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Multiband electron resonant Raman scattering in quantum wells in a magnetic field
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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 Lande` g factor, an 838 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 Lande` factors are discussed in terms of complementary Raman scattering configurations, Fermi
energy, and multiband parameters.
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I. INTRODUCTION

A detailed calculation of the electronic resonant Ram
scattering~ERRS! cross section in bulk semiconductors a
two-dimensional electron systems has often been consid
a a tedious task.1 The basic ideas related to the electron
Raman scattering calculation in doped bulk semiconduc
under external magnetic field have already been establis
~see Ref. 2 and references therein!. The electron-electron in
teraction, collective excitation, spin wave, and energy ba
nonparabolicity effects on the Raman cross section were
lyzed in Refs. 2–5. Also, the role of the complex band str
ture and its influence on spin-flip transitions was stressed
Blum in Ref. 1, where general features and major impro
ments to the ERRS microscopic theory for real semicond
tors in a magnetic field were established. From the ab
general formalism and in a natural way it was shown that
the scattering light wave vector parallel to the direction
the magnetic field, the spin-flip excitation is an allowed p
cess because the band coupling does not necessarily con
the spin. Also, it becomes clear that inter-Landau-level tr
sitions (DNe5” 0) contribute to the scattering cross secti
even in the dipole approximation, a forbidden result in t
framework of a simple parabolic model.

Usually nonresonant Raman scattering theory is explo
to explain experimental data in quantum wells~QW’s!,
which are obtained in resonant conditions.6 Recently, ERRS
was studied theoretically by Wang and Das Sarma for o
dimensional~1D!, 2D, and 3D semiconductor systems with
parabolic band structures.7 In their study, following the pio-
neering works on the field,1–5 the electron-electron interac
tion was considered within the random-phase approxima
for the electron gas in the conduction band. It was sho
0163-1829/2003/67~15!/155320~10!/$20.00 67 1553
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that the Raman spectral weight of single-particle excitatio
was significantly enhanced in the resonant Raman scatte
condition. Under resonant conditionsEg&\vL (Eg being
the effective energy gap andvL the incoming light fre-
quency!, it is necessary to consider the interband transitio
to describe the electronic Raman scattering. As we m
tioned above, however, the nonresonant theory that ign
the role of the valence band on the ERRS processes disc
important aspects concerning relative Raman intensities,
tical selection rules in different scattering geometries, a
their relation to the symmetry properties of the electro
structure of both conduction and valence bands.1,8 Here, we
report a resonant microscopic theoretical model for the s
tering cross section where the detailed effects of the co
plexity of the band structure are included and only transitio
of single particle nature are taken into account. Formally,
theoretical calculation can be considered as an extensio
the former ERRS theory in semiconductors in a magne
field to quasi-two-dimensional heterostructures or QW
Nevertheless, we have implemented a direct calculation
the Raman scattering cross section and the correspon
selection rules for different scattering configurations tak
into account the detailed multiband structure according to
838 k•p Hamiltonian model.

We emphasize that a simple parabolic band model is
able to explain the complex response of the system in dif
ent inelastic light scattering configurations. Despite a la
amount of theoretical and experimental work devoted
ERRS in bulk semiconductors2,9,10or intrasubband and inter
subband Raman scattering processes in quantum wells,7,11–15

there are no clear references to proper theoretical deta
calculations of the magneto ERRS cross section in the re
nant regime considering the complexity of the band str
©2003 The American Physical Society20-1
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ture. One of the main difficulties in a theoretical simulati
of Raman scattering processes in magnetic fields by a r
nant theory is the impossibility of explaining inter-Landa
level transitions in the same QW subband without phon
assistance in the framework of the standard parabolic b
theory. In this work we show that by going some steps
yond the parabolic band model and standard optical dip
approximation, the break-down of selection rules can be
plained. This will allow for resonant spin-flip transitions
the same QW subband which would be forbidden otherw
A multiband model should appear as a dominant factor in
calculation and in the interpretation of the Raman scatte
cross section measurements. In particular, resonant spin
transitions in QW’s are naturally obtained when the lack
inversion symmetry in the zinc blende structure is taken i
account. The break-down of spatial parity leads to mixing
states with different spin orientations whose effects are
hanced by the proximity of conduction and valence ban
Major attention will be given in this paper to the study
electronic properties within the conduction subbands
spin-flip Raman scattering as a relevant and current topi
research.16–18 Spin-flip Raman scattering processes ha
been studied intensively in narrow gap semiconductor s
tems, such as Hg12xCdxTe ternary alloys.19–21 This was a
promising material for spin-flip lasers with fine magne
field tuning mechanism. Spin-flip lasers based on narrow
structures have been studied and used ever since. In pa
lar, the construction of lasers with epitaxial layers
Hg12xCdxTe allowed for an optimization in size of the de
vices as shown in Ref. 22.

We will focus our attention on Hg12xCdxTe/CdTe QW’s
since they provide a valuable system to explore the effect
electronic band structure on the Raman scattering cross
tion. Recent experimental and theoretical studies on laye
structures based on Hg12xCdxTe have reported new chara
teristics of these systems and new approaches to study
peculiar structure.23,24We should point out that all the phys
cal properties studied within this work and the conclusio
derived from the theoretical calculations are applicable,
principle, to several III-V or II-VI semiconductor QW’s o
the zinc blende energy band structures. Narrow gap tern
alloys such as In12xGaxSb, In12x AsxP, Hg12xZnxTe, may
show similar behaviors, however, there is no restriction
apply the same qualitative analysis to other systems since
derivation and the subsequent discussion are based on
symmetry considerations. Thus, the conclusions and the
sight of the reported effects on spin-flip resonant Ram
scattering are quite general and independent on the choic
the zinc blende–type material.

A special issue of the present paper is to explore differ
scattering configurations and to extract complementary in
mation about the electronic structure such as Lande` g factors
in the QW among others, provided by different reson
spectra. Also, an analysis of the cross section dependenc
the Landau level filling factor has been introduced in orde
characterize the spin-dependent nature of the resonant
sitions.

This paper is organized as follows. In Sec. II the ERRS
described in terms of the scattering cross section given b
15532
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second order expansion of the electron-light interaction. T
wave functions and eigenvalues, as obtained for the 838
Hamiltonian model, are given in Sec. III. It is shown that t
lack of inversion symmetry induces a coupling between d
ferent QW subbands and the carrier wave functions. Se
tion rules are obtained in Sec. IV for different scatteri
configurations. Approximations of different orders on t
light wave vector are described in Secs. IV A and IV B. Se
tion V is devoted to the general discussion and numer
results. Also we provide a direct method to measure the
fective Lande` factor of the first conduction subband. Th
conclusions are presented in Sec. VI.

II. THEORY

At low temperature the effective momentum transfer fro
elementary excitations to the incident light is negligible, th
in the following, we will focus our attention on the Stoke
ERRS only. The system under consideration consists o
QW in a constant magnetic fieldB0 along the QW growth
direction ~taken as thez axis!. We assume the presence of
quasi-two-dimensional electron gas with densityn2 D in the
conduction band. In the partially filled conduction band in
magnetic field, the level filling can be characterized by
factor n52pl2n2 D , where l5A\c/eB0 is the magnetic
length. The ERRS is effective at energies of the incident li
\vL larger than the effective energy gapEg , leading to
electron-hole pair creation and its subsequent annihilat
Under this condition, interband optical transitions in the Q
are provoked. Our attention is focused on Raman proces
which consist of two steps. First, an incident light quantum
absorbed creating an electron-hole pair between the statN0

in the valence band and the stateNL in the conduction band
above the Fermi level. Second, a scattered photon is em
due to an electronic transition from the stateNS below the
Fermi level in the conduction band to the levelN0 at the
valence band. The final state of the process consists o
electron-hole pair in the conduction band electron gas an
scattered light with energy\vS . A typical diagram of the
ERRS here considered is shown in Fig. 1. Hence, neglec
the electron-phonon interaction, the ERRS process can
treated within the standard second order perturbation the
for the heterostructure-radiation interactionV.

The Raman cross section is given by

FIG. 1. Diagram representing an ERRS process.N0 is a Landau
level in the valence band andNL andNS are Landau levels in the
conduction band.EFermi is the Fermi level.
0-2
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d2s

dVdvS
5

V0

~2p!3

vS
3hLhS

vLc4 (
n,m

Pnm , ~1!

where hL (hS) is the refractive index at frequenc
vL (vS), c the light velocity,V0 the scattered volume, an
Pnm the transition probability per unit time between electro
hole pair states with energiesEn andEm . The sum in Eq.~1!
runs over all states that may contribute to the given proc
The functionPnm is given by

Pnm5
dwnm

dt
@g~Em!2g~En!# ~2!

and within the Fermi golden rule

dwnm

dt
5

2p

\
uWnm~vL ,vS!u2d~En2Em2\@vL2vS# !,

~3!

whereWnm(vL ,vS) is the scattering amplitude andg(En)
the electron-hole pair occupation probability function at e
ergy En . Neglecting higher order contributions on the inte
actionV, there are 16 topologically nonequivalent Feynm
diagrams contributing to the scattering amplitudeWnm . Un-
der resonant conditions\vL*Eg , only two terms effec-
tively contribute to the Stokes Raman process and the s
tering amplitude can be cast as

Wnm~vL ,vS!

5(
f

H Vn f
L Vf m

1S

Ef2Em1\vS2 ig
1

Vn f
1SVf m

L

Ef2Em2\vL2 igJ , ~4!

with Vf m
L and Vf m

1S being the optical matrix elements of th
electron-hole transitionu f &→um& due to incident~L! or scat-
tered ~S! light, respectively, andg accounts for the energ
level broadening.

Depending on which denominators in Eq.~4! vanish, two
types of resonances are present: outgoing or incoming,
the first or second term on the right-hand side of Eq.~4!,
respectively. For outgoing resonances photon emission t
place before photon absorption as is indicated by the
term on the RHS of Eq.~4!. Thus, they would play a role in
the ERRS if hole plasma in the valence band is present o
sufficiently high temperatures. Therefore, atT.0 K or no
hole gas, outgoing resonances are disregarded and th
coming ones are the only active process reducing the p
ability per unit time to

dwnm

dt
5

2p

\
U Vn f

1SVf m
L

Ef2Em2\vL2 ig
U2

d~En2Em2\@vL2vS# !,

~5!

where the delta function in Eq.~5! can be taken as a Loren
zian. If the electron-hole correlation~excitonic effect! is dis-
regarded, the probability distribution functiong(En) of the
electron-hole pair can be treated in terms of the one par
representation through the Fermi distribution functionf (Ec)
and f (Ev) for the carriers in the conduction and valen
15532
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bands, respectively. For a totally filled valence band an
partially filled conduction band, we obtain for the total pro
ability of the ERRS process

P5(
n,m

Pnm5
2

\ (
ne ,ne8

U(
nh

Vnhne8

1S Vnenh

L

«ne
2«nh

2\vL2 igU
2

3
g@ f ~«ne8

!2 f ~«ne
!#

~«ne
2«ne8

2\@vL2vS# !21g2
, ~6!

where«ne
(«nh

) is the one-particle electronic state energy
the conduction~valence! band with a set of quantum num
bersne (nh).

In the following we shall study the behavior of the Ram
lines as function of the Raman shift«shift5\(vL2vS), QW
parameters, magneto-Raman scattering configurations,
plied magnetic field, and filling factor. This can be done a
cording to the two resonant conditions in expression~6!:
\vL5«ne

2«nh
and\(vL2vS)5«ne

2«ne
.

III. WAVE FUNCTIONS

The electronic structure of a zinc blende semiconduc
QW in a magnetic field can be described by an 838 k•p
Hamiltonian model.25 Disregarding the warping terms th
space of solutions can be separated into two orthogonal
spaces I and II. The wave function can be cast as26,27

um,Ni ,I~ II !&5uky&1
uA1

i (B1
i )&uN21&uu1&

uA2
i (B2

i )&uN22&uu2&

uB3
i (A3

i )&uN21&uu3&

uB4
i (A4

i )&uN21&uu4&

uB5
i (A5

i )&uN&uu5&

uB6
i (A6

i )&uN11&uu6&

uA7
i (B7

i )&uN&uu7&

uA8
i (B8

i )&uN&uu8&

2 , ~7!

where i is the band index corresponding t
e↑, hh↑, lh↑, so↑, e↓, hh↓, lh↓, so↓, respectively,
related to the character of the main Bloch function comp
nent atB050, m51,2,3, . . . thesubband index due to spa
tial quantum confinement,ky the y component of the carrie
wave vector, anduuj& the set of Bloch functions at the cente
of the Brillouin zone given in the following order
uue↑&,uuhh↑&,uulh↑&,uuso↑&,uue↓&,uuhh↓&,uulh↓&,uuso↓& for j
51,2, . . . ,8, respectively. uN& is the quantum oscillator
wave function with Landau level indexN describing the in-
teraction with the magnetic field. FunctionsuAj

i & (uBj
i &) are

even~odd! functions of the QW without magnetic field alon
the z direction.

From Eq.~7! it comes implicitly that in the framework o
838 Hamiltonian model the magnetic field induces the co
pling of different Landau levels in different bands. Thu
Ni50,1,2, . . . , labels the new Landau levels for each carr
i. Since our discussion will be focused on the lowest s
0-3
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LÓPEZ-RICHARD, HAI, TRALLERO-GINER, AND MARQUES PHYSICAL REVIEW B67, 155320 ~2003!
bands in each band, withm51, the subband index will be
dropped. The indexesne and nh in Eq. ~6! are replaced by
the new setNi regarding the character of the given state.
the following, in order to illustrate the strong influence of t
band coupling and nonparabolicity effects on the ER
spectra, we select the Hg12xCdxTe/CdTe QW which present
a variable gap with Cd concentration. Nevertheless,
method and calculations are valid for any II-VI or III-V
semiconductor QW.

In Fig. 2 we show Landau levelsNe↑↓ , Nhh↑↓ , Nlh↑↓ of

FIG. 2. Landau levels in the first subband for~a! electrons in the
conduction band,~b! heavy hole spin up and light hole spin down
the valence band, and~c! heavy hole spin down and light hole sp
up. For the calculation the parameters of Hg0.8Cd0.2Te/CdTe QW of
width 100 Å are chosen.
15532
S

e

the first subband for the conduction and valence bands,
spectively. In the calculation, the same parameters were u
as given in Ref. 26. Figure 2~a! shows the crossing of the
levels ~indicated in the figure asg50) with different spin
orientations leading to an inversion of the sign of the effe
tive Landèfactor. This effect has a strong influence on t
ERRS as will be shown in Sec. V. The strong interlevel co
pling in the valence subband is revealed in Figs. 2~b! and
2~c!, where states belonging to the same solution subsp
are plotted together. The strong anticrossings of coupled
els seen in the figure remark the hybridized character
heavy and light hole states. This has far reaching con
quences on the ERRS selection rules. The hybridized le
contain components of their coupled neighbors which all
for transitions that would be forbidden in a simple uncoup
band model.

Using the functions given by Eq.~7!, one can write the
transition matrix elements explicitly as

^Ni-uV1SuNi 9&^Ni 8uV
LuNi&

5L0 (
j , j 8, j 9, j-51

8

^F j-
i- ue2 ikz

SzuF j 9
i 9&^F j 8

i 8 ueikz
LzuF j

i &

3^Nj-ue2 ikx
SxuNj 9&^Nj 8ueikx

LxuN&^uj-ueS* •puuj 9&

3^uj 8ueL•puuj&dk
y- ,k

y92k
y
Sdk

y9 ,ky1k
y
L, ~8!

where

L05
e2

m0
2

2p\

V0

1

AvLvShLhS

,

wherekL(S) andeL(S) are the wave vector and polarization
the incident~scattered! light, respectively,Nj denotes the dif-
ferent Landau indexes appearing in Eq.~7!, andF j

i are the
corresponding functions (Aj

i or Bj
i ) along thez direction. The

components of the wave vector for the incidentkL and scat-
tered kS light inside the sample are relative to the Q
growth direction with a certain angleu for which k'

L(S)

5kL(S)sinu andkz
L(S)5kL(S)cosu. The actual incident angle

can be determined from the Snell law.

IV. SELECTION RULES

Let us assume the Landau levelNh
0 in the first valence

subband and the levelsNe
L and Ne

S in the first conduction
subband with energies«e(Ne

L) and«e(Ne
S), respectively. Let

Ne
L the state in the conduction band involved in the abso

tion of the incident photon andNe
S the state from which the

emission of the scattered photon occurs~see diagram in Fig.
1!. For a Stokes Raman scattering process, we have«e(Ne

L)
.«e(Ne

S) since\vL.\vS and the same valence band lev
is involved in the absorption and emission of photons. F
transitions within the first conduction and first valence su
band (m51) one can guarantee, within a wide range of ma
netic fields, that

«e~Ne
L!>«e~Ne

S! for Ne
L>Ne

S , ~9!
0-4
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since the Landau levels with differentN in the same conduc
tion subband do not cross.26 Hence, the necessary conditio
~not sufficient! for a Stokes Raman process is

DNL1DNS>0, ~10!

whereDNL5Ne
L2Nh

0 andDNS5Nh
02Ne

S . Let us denote the
net Landau level change in the conduction band as

DN5Ne
L2Ne

S5DNL1DNS. ~11!

If the net Landau level change~10! equals zero (DNL

1DNS50) the electron states involved in the absorption a
emission are in the same Landau level. In this case, the m
sured Raman shift should correspond to the effective Zee
splitting of the first conduction subband indicating a spin-fl
Raman scattering process. It is important to noticed t
there is a Lande` factor sign restriction for spin-flip Rama
scattering processes. This effect will be discussed in Sec

We have to emphasize that different scattering configu
tions will activate selectively different excitation states d
pending on their symmetry properties. In this study we c
sider two major configurations. One corresponds to
incoming light along thez direction with circular polariza-
tion ~denoted bys6) and the scattered light collected on th
x direction, with linear polarizationz @in Porto’s notation
z(sL

6 ,z)x]. The signs6 indicate the direction of rotation o
circularly polarized light, with polarization vectore65(ex

6 iey)/A2. The other configurations here studied invol
back-scattering processes in Faraday geometryz(sL

6 ,sS
6) z̄

andz(sL
6 ,sS

7) z̄.
For sL

1 or sS
2 , the matrix elements in Eq.~8! are given

by

^Ni 8 ,IuVuNi ,I&5
iP

A3
^Naue6 ik'ruNb&@~^A1

i 8ucoskzzuA7
i &

1A2^A1
i 8ucoskzzuA8

i &

2A2^B4
i 8ucoskzzuB5

i &

2^B3
i 8ucoskzzuB5

i &!dNa ,N821dNb ,N

2A3^A2
i 8ucoskzzuA1

i &dNa ,N822dNb ,N21

2A3^B5
i 8ucoskzzuB6

i &dNa ,N8dNb ,N11#,

~12!

whereiP5 i ^supzux&. In the case of incident~scattered! light
k corresponds tokL(2kS). ForsL

2 or sS
1 the corresponding

matrix elements are obtained from the Hermitian adjoint
Eq. ~12!.

The matrix elementŝNi 8 ,IIuVuNi ,II t& can be obtained
by interchangingAi�Bi on both sides of the coskzz in Eq.
~12!. The elementŝ Ni 8 ,IIuVuNi ,I& are given by replacing
coskzz→i sinkzz and interchangingAi�Bi on the left side
of the sinkzz. Finally, for ^Ni 8 ,IuVuNi ,II& we replace
coskzz→i sinkzz andAi�Bi on the right side.
15532
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In the case of linear polarizationz the matrix elements are
given by

^Ni 8 ,IuVuNi ,I&

5
iP

A3
^Naue6 ik'ruNb&@~A2^A1

i 8ucoskzzuA3
i &

2^A1
i 8ucoskzzuA4

i &1A2^B3
i 8ucoskzzuB1

i &

2^B4
i 8ucoskzzuB1

i &!dNa ,N821dNb ,N21

3~A2^A5
i 8ucoskzzuA7

i &1^B5
i 8ucoskzzuB8

i &

1A2^B7
i 8ucoskzzuB5

i &1^B8
i 8ucoskzzuB5

i &!#.

~13!

For the other matrix elements we have to proceed in
same way as indicated for the case of circular polarizati
The dependence onk' in Eqs.~12! and ~13! is given by

u^N8ueik'ruN&u2

5e2Q2
~Q2!DHminSAN8!

N!
,AN!

N8!
D Lmin(N8,N)

uDu
~Q2!J 2

,

~14!

whereQ25l2k'
2 /2, l is the magnetic length,Ln

m(x) is the
generalized Lague´re polynomial, and

D[uN82Nu. ~15!

The quantityD defines the order of the matrix elements
Q2. Terms similar to those in Eq.~14! appear twice in Eq.
~8!, once due to incoming light withQL

25l2k'
L2/2 and the

other as function ofQS
25l2k'

S2/2 that corresponds to th
scattered light.

A. Dipole approximation

For interband optical transitions, the carrier-light intera
tion is usually treated within the dipole approximation (k
50). Because the term given by Eq.~14! is proportional to
e2Q2

(Q2)D, the dipole approximation~with k'5kz50) al-
lows for transitions withD50 only. All the terms with
sin(kzz) andD5” 0 vanish@see Eqs.~12! and~13!#. In a para-
bolic band model, the conditionD5uN82Nu50 for an op-
tical transition would restrict the transitions to those w
Ni 85Ni , since the parabolic terms are diagonal. Any opti
transition with Ni 85” Ni is the result of inter Landau leve
mixing. In a multiband model the conditionD50 does not
necessarily means thatNi 85Ni .

The selection rules for the optical transitions resulti
from a multiband model are thus considerably relaxed
comparison to the selection rules obtained from a parab
band model. For instance, a transition^Ne↓8 uVs1uNhh↑& is
forbidden in a parabolic model because^e↓ue•p1uhh↑&
50. However, in the multiband model, it is given by
0-5
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TABLE I.

z(sL
6 ,z)x z(sL

1 ,sS
2) z̄

transition sL
1(sL

2) transition z transition sS
2

hh↑→e↑ DNL52(2) e↓→hh↑ DNS522a e↑→hh↑ DNS50
hh↓→e↓ DNL50(22b) e↑→hh↓ DNS52 e↓→hh↓ DNS52

lh↓→e↑ DNL50(2) e↓→ lh↓ DNS50* e↑→ lh↓ DNS52
lh↑→e↓ DNL52(0b) e↑→ lh↑ DNS50 e↓→ lh↑ DNS50

aSuch a process is not effective ifg,0.
bSuch a process is not effective ifg.0.
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^Ne↓8 uVs1uNhh↑&;2 iP^B5
i 8ucoskzzuB6

i &^N8ueik'ruN13&,

which does not vanish in the dipole approximation forN8
2N53. The existence of a componentuu6&5uuhh↓& in the
stateuNhh↑& is the result of the hybridization of the valenc
band levels as revealed in Figs. 2~b! and 2~c!. For crossed
polarizations asz(sL

6 ,z)x or z(sL
1 ,sS

2) z̄ the dipole ap-
proximation can be used to describe ERRS processes.
ERRS selection rules for crossed polarizations are give
Table I. The 838 k•p Hamiltonian model does not preserv
the Landau level index for the optical transitions in the
pole approximation. It is remarkable that spin-flip Ram
processes withDN50 are allowed in the configuration
z(sL

6 ,z)x. This important fact shows that the measured R
man shift for those transitions withDN50 corresponds to
the effective Zeeman splitting and it can be useful for
determination of the effective Lande` factor and to study its
dependence on the magnetic field and QW parameters.
obtained ERRS selection rules are quite general and boun
the condition in Eq.~10! (DNL1DNS>0). In the particular
case ofDNL1DNS50 we obtained restrictions to the a
lowed Stokes transitions depending on the Lande` factor sign
~see Sec. V!.

In backscattering configurations for parallel circular p
larizations of both incident and scattered lightz(sL

6 ,sS
6) z̄

ERRS processes are forbidden within the dipole approxi
tion because all optical transitions involve terms proportio
to sin(kzz). Then, we have to go beyond this approximati
and take into account the finite values of the incident a
scattered light wave vectors.

B. Beyond dipole approximation

At k5” 0, ERRS processes for backscattering in Fara
configuration with parallel polarizationsz(sL

6 ,sS
6) z̄ are al-

lowed. For finite value of the light wave vectork the above
obtained selection rules~Table I! are relaxed and transition
within the first QW subband are possible. In the backscat
ing configuration we have strictly perpendicular inciden
with u50 °, k'

S5k'
L 50, but kz5h/c(vL1vS). In this

limit QS5QL50 and the matrix elements given by Eq.~14!
are again different from zero only ifD50, which provides
the selection rules for the Landau level indexN. This case
will be called the ‘‘the first order approximation’’ since
comes out when terms proportional to sin(kzz) are considered
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within the first order onkz . The corresponding Raman se
lection rules and interband transitions are listed in Table

It is important to remark that atk5” 0 the Raman selection
rules for crossed polarizationz(sL

1 ,sS
2) z̄ shown in Table I

are also relaxed and new interband transitions forDNL and
DNS appear in the Raman spectrum. Nevertheless, the
responding intensities are weak in comparison to those fo
in the framework of the dipole approximation. For sake
shortness the corresponding selection rules for backsca
ing configuration with crossed polarization when the lig
wave vector is assumed different from zero will not be liste
Moreover, there are configurations, such asz(sL

2 ,sS
1) z̄, in

which intrasubband transition in both the dipole and the fi
order approximation is forbidden. The main restrictio
in both approximations comes from the rule defined in E
~10!. For instance, both the transitionshh↓sL

2
→e↓ with

DNL522 ande↓sS
1

→hh↓ with DNS50 are allowed within
the dipole approximation, but they do not participate in
Stokes Raman process sinceDNL1DNS521,0. Any
combination of transitions out of Tables I and II, fo
z(sL

2 ,sS
1) z̄ geometry, is forbidden in both the dipole an

the first order approximation for analogous reasons.
If the incoming~scattered! light in Faraday configuration

is not strictly perpendicular to the well interfaces, but it h
rather a small angleu, a small component of the light mo
mentum lies within thexy plane withk'5k sinu. Following
Eq. ~14!, the next order approximation will contain term
proportional toQ2 and we have to consider all possible com
binations of the matrix elements~14! either proportional to
QL

2 or QS
2 , which involve transitions withD5uN82Nu51.

Typical Raman measurements have already been perfor
with an effective wave vector transfer parallel to the Q

TABLE II. ERRS selection rules beyond the dipole approxim
tion for backscattering in the Faraday configuration with circu
parallel polarizations. Only the first valence and conduction Q
subbands are considered.

z(sL
6 ,sS

6) z̄
transition sL

1(sL
2) transition sS

1(sS
2)

hh↓→e↓ DNL50(22) e↑→hh↓ DNS51(3)
hh↑→e↓ DNL53(1) e↑→hh↑ DNS522(0)
lh↓→e↓ DNL51(21) e↑→ lh↓ DNS50(2)
lh↑→e↓ DNL52(1) e↑→ lh↑ DNS521(1)
0-6
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layers (k'5” 0) using a rotating sample.28,29 Table III indi-
cates the allowed processes in the configurationz(sL

2 ,sS
1) z̄

due toQ2 contributions. It is important to point out that ou
theoretical approach is valid only for small angles of t
incident light inside the sample since we have not conside
the corresponding rotation of the polarization vectors in
calculations, leaving unchanged the optical matrix eleme
P j 8 j

s
5^uj 8ue•puuj& as foru50. According to these selectio

rules given in Table III any allowed process has spin-fl
nature withDN5DNL1DNS50.

Up to this point, we can see from Tables I, II, and III th
the most common processes in all approximations and di
ent scattering configurations are of the type

vb→e↓2e↑→vb or vb→e↑2e↓→vb. ~16!

All these processes are related to spin-flip transitions in
first conduction subband whereDN50 or DN5” 0.

V. DISCUSSION

The ERRS selection rules described by the reson
theory presented here indicate that the spin splitting of
conduction band shows up at small Raman shift~see Fig. 2!.
According to these selection rules and from the position
the corresponding resonances in the Raman spectrum o
able to determine the structure of the spin-split electro
subbands. A remarkable fact is that the breaking of the ER
selection rules~obtained in the framework of paraboli
Hamiltonian model10!, induced by the interband coupling
allows for the detailed study of electronic properties exc
sively related to the behavior of the electrons in the low
conduction subband.

First, we would like to discuss the allowed transition
Faraday configuration and the physical processes we can
tract from the ERRS cross section as a function of the m
netic field and electron concentration. In Fig. 3, we sh
several diagrams that correspond to those allowed transit
detailed in Tables I, II, and III. It can be noticed that th
processes shown in Fig. 3 contain complementary inform
tion. For instance, the difference between the Raman shi
the processes of the diagrams 3~a! and 3~b! ~denotedEshift

(a)

andEshift
(b) , respectively!

TABLE III. ERRS selection rules beyond the dipole approxim
tion for small angel for the incidence or scattered light in Farad
configuration with circular crossed polarization. Only the first v
lence and conduction QW subbands are considered. Bold num
in DN indicate those transitions proportional toQS

2 .

z(sL
2 ,sS

1) z̄
transition sL

2 transition sS
1

hh↓→e↓ DNL5À1 or 22 e↑→hh↓ DNS51 or 3
hh↑→e↓ DNL52 or 1 e↑→hh↑ DNS522 or 0
lh↓→e↓ DNL50 or 21 e↑→ lh↓ DNS50 or 2
lh↑→e↓ DNL51 or 0 e↑→ lh↑ DNS521or 1
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Eshift
(a) 2Eshift

(b)

5@«e↓~N8!2«e↑~N821!#2@«e↑~N8!2«e↓~N821!#

5@«e↓~N8!2«e↑~N8!#1@«e↓~N821!2«e↑~N821!#

52@g~N8!1g~N821!#mBB0 , ~17!

is proportional to the mean effective Lande` factor g of the
consecutive Landau levels, which is independent of the s
of g(N).

In order to highlight the influence of the band couplin
and the results coming from a detailed microscopic the
using a 838 k•p model, we selected a narrow ga
Hg0.8Cd0.2Te/CdTe QW and the Raman scattering cross s
tion was calculated at\vL5400 meV for a 100 Å well
width. The Raman cross-section calculation for the confi
ration z(sL

1 ,sS
1) z̄ is shown in Fig. 4~a! for n2 D50.72

31012 cm22. The magnetic fields are chosen in such a w
that the filling factor varies from 4 to 3. The resonanc
labeled A and B correspond to processes such as diagram~a!
of Fig. 3. The effective Landau level difference isDN51 for
all transitions (vb→e↓2e↑→vb, see Table II!. Peaks A
represent processes with a photon emission from the elec
Landau levelNe

S51 while peak B to an outgoing proces
with Ne

S50. The interchange of strength of the peaks A a
B with the magnetic field~or filling factor! is associated to
jumps of the Fermi level at integer values of the filling fact
n. In this case each resonance survives at intervalsDn54
since we deal with transitionsvb→e↓2e↑→vb with DN
51. The filling factor intervalDn where the processvb
→a2b→vb survives is an indication of the number o
Landau levels that can be occupied between the statea
2b ~including themselves!. The transition becomes statist
cally effective when the state denotedb is partially or totally
occupied while the statea is unoccupied or partially occu
pied. For negative Lande` g factors there are four level
within the interval @e↓(N11)2e↑(N)#. The statee↑(N)
starts to be occupied at even valuesn52k, k50,1, . . .
~lower limit of the filling factor interval! and the state

y
-
ers

FIG. 3. ERRS diagrams for different scattering configuratio

~a! z(sL
6 ,sS

6) z̄, ~b! z(sL
2 ,sS

1) z̄, ~c! z(sL
1 ,sS

2) z̄.
0-7
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e↓(N11) becomes totally occupied atn52k14 ~upper
limit !, when the transition is statistically forbidden. A res
nant transition fades away once both conduction band le
involved in the absorption and the emission of light beco
totally occupied@see Eq.~6!#.

A more complex picture is obtained for the Raman cro
section for back scattering with cross polarizatio
z(sL

1 ,sS
2) z̄, beyond the dipole approximation when the fi

FIG. 4. Calculated Raman scattering cross section in Fara

configuration. ~a! z(sL
1 ,sS

1) z̄ geometry and n2 D50.72
31012 cm22. Peaks A and B represent processes withNe

S51 and

0, respectively. ~b! z(sL
1 ,sS

2) z̄ configuration andn2 D50.52
31012 cm22. Structure A shows resonant transitions fromNe

S51
and effective Landau level differenceDN51. Peak B correspond
to Ne

S53 and C, D to outgoing transitions fromNe
S52. This three

structures have effective Landau level differenceDN52. ~c!

z(sL
2 ,sS

1) z̄ geometry andn2 D50.4831012 cm22. In the calcula-
tion the value ofk'543104 cm21 is used. Peaks A and B show
outgoing transitions withNe

S51 and 0, respectively withDN50.
15532
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ing factors ranges between 3 and 2 as shown in Fig. 4~b!. As
in the previous case, peak A corresponds to an inter-Lan
level processvb→e↑2e↓→vb shown in Fig. 3 diagram~b!
with DN5DNL1DNS51 and outgoing scattering fromNe

S

51. The peaks B, C, and D in Fig. 4~b! correspond to tran-
sitions that conserve the spin withDN52. Structures B rep-
resent processes (vb→e↑2e↑→vb) with outgoing transi-
tions from Ne

S53, C is related to processes (vb→e↓2e↓
→vb) with Ne

S52, while peaks D give us transitions (vb
→e↑2e↑→vb) also with Ne

S52. At low fields, for low
Landau levels, in the particular selection of the QW para
eters considered here, with negative Lande` factor, the states
ue↑,Ne11& and ue↓,Ne& are very close to each other@see
Fig. 2~a!# leading to a Raman shift near the value of t
Zeeman splitting. We need to emphasize that the spin-
intra-Landau-level transition (DN50) can be identified by
tuning the filling factor. At even values of the filling facto
both spin-split states of the same Landau level are tot
occupied and the spin-flip intraband level transition is forb
den. Hence, this process is allowed between two consecu
even values of the filling factor. In Fig. 4~b! it can be seen
that the peak A fades at odd values of the filling factor, so
cannot be associated with the spin-flip transitions withDN
50 ~see Ref. 30!. In conclusion, the resonances labeled A
Figs. 4~a! and 4~b! obtained by two independent scatterin
configurations can be used to determine the mean effec
Landèfactor from Eq.~17! with Ne51. The peaks B, C, and
D in Fig. 4~b! correspond to transitions that conserve the s
with DN52. The resonances labeled A in Figs. 4~a! and 4~b!
obtained by two independent scattering configurations can
used to determine the mean effective Lande` factor from Eq.
~17! with Ne51.

In the framework of the Faraday scattering geometry,
us discuss the selection rules given in Table III and relate
the z(sL

2 ,sS
1) z̄ scattering configuration. The transitions

represented in diagram~c! of Fig. 3 are allowed in
z(sL

2 ,sS
1) z̄ geometry within the second order approxim

tion on k' . In this particular case, intrasubband transitio
are forbidden within the dipole or the first order approxim
tions on k' . In the calculations the valuek'54
3104 cm21 is used. The peaks labeled A and B in Fig. 4~c!
represent spin-flip processes (vb→e↓2e↑→vb) with ef-
fective Landau level differenceDN50 and outgoing transi-
tions from Ne51 andNe50, respectively. In this case th
Raman shift in both cases corresponds exactly to the ef
tive Zeeman splitting

Eshift5«e↓~N8!2«e↑~N8!52g~N8!mBB0 . ~18!

This result is different from the one obtained in the comp
mentary configurations shown in Figs. 4~a! and 4~b!. Notice
the evolution of the resonant picture with the magnetic fi
~or filling factor! in Fig. 4~c!. As pointed out before, the
resonances fade away at even values of the filling factor
spin-flip intra-Landau level transitions. The filling facto
modulation may serve as a tuning tool which selectively
tivates resonant scattering channels depending on the m
netic field, electron concentration, and spin of the involv
electronic states.

ay
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FIG. 5. ERRS cross section in crossed polarizations within
dipole approximation as a function of the applied magnetic fie
Scattering processesvb→e↓2e↑→vb are represented~see Table
I!. ~a! z(sL

1 ,z)x configuration withn2 D53.531012 cm22. Spin-
flip transitions with effective Landau level differenceDN50, Ne

S

54 ~peaks A!, andNe
S53 ~peaks B!. Peaks labeled by C, D, and

correspond to outgoing transitions fromNe
S54, 3, and 2, respec

tively, and DN52. ~b! z(sL
2 ,z)x configuration with n2 D52.5

31012 cm22. ~c! z(sL
2 ,z)x configuration with n2 D53

31012 cm22. Labels A and B represent spin-flip processes,DN
50, with outgoing transitions fromNe

S53 andNe
S52.
15532
VI. LANDÈ FACTOR SIGN INVERSION

Interesting results are obtained in the Raman scatte
process when circular and linear polarizations are combin
i.e., z(sL

1 ,z)x and z(sL
2 ,z)x scattering configurations. As

we pointed out in Sec. IV A the inelastic response of a QW
a magnetic field is asymmetric. This is clearly indicated
Figs. 5~a! and 5~b!, where the processes of typevb→e↓
2e↑→vb with DN52 together with spin-flip transitions
vb→e↑2e↓→vb with DN50 are active in the configura
tion z(sL

1 ,z)x. However in the configurationz(sL
2 ,z)x,

shown in Fig. 5~b!, only spin-flip transitionsvb→e↓2e↑
→vb with DN50 appear. In Fig. 5~a! the peaks labeled by
A and B represent spin-flip transitions with effective Land
level differenceDN50 outgoing from Landau levelsNe

S

54 and 3, respectively, while peaks C, D, and E are due
scattering processes withNe

S54, 3, and 2, andDN52. Fig-
ure 5~b! shows spin-flip transitions withNe

S53 ~peaks A!,
Ne

S52 ~peaks labeled by B!, and effective Landau level dif-
ferenceDN50.

The inelastic response is also very sensitive to the tw
dimensional electron density. Variations in the occupation
the Landau levels may lead to drastic changes of the Ra
spectra as can be seen in Fig. 5~c! for thez(sL

2 ,z)x configu-
ration butn2 D5331012 cm22. The most relevant difference
between configurationsz(sL

1 ,z)x andz(sL
2 ,z)x is that the

spin-flip transitions in both considered cases correspond
opposite signs of the effectiveg Landèfactor. In the configu-
ration z(sL

1 ,z)x the spin-flip transition is allowed for posi
tive Landèfactors. Notice in Fig. 2~a! that g.0 is reached
for Landau levelsNe.2 and high fields. In the inset of Fig
5~a! it can be clearly seen that the Raman shift for the sp
flip resonances A and B move away from zero as the m
netic field increases. The zero value of the Raman shift c
responds to the crossing point of the spin-split levels in

e
.

FIG. 6. Calculated Zeeman splitting for different Landau lev
in the first conduction subband. The solid thick lines represent
values of the Raman shift according to ERRS scattering config
tion z(sL

1 ,z)x while the solid thin lines represent those obtained
the z(sL

2 ,z)x geometry.
0-9
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first conduction subband@see Fig. 2~a!#. On the other hand
in the configurationz(sL

2 ,z)x @Figs. 5~b! and 5~c!#, the spin-
flip Raman shift comes closer to zero as the magnetic fi
increases. These Raman processes, in turn, are allowe
negative Lande` factor. Both scattering configurations a
complementary providing the negative and positive value
the Lande` factors following the magneto fan plot of Fig
2~a!. The corresponding Zeeman splitting obtained from
two cross polarization configurations mentioned above
shown in Fig. 6. The strong dependence of the Zeeman s
ting on the Landau level index and magnetic field is t
result of the strong intersubband coupling. We remark o
more that the simple parabolic band model would give
linear dependence on the magnetic field and independ
on the Landau level indexNe . The interband mixing turns
out to be crucial for the anomalous behavior of the Lan`
factor in QW’s as reported recently both theoretically27 and
experimentally.31

VII. CONCLUSIONS

We showed that the Raman cross section in the reso
regime along with a proper introduction of the interband co
ro

.

B

B

B

uf
r,

ut,

A.
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pling explains the appearance of spin-flip Raman scatte
in the different configurations considered in this work. T
selection rules were obtained for transitions within the fi
valence and conduction subband of hybridized electro
states based on the 838 Kane-Weiler Hamiltonian model
The relaxation of the selection rules, induced by the int
subband coupling, provokes an asymmetric Raman respo
Using different scattering configurations one obtains comp
mentary information about the electronic band structure
symmetry properties of the corresponding electronic sta
Interesting effects, such as the anomalous crossing of Lan
levels in the first conduction subband, can be studied
using spin-flip Raman scattering. The magnetic field dep
dence of the Fermi level~or the filling factor! introduces an
effective tuning mechanism for the resonant inelastic
sponse and can be used as a tool to identify the levels
volved in the resonant transitions.
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26V. López-Richard, G. E. Marques, and C. Trallero-Giner, Ph
Status Solidi B231, 263 ~2002!.
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