon emission from the electron
subbands. A remarkable fact is that the breaking of the ERR&andau levelNS=1 while peak B to an outgoing process
selection rules(obtained in the framework of parabolic with N5=0. The interchange of strength of the peaks A and
Hamiltonian modéf), induced by the interband coupling, B with the magnetic fieldor filling factor) is associated to
allows for the detailed study of electronic properties exclu-jumps of the Fermi level at integer values of the filling factor
sively related to the behavior of the electrons in the lowest. In this case each resonance survives at interkals-4
conduction subband. since we deal with transitionsb—e| —el—uvb with AN
First, we would like to discuss the allowed transition in =1. The filling factor intervalAv where the processb
Faraday configuration and the physical processes we can exs «— 8—uvb survives is an indication of the number of
tract from the ERRS cross section as a function of the magtandau levels that can be occupied between the states
netic field and electron concentration. In Fig. 3, we show— g (including themselves The transition becomes statisti-
several diagrams that correspond to those allowed transitiongilly effective when the state denotgds partially or totally
detailed in Tables I, Il, and Ill. It can be noticed that the occupied while the state is unoccupied or partially occu-
processes shown in Fig. 3 contain complementary informapjed. For negative Landg factors there are four levels
tion. For instance, the difference between the Raman shift afithin the interval[e| (N+1)—e((N)]. The stateel(N)
the processes of the diagram@3and 3b) (denotedE();,  starts to be occupied at even values 2k, k=0,1, ...
andEL),, respectively (lower limit of the filling factor interval and the state

V. DISCUSSION
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ing factors ranges between 3 and 2 as shown in Rlg. As

in the previous case, peak A corresponds to an inter-Landau
level procesyb— el —e| —wvb shown in Fig. 3 diagrantb)

with AN=AN"+ANS=1 and outgoing scattering from>

=1. The peaks B, C, and D in Fig(l® correspond to tran-
sitions that conserve the spin witiN=2. Structures B rep-
resent processew lf— el —el—wvb) with outgoing transi-
tions from N§=3, C is related to processesi{—e| —e]
—uvb) with N§=2, while peaks D give us transitions if
—el—el—uvb) also with N§=2. At low fields, for low
Landau levels, in the particular selection of the QW param-
10 20 30 40 50 60 70 eters considered here, with negative Lafaetor, the states
leT,Ne+1) and|e|,N;) are very close to each othfsee

Fig. 2(@] leading to a Raman shift near the value of the
Zeeman splitting. We need to emphasize that the spin-flip
] intra-Landau-level transitionAN=0) can be identified by
tuning the filling factor. At even values of the filling factor
both spin-split states of the same Landau level are totally
occupied and the spin-flip intraband level transition is forbid-
den. Hence, this process is allowed between two consecutive
even values of the filling factor. In Fig.(d) it can be seen
that the peak A fades at odd values of the filling factor, so it
cannot be associated with the spin-flip transitions wAtN

. =0 (see Ref. 3D In conclusion, the resonances labeled A in
W20 B0 A0 B0 Be A Figs. 4a) and 4b) obtained by two independent scattering

: r r r T configurations can be used to determine the mean effective
(c)z(c_ o 7\, A Landefactor from Eq.(17) with No=1. The peaks B, C, and

by . .
()z(cLog) A
03rn, ~05210" c '

0.2

_3
B

Raman Cross-section
(arb. units)

:.L

AN=0 (Spin-Fi) _ D in Fig. 4(b) correspond to transitions that conserve the spin
N 20.48 10" cm with AN=2. The resonances labeled A in Figsa)dand 4b)

® obtained by two independent scattering configurations can be
B used to determine the mean effective Laraetor from Eq.

(17) with Ng=1.

In the framework of the Faraday scattering geometry, let
—— us discuss the selection rules given in Table Il and related to
the z(o| ,0&)z scattering configuration. The transitions as

represented in diagranfc) of Fig. 3 are allowed in
2'0 25 z(o ,0&)z geometry within the second order approxima-
Raman Sh|ft (meV) tion on k, . In this particular case, intrasubband transitions

FIG. 4. Calculated Raman scattering cross section in Farada _re forbidden within the dipole or_the first order approxima-
configuration. (a) z(o ,04)z geometry and n,=0.72 lons On,lK.i L L valu'eKL'=4
X 10'? cm™2. Peaks A and B represent processes W1 and X 10" cm IS us?d' The peaks labeled A and B n Figo)4

) R ) . represent spin-flip processesb—e| —elT—uvb) with ef-
0, respectively.(b) z(oy ,05)z configuration andn, =052 ¢ e | andau level differencAN=0 and outgoing transi-
X 10" cm™2. Structure A shows resonant transitions friNg= 1 going

and effective Landau level differencdeN=1. Peak B corresponds }lqons fron;]!?lef 1b aﬂd Ne=0, respect|vdely. In tfllls Ca.:,]e thf?
to N5=3 and C, D to outgoing transitions frohs=2. This three aman shift in both cases corresponds exactly to the effec-

structures have effective Landau level differenad=2. (c) tive Zeeman splitting

4}

\\
\\

z(o ,o4)z geometry anch, ,=0.48<10*2 cm™2. In the calcula- Eome (N =g (N)=—a(N") wBn. 18
tion the value ofx, =4x10* cm ! is used. Peaks A and B show shin= e[ (N") =21 (N') 9(N") 1eBo (18
outgoing transitions wittNS=1 and 0, respectively withAN=0. This result is different from the one obtained in the comple-

mentary configurations shown in Figgatand 4b). Notice
e|(N+1) becomes totally occupied at=2k+4 (upper the evolution of the resonant picture with the magnetic field
limit), when the transition is statistically forbidden. A reso- (or filling factor) in Fig. 4(c). As pointed out before, the
nant transition fades away once both conduction band levelgsonances fade away at even values of the filling factor for
involved in the absorption and the emission of light becomespin-flip intra-Landau level transitions. The filling factor
totally occupied'see Eq(6)]. modulation may serve as a tuning tool which selectively ac-
A more complex picture is obtained for the Raman crossijvates resonant scattering channels depending on the mag-

section for back scattering with cross polarizationspetic field, electron concentration, and spin of the involved
(o ,os)z beyond the dipole approximation when the fill- electronic states.
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T T T ¥ T T ( ) VI. LANDE FACTOR SIGN INVERSION
L e a
A spin-Fip)|  2(0”,Z)X

Interesting results are obtained in the Raman scattering

AN=0, g>0| 12 2 process when circular and linear polarizations are combined,
1.5+ n,=3.510"cm™ : + - . . .
A B 20 E i.e., z(o, ,z)x and z(o ,z)x scattering configurations. As
D we pointed out in Sec. IV A the inelastic response of a QW in

a magnetic field is asymmetric. This is clearly indicated in
Figs. 5a) and 3b), where the processes of typd—e]
—el—uvb with AN=2 together with spin-flip transitions
vb—el—e|—vb with AN=0 are active in the configura-
tion z(o| ,z)x. However in the configuratioz(o, ,2)Xx,
shown in Fig. %b), only spin-flip transitionwb—e| —e7
—uvb with AN=0 appear. In Fig. & the peaks labeled by
A and B represent spin-flip transitions with effective Landau
2'0 4'0 60 level differenceAN=0 outgoing from Landau IeveINS
=4 and 3, respectively, while peaks C, D, and E are due to
scattering processes Witﬂ1§=4, 3, and 2, andN=2. Fig-

1.0

246 810 V=8 G
v=9
0.5

‘B AN=0 (Spin-Flip)

(b) ]

i § " (" ,Z)x ure 5b) shows spin-flip transitions witiN=3 (peaks A,
g<0 - NS=2 (peaks labeled by Band effective Landau level dif-
n, =2.5 10" cm™ ferenceAN=0.
3t T The inelastic response is also very sensitive to the two-
dimensional electron density. Variations in the occupation of
» v=6 the Landau levels may lead to drastic changes of the Raman

spectra as can be seen in Fi¢c)Sor thez(o ,z)x configu-
ration butn, p=3x 102 cm~2. The most relevant difference
between configuration®(o,” ,z)x andz(o| ,z)x is that the
spin-flip transitions in both considered cases correspond to
opposite signs of the effectivgLandefactor. In the configu-

: ration z(o, ,z)x the spin-flip transition is allowed for posi-

5 10 15 tive Landefactors. Notice in Fig. @) thatg>0 is reached

for Landau levelsN.>2 and high fields. In the inset of Fig.
5(a) it can be clearly seen that the Raman shift for the spin-

16 Tesla

Raman Cross-section
(arb. units)

/A AN=0 (Spin-Flip)

26" ,2)x (©)1 flip resonances A and B move away from zero as the mag-
2.5¢ 0 L T netic field increases. The zero value of the Raman shift cor-
g< o - . - _ . .
20 n, =3 10" em? responds to the crossing point of the spin-split levels in the
15 v T v T T T

1.5 16 Tesla] Z(G-L,Z)X
% 10k z(a",Z)x
1.0 S
o L
0.5 g °
1 a
. , 18.8 Tesla 95 0
5 10 15 %
Raman Shift (meV) =
& °r T
FIG. 5. ERRS cross section in crossed polarizations within theMN N =2 1
dipole approximation as a function of the applied magnetic field. 10F N2t / J
Scattering processed—e| —el—uvb are representetsee Table ° . . .

). (@ z(oy ,2)x configuration withn, p=3.5x 10 cm™2. Spin- 5 10 15 20
flip transitions with effective Landau level differendeN=0, N3 P

=4 (peaks A, andN§=3 (peaks B. Peaks labeled by C, D, and E Magnetlc Field (TeSIa)
correspond to outgoing transitions froN'§=4, 3, and 2, respec-
tively, and AN=2. (b) z(o_ ,z)x configuration withn, ,=2.5
x10%cm 2. (¢) z(o, ,z)x configuration with n, =3
X102 cm 2. Labels A and B represent spin-flip processasy
=0, with outgoing transitions frofNS=3 andN5=2.

FIG. 6. Calculated Zeeman splitting for different Landau levels
in the first conduction subband. The solid thick lines represent the
values of the Raman shift according to ERRS scattering configura-
tion z(a," ,z)x while the solid thin lines represent those obtained in
thez(o| ,z)x geometry.
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first conduction subbanisee Fig. 2a)]. On the other hand, pling explains the appearance of spin-flip Raman scattering
in the configuratiorz(o ,z)x [Figs. 5b) and c)], the spin-  in the different configurations considered in this work. The
flip Raman shift comes closer to zero as the magnetic fieldelection rules were obtained for transitions within the first
increases. These Raman processes, in turn, are allowed fealence and conduction subband of hybridized electronic
negative Landefactor. Both scattering configurations are states based on thex@ Kane-Weiler Hamiltonian model.
complementary providing the negative and positive values ofhe relaxation of the selection rules, induced by the inter-
the Landefactors following the magneto fan plot of Fig. subband coupling, provokes an asymmetric Raman response.
2(a). The corresponding Zeeman splitting obtained from theysjng different scattering configurations one obtains comple-
two cross polarization configurations mentioned above isnentary information about the electronic band structure and
shown in Fig. 6. The strong dependence of the Zeeman splitymmetry properties of the corresponding electronic states.
ting on the Landau level index and magnetic field is the| e resting effects, such as the anomalous crossing of Landau
result of the strong mtersubba_nd coupling. We remark_ ONCfvels in the first conduction subband, can be studied by
more that the simple parabolic ba_nd_ model| V‘.’OUId give ahsing spin-flip Raman scattering. The magnetic field depen-
linear dependence on the magnetic field and mdependen(a%nce of the Fermi levedbr the filling factoy introduces an

on the Landau level indeN. The interband mixing tUMS oo ctive tuning mechanism for the resonant inelastic re-

out to be crucial for the anomalous behavior of the EandeSponse and can be used as a tool to identify the levels in-
factor in QW's as reported recently both theoreticZllgnd volved in the resonant transitions

experimentally*
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