
PHYSICAL REVIEW B 66, 155303 ~2002!
Raman spectra of a two-dimensional electron gas in narrow-gap semiconductor quantum wells
in magnetic fields: Spin-flip and anisotropic effects
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The effects of the interband coupling on the magnetoplasmons and the single-particle excitations are studied
for a two-dimensional electron gas in narrow-gap semiconductor quantum wells. Raman selection rules and
scattering configurations for the observation of the spin-flip transitions in the magneto-Raman scattering are
achieved. Our results reveal an unambiguous relation between the conduction band structure and the Raman-
scattering spectrum in narrow-gap semiconductor quantum wells. The electron cyclotron mass and the effective
Landég factor can be directly determined from the dependence of the magneto-Raman spectrum on the filling
factor in the Faraday and the Voigt configurations, respectively.
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I. INTRODUCTION

In recent years we have witnessed a growing interes
spin-related phenomena in low-dimensional semicondu
structures encouraged by their potential application to s
control devices.1–3 This interest has been accompanied by
intensive theoretical and experimental study of spin-rela
properties of low-dimensional systems. Among the
narrow-gap semiconductor-based heterostructures have
ceived a particular attention.

Despite the great advances reached in understanding
properties of narrow-gap heterostructures, many open q
tions deserve an accurate analysis. In these systems, the
bined effects of strong interband coupling, resulting from
narrow gap, lack of inversion symmetry, spatial confineme
as well as the Landau quantization in magnetic fields, lea
a complex interaction between the conduction and vale
bands and, consequently, to the relaxation of the optical
lection rules. The relevance of the band structure in the si
lation of the electronic response related to spin excitati
has been stressed by many authors.3–5 Moreover, interesting
features have been recently reported concerning electr
and optical properties of narrow-gap semiconductor quan
wells ~QW’s! which directly result from their peculiar ban
structures.6–8 Standard theories applied to wide-gap stru
tures based on the parabolic band approximation are usu
enough to describe the collective response observed in
elastic light-scattering processes.9,10 However, the physica
properties related to the complex electronic band structu
are clearly underestimated in the description of several e
tronic Raman-scattering~ERS! processes such as the spi
flip effect.

Raman scattering appears as a leading tool in the stud
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electronic excitations and spin-related phenomena. In
present work we study the effects of the strong interband
intraband admixture on quasi-two-dimensional electron
in narrow-gap semiconductor QW’s in magnetic fields. W
show an accurate description of the anisotropic respons
the system to external fields, illustrated through the calcu
tions of the ERS spectra. Our theoretical framework is ba
on the Kane-Weiler 838 k•p Hamiltonian model, and is
applied to Hg12xCdxTe/CdTe heterostructures. The qualit
tive achievements of this work can be extended to other z
blende structures in spite of the magnitude of their effect
energy gap. The choice of a narrow-gap system was ma
based on its enhanced inter-band coupling on which the
cussion is focused.

As long as one considers linear terms in the 838 Hamil-
tonian model the coupling of states with different spatial p
ity and different spin orientation becomes effective. Negle
ing warping terms the wave function space can be separ
into two orthogonal subspaces11

uc I&5uky&1
u f 1

even&uN21&ue↑&

u f 2
even&uN22&uhh↑&

u f 3
odd&uN21&u lh↓&

u f 4
odd&uN21&uso↓&

u f 5
odd& uN& ue↓&

u f 6
odd&uN11&uhh↓&

u f 7
even&uN&u lh↑&

u f 8
even&uN&uso↑&

2 ,
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uc II &5uky&1
u f 1

odd&uN21&ue↑&

u f 2
odd&uN22&uhh↑&

u f 3
even&uN21&u lh↓&

u f 4
even&uN21&uso↓&

u f 5
even&uN&ue↓&

u f 6
even&uN11&uhh↓&

u f 7
odd&uN&u lh↑&

u f 8
odd&uN&uso↑&

2 , ~1!

where c I and c II label the corresponding carrie
(e6,hh6,lh6,so6) within a certain QW subbandm and
Landau levelN. Warping terms can be included in this fo
malism as a perturbation, although in the range of fields
der consideration their effect can be completely disregard
The parity of the functionsf i

even(odd) is determined in the
growth directionz with respect to the center of the QW
Thus, conduction band spin states will be represented
ue6(N,m)&, where the1 and2 states are for the main spi
orientation (↑ and↓) at the limit of zero magnetic field.

In the case of narrow-gap structures, the coupling of sta
with different spin orientation is strongly enhanced by t
proximity of the conduction and valence bands. The int
band coupling induces indirectly an intraband mixing of t
conduction spin levels. The electronic states can be appr
mately described as a linear combination of the different s
tial parity functionsf i

even and f i
odd and the spinorsue↑& and

ue↓&. In the first conduction subband withm51 the spin-
split states with the same Landau levelN can be described
approximately by the wave functions

ue1~N,1!&' f 1
evenuN&ue↑&1 f 5

odduN11&ue↓& Psubspace I,
~2!

ue2~N,1!&' f 1
odduN21&ue↑&1 f 5

evenuN&ue↓&

P subspace II. ~3!

In the following the subband indexm51 will be dropped
since we study transitions in the first conduction subba
Notice that we have renumbered the Landau level index
the stateue1(N)& as to begin fromN50. Both states~2! and
~3! belonging to the first subband have prominent even co
ponentsf 1

even and f 5
even , respectively, which are shown i

Fig. 1 as a function of magnetic field. The intersubband c
pling of states with different spatial parity induces a stro
interference, leading to relaxation of the spin-selection ru
(DS50). Notice, in Fig. 1, that the components with ev
parity of bothue1(N)& and ue2(N)& states are strong at low
fields. At high fields, however, the influence of compone
with odd parity is considerably strong, leading to the mixi
of spinors of different spin orientation. This effect, induc
by the intersubband coupling, is tuned by the proximity
states of different conduction subbands.
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II. RAMAN-SCATTERING CROSS SECTION

Magneto-Raman configurations allow for the selective
tivation of single-particle~in the Faraday configuration! or
collective density excitations~in the Voigt configuration!.
The nature of these excitations is strongly dependent on
Landau level filling factor and the scattering geometry. T
angular dependence of the scattering process with respe
the external applied magnetic fieldB0 enables us to achiev
conditions to study spin-flip Raman scattering, electronic
isotropic effects, and plasma oscillations of a quasi-tw
dimensional electron gas. The calculation of the Ram
scattering cross section in the non resonant regime (\vL
,Eg ,vL being the frequency of the incident light andEg the
effective energy gap! is based on the study of the dielectr
response of the narrow-gap QW’s in magnetic fields.12,13The
differential scattering cross section for an inelastic scatter
process is proportional to the dynamic structure factor giv
in terms of the response functionxa(q,v),

]2s

]V]v
}S vS

vL
D 2

Im$xa~q,v!%, ~4!

where vS is the frequency of the scattered light,v5vL
2vS the Raman shift, andq5kL2kS the momentum trans
fer from the incident light to the elementary excitations. T
response function of the single-particle excitations~SPE’s! is
given by the irreducible polarizability of the electron gas,

x0~q,v!5 (
N8,a;N,b

u^ea~N8!ueiq•r ueb~N!&u2

Ea~N8!2Eb~N!2\v

3@ f 0~a,N8!2 f 0~b,N!#, ~5!

wherea andb stand for the spin orientation6 and f 0(a,N)
is the Fermi distribution function. In Eq.~5!, ue6(N)& and
E6(N) are the eigenstate and eigenvalue, respectively, o
electron in theN th Landau level of the first subband, ob

FIG. 1. Component weight dependence on the magnetic field
the spin-split states of the first conduction subband andN54 for a
Hg12xCdxTe/CdTe(x50.2) QW of width 100 Å. In the calculation
the parameters of Ref. 7 were used.
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tained from the 838 Kane-Weiler Hamiltonian model.7 In
turn, the charge-density response function is given by

xD~q,v!5
x0~q,v!

e~q,v!
, ~6!

wheree(q,v) is the dielectric function. Within the random
phase approximation, it is given bye(q,v)51
2(4pe2/Vq2)x0(q,v).

The above formalism, based on the random-phase
proximation, has provided a good description of the Ram
line shape14 and other properties of two-dimensional electr
gas.15 Note that the exchange interaction is not taken i
account in the above formalism.16 This is an important issue
when we consider the system in the quantum Hall regime
it is not relevant for our quantitative analysis of the select
rules relaxation of the ERS. Nevertheless, corrections to
mode dispersion induced by the exchange interaction ca
included later through the self-energy renormalization of
uncoupled electronic states.10

In this formalism the spatial confinement effect is i
cluded within the wave functions and eigenenergies. To
scribe the Raman process, we choose the backscatterin
ometry so that the total momentum transferq5(h/c)(vL
1vS) from the light to the internal excitation is maximum
where the refractive indexh has been taken ash52.7.17 The
Landau level filling is characterized by the factorn
52pl2n2D , wherel5A\c/eB0 is the magnetic length an
n2D is the two-dimensional density of electrons~for B0
510 T, n51 corresponds ton2D52.431011 cm22).

Due to the strong anisotropy, induced by the spatial c
finement and by the magnetic field, the response functio
the system is very sensitive to the angleu of the total internal
momentumq with respect to the growth direction of th
sample. The dependence on the angleu is implicit in the
values of the longitudinal and transversal components of
total momentum,qi5q cosu and q'5q sinu. Notice that,
despite the common use, we have assignedqi parallel to the
QW growth direction~taken as thez direction! and labeled
the transverse momentumq' perpendicular to thez direction
~parallel to the well interfaces!.

An important effect on the inelastic response of a qua
two-dimensional electron gas is the appearance of spe
associated with spin-dependent or spin-flip transitions.
Fig. 2 we illustrate the spectra due to the SPE and
charge-density excitations~CDE’s! for different values ofu.
The peak position of the CDE’s~labeled byP1) is very sen-
sitive to the transverse scattering wave vectorq' according
to the plasmon dispersion relation, while the peak positi
of the SPE isu independent. The double-peak structure,B1
and B2 in Fig. 2~b!, is exclusively related to the interban
and interlevel coupling effects reflecting a spin dependen6

of the carrier effective mass. Each peakB1 corresponds to
transitions between the statesue1(0)& andue1(1)&, while B2
indicates transitions betweenue2(0)& andue2(1)&. The rela-
tive shift of the position of these two peaks is due to differe
effective mass renormalization of each spin level, which
15530
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pends on the strength of the coupling with higher subban
This interpretation is supported by the effective mass ca
lation reported in Ref. 6.

III. RELAXATION OF THE ERS SELECTION RULES

Two limit cases are pointed as the most relevant ones.
first one is the scattering process shown in Fig. 3~a! for the
incoming light along the QW growth direction~the Faraday
configuration u50°, qi5q and q'50). The other one,
shown in Figs. 3~b! and 3~c!, corresponds to transversal in
cidence ~the Voigt configuration,u590°, q'5q and qi
50). The reason for the selective excitation of differe
modes lies on the anisotropic electronic structure and
relaxation of intraband transition selection rules due to int
Landau-level coupling.

Let us analyze in detail the selection rules for intraba
transitions. In the case of spin conservation, the transi
matrix element is given by

^e1~N8!ueiq•r ue1~N!&' i ^ f 1
even~z!ucosqizu f 2

even~z!&

3^N8ueiq'ruN&^e↑ue↑&

1 i ^ f 1
odd~z!ucosqizu f 2

odd~z!&

3^N811ueiq'ruN11&^e↓ue↓&.

~7!

The matrix element̂e2(N8)ueiq•r ue2(N)& can be obtained
analogously.

FIG. 2. Electronic magneto-Raman cross section for
Hg12xCdxTe/CdTe(x50.2) QW of width 100 Å atB0510 T and
\vL5100 meV for 2.5°<u<18°: ~a! charge density excitations
~b! single-particle excitations.
3-3
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In the framework of a parabolic Hamiltonian model, th
electronic transitions induced by the interaction with lon
tudinal polarization wave must fulfill the spin-selection ru
DS50. However, the mixing of components with differe
spatial parity can induce spin-flip-like transitions betwe
the orthogonal statesue1& and ue2&. In this case, the corre
sponding matrix element does not vanish and is given b

^e1~N8!ueiq•r ue2~N!&' i ^ f 1
even~z!usinqizu f 2

odd~z!&

3^N821ueiq'ruN&^e↑ue↑&

1 i ^ f 1
odd~z!usinqizu f 2

even~z!&

3^N8ueiq'ruN11&^e↓ue↓&.

~8!

FIG. 3. Electronic magneto-Raman cross section for
Hg12xCdxTe/CdTe(x50.2) QW atB0510 T, \vL5100 meV, and
different filling factors:~a! for u50° ~SPE!, ~b! for u590° ~CDE!,
and ~c! u590° ~SPE!.
15530
-

Longitudinal interactions represented by Eqs.~7! and~8! are
intermediary excitations in Raman-scattering processes.

By analyzing the dependence of the imaginary part of
polarizability on Q5lq' /A2 in the limit Q→0 one can
obtain the selection rules corresponding to the configura
with u→0°. In this limit,7

Imx0~q,v!}^e1(2)~N8!ueiqr ue2(1)~N!&

}e2Q2

(
N,N8

~Q2! uN2N821u, ~9!

for the spin-flip transitions, and

Imx0~q,v!}^e1(2)~N8!ueiqr ue1(2)~N!&

}e2Q2

(
N,N8

~Q2! uN2N8u, ~10!

for transitions conserving spin.
According to Eq.~9!, the inter-Landau-level spin-flip tran

sitions within the first subband (DN5N2N851) are al-
lowed in the limitQ→0. However, the transitions with spi
conservation~for which DNÞ0) are forbidden since Eq
~10! results in

lim
Q→0

@ Imx0~q,v!#50. ~11!

Therefore, in the Faraday configuration asq'50, the Raman
spectrum describes the SPE with spin-flip transitions onl

Hence, the magneto-Raman spectra in the Faraday
figuration (u→0°) shown in Fig. 3~a! allow for the spin-flip-
like inter-Landau-level transitionsue6(N)&→ue7(N11)&
~labeled byCi ,i 51 and 2), being of a single-particle natur
as indicated by the matrix elements in Eq.~8!, while the
inter-Landau-level transitions with spin conservatio
ue6(N)&→ue6(N11)&, are forbidden.

For u.0°, both the SPE and CDE contribute to the cro
section but the strongest contributions are related to the in
Landau-level transitionsue6(N)&→ue6(N11)&. In the limit
u590°, these are the uniquely allowed transitions@Pi and
Bi as shown in Figs. 3~b! and 3~c!#. Each of these peak
corresponds to one excitation mode starting always at
integer value of the filling factor and being effective within
rangeDn53.

According to Eq. ~8!, the spin-flip intra- @ ue6(N)&
→ue7(N)&] and inter-Landau-level transitionsue6(N)&
→ue7(N11)& @see peaksCi in Fig. 3~a!# are forbidden in
the limit u590° since these processes are effective only
finite values of the longitudinal momentum@with sinqizÞ0;
see Eq.~8!#. Moreover, the excitation strength dependen
on the angleu is directly related to the transverse wave ve
tor modulation of the polarizability function, which makes
also sensitive to the incident light energy.

As a result of the strong intersubband coupling, the el
tronic properties, such as the effective Lande` factor

g~N,B0!5
E1~N,B0!2E2~N,B0!

mBB0

a

3-4
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and the effective cyclotron mass

mc
6~N,B0!5

\eB0 /c

E6~N11,B0!2E6~N,B0!
,

become strongly dependent on the magnetic field stren
B0, Landau level indexN, and spin orientation. Such
strong dependence onB0 and n appears explicitly in the
mode dispersion of the SPE as it is described by the resp
function given by Eq.~5! and shown in Fig. 4. It is importan
to note that the appearance or not of the excitation peak
Figs. 3~a! and 3~c! follows the path shown in Fig. 4. Thus
we can assign unambiguously the different SPE pea
whose position is independent of angleu, to the respective
inter- or intra-Landau-level transitions. If we look at the d
pendence of the excitation energy on the filling factorn in
Fig. 4, we find that each mode is active within a certa
range of values ofn. An analogous analysis can be done f
the charge-density excitations for finite values of the angleu.

The modesAi in Fig. 4 are related to the intra-Landau
level transitionsue6(N)&→ue7(N)& with spin flip. These
modes are active for 0,u,90° in a range of two consecu
tive even values of the filling factorn as shown in Fig. 4
with Dn52. Moreover, the stairlike path is commanded

FIG. 4. Excitation stairs as a function of the filling factorn for

B0510 T. The transitions are labeled asN6→N86.
g

B

h-
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the abrupt Lande` factor dependence on the Landau lev
g(N,B0). In turn, the modesBi , induced by the inter-
Landau-level excitations with spin conservation, have th
path as indicated in Fig. 4. Such a path is dictated by
dependence of the effective mass on the Landau level in
and the spin orientation, i.e.,mc

6(N,B0).
The above discussion leads to two important issues:~i!

the Lande` g factor can be determined from the Rama
scattering peak position due to the SPE in the Faraday c
figuration, and~ii ! the inverse of the cyclotron mass can
obtained in the Voigt configuration when the plasmon os
lations are switched on. Hence, the Raman spectra due to
SPE and CDE provide us all the necessary information
describe the electronic structure of the conduction subba
in a narrow-gap semiconductor QW.

IV. CONCLUSIONS

The principal advantage of a realistic treatment of t
complex band structure is that furnishes coherent and c
prehensive grounds for the study of the optical proper
preventing more complex theoretical models. We ha
proved that by taking the appropriate interband coupling i
account and in the limit case of low transverse momentum
u→0°, the scattering mediated by spin-flip transitions is t
leading process. This may help to understand several exp
mental observations as well as the nature of the spin-
Raman scattering processes in quasi-two dimensional e
tron plasmas in the presence of a magnetic field. Anot
important fact is that the results presented in this work
unambiguously linked to the complex band structure of
narrow-gap systems and can be used to determine their
tronic band structure dependence on the Landau level in
and magnetic field. It is also shown that integer Landau fi
ing factors can be associated with the limit cases where
picture of the excitation spectrum changes drastically as
dicated in Fig. 4 as the result of the interlevel coupling. W
have shown that the ERS and the 838 Kane-Weiler formal-
ism will be very helpful to understand the nature of the o
tical interlevel transitions, such as the spin-flip ones, and
effects of the interlevel coupling on the energy band sha
The obtained results are a compelling evidence of the in
band coupling effects on the nonresonant electro
magneto-Raman scattering in narrow-gap semicondu
QW structures.
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