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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
Landeg 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 electronic excitations and spin-related phenomena. In the

present work we study the effects of the strong interband and

In recent years we have witnessed a growing interest ifntraband admixture on quasi-two-dimensional electron gas
spin-related phenomena in low-dimensional semiconductoin narrow-gap semiconductor QW’s in magnetic fields. We

structures encouraged by their potential application to spinShow an accurate description of the anisotropic response of
control devices: 3 This interest has been accompanied by arfhe system to external fields, illustrated through the calcula-

intensive theoretical and experimental study of spin-relatedions of the ERS spectra. Our theoretical framework is based

properties of low-dimensional systems. Among them,0n the Kane-Weiler &8 k-p Hamiltonian model, and is

narrow-gap semiconductor-based heterostructures have réPPlied to Hg_,Cd,Te/CdTe heterostructures. The qualita-
ceived a particular attention. tive ach|evements_of th|_s work can be gxtended to .other zinc-
Despite the great advances reached in understanding tll?ée”de structures in spite of the magnitude of their effective

properties of narrow-gap heterostructures, many open queg;ggg%yoiaﬁé Zﬂi;:c?elgeir?tfeﬁbnzfr:(rzlozvo_gafi)nsygaevrch\il\(l:istrzga:}ﬁls){
tions deserve an accurate analysis. In these systems, the co A piing
cussion is focused.

bined effects of strong interband coupling, resulting from a As long as one considers linear terms in the® Hamil-
narrow gap, lack of inversion symmetry, spatial confmementtonian model the coupling of states with different spatial par-

as well as the Landau quantization in magnetic fields, lead tﬂy and different spin orientation becomes effective. Neglect-

a complex interaction between the conduction and valenc[e;1g| warping terms the wave function space can be separated
bands and, consequently, to the relaxation of the optical sgpig two orthogonal subspadds

lection rules. The relevance of the band structure in the simu-
lation of the electronic response related to spin excitations
has been stressed by many authioPsMoreover, interesting

features have been recently reported concerning electronic |fevenN—1)|eT)
and optical properties of narrow-gap semiconductor quantum !
wells (QW’s) which directly result from their peculiar band [£3°°"IN—=2)|hhT)
structure$~8 Standard theories applied to wide-gap struc- |fodd>|N_l>||hl>
tures based on the parabolic band approximation are usually 3
enough to describe the collective response observed in in- |f2dd>|N_1>|50l>
elastic light-scattering processe¥. However, the physical |¢//,)=|ky> |fodd> INY Jel) '
properties related to the complex electronic band structures o dz
are clearly underestimated in the description of several elec- [f8°)[N+1)[hh])
tronic Raman-scatteringERS processes such as the spin- |£€2M NI T)
flip effect. _ _ _ even

Raman scattering appears as a leading tool in the study of 15" °")N)[soT)
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[£99%IN—1)leT) W
£39)IN—2)|hhT)
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[f2°°"IN—1)|sol)
[fe"°NIN) el)
[T "IN+ 1)[hh])
1999 IN)[InT)
159 IN)[soT)

|$II>:|ky> D

Component Weights

where ¢, and ¢, label the corresponding carrier

(e*,hh=,Ih*,s0") within a certain QW subbandn and

Landau levelN. Warping terms can be included in this for-

malism as a perturbation, although in the range of fields un- g, 1. Component weight dependence on the magnetic field for

der consideration their effect can be completely disregardedne spin-split states of the first conduction subband rdt for a

The parity of the functiong®®"°?9 s determined in the Hg, ,Cd,Te/CdTek=0.2) QW of width 100 A. In the calculation

growth directionz with respect to the center of the QW. the parameters of Ref. 7 were used.

Thus, conduction band spin states will be represented as

|e*(N,m)), where the+ and — states are for the main spin [l. RAMAN-SCATTERING CROSS SECTION

orientation ( and]) at the limit of zero magnetic field. , . .
In the case of narrow-gap structures, the coupling of states Magneto-Raman configurations allow for the selective ac-

with different spin orientation is strongly enhanced by thet'vation of single-particle(in the Faraday configuratioror

proximity of the conduction and valence bands. The inter_collective density excitationgin the Voigt configuration

band coupling induces indirectly an intraband mixing of theThe nature of these excitations is strongly dependent on the

conduction spin levels. The electronic states can be approxl‘—andau level filling factor and the scattering geometry. The

mately described as a linear combination of the different Spaz_angular dependence of the scattering process with respect to

tial parity functionsf&e" and °9¢ and the spinorge! ) and the external applied magnetic fieR}, enables us to achieve
lel). In the first co:"nduction Isubband with=1 the spin- conditions to study spin-flip Raman scattering, electronic an-

: . . isotropic effects, and plasma oscillations of a quasi-two-
split states with the same Landau levéican be described i\ ongional electron gas. The calculation of the Raman-
approximately by the wave functions

scattering cross section in the non resonant regime, (
<Eg,w_ being the frequency of the incident light akg the
le*(N,1))~f@NY|et) + f29YN+1)|e]) e subspacel, effective energy gapis based on the study of the dielectric
2 response of the narrow-gap QW’s in magnetic fi¢kfS The
differential scattering cross section for an inelastic scattering
process is proportional to the dynamic structure factor given

Magnetic Field (Tesla)

le”(N,1))~f9N—1)[e)+FZNY|e]) in terms of the response functign,(q, w),
e subspace Il. (3 PRo wg) 2
o pger,

In the following the subband indesn=1 will be dropped

since we study transitions in the first conduction subbandwhere ws is the frequency of the scattered light,=w
Notice that we have renumbered the Landau level index of ws the Raman shift, and=k_— ks the momentum trans-
the statde*(N)) as to begin fronN=0. Both state¢2) and  fer from the incident light to the elementary excitations. The
(3) belonging to the first subband have prominent even comresponse function of the single-particle excitatiCBBE’S is
ponentsfi“en and fg”en, respective|y, which are shown in given by the irreducible polarlzablllty of the electron gas,
Fig. 1 as a function of magnetic field. The intersubband cou-
pling of states with different spatial parity induces a strong [(e*(N")|e'9"|ef(N))|?

interference, leading to relaxation of the spin-selection rules Xo(Q, @)= E E9N)—EA(N)—7

(AS=0). Notice, in Fig. 1, that the components with even Naing BHND —EAN) = 7o

parity of both|e*(N)) and|e™(N)) states are strong at low X[fo(a,N")—fo(B,N)], (5)
fields. At high fields, however, the influence of components

with odd parity is considerably strong, leading to the mixingwherea andg stand for the spin orientationn andf,(a,N)

of spinors of different spin orientation. This effect, inducedis the Fermi distribution function. In Eg5), |e*(N)) and

by the intersubband coupling, is tuned by the proximity of E*(N) are the eigenstate and eigenvalue, respectively, of an
states of different conduction subbands. electron in theN th Landau level of the first subband, ob-
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tained from the &8 Kane-Weiler Hamiltonian modélin [ ' ' 0
. ST (a) 18
turn, the charge-density response function is given by v=2.0 P,

[ CDE \\
_ Xo(0, @) /

- e(qo)’ ©

XD(q!w)

wheree(q,w) is the dielectric function. Within the random-
phase approximation, it is given bye(q,w)=1
—(47€IVP®) xo(a, ).

The above formalism, based on the random-phase ap-
proximation, has provided a good description of the Raman
line shap&* and other properties of two-dimensional electron
gas’® Note that the exchange interaction is not taken into
account in the above formalisti This is an important issue
when we consider the system in the quantum Hall regime but
it is not relevant for our quantitative analysis of the selection
rules relaxation of the ERS. Nevertheless, corrections to the
mode dispersion induced by the exchange interaction can be
included later through the self-energy renormalization of the , ,
uncoupled electronic staté$. 30 40 50 60 70

In this formalism the spatial confinement effect is in- :
cluded within the wave functions and eigenenergies. To de- Raman Shift (meV)
scribe the Raman process, we choose the backscattering ge-FiG. 2. Electronic magneto-Raman cross section for a
ometry so that the total momentum transtes (#7/c)(w, Hg;_,Cd,Te/CdTek=0.2) QW of width 100 A atB,=10 T and
+wg) from the light to the internal excitation is maximum, #w, =100 meV for 2.5% §<18°: (a) charge density excitations,
where the refractive index has been taken ag=2.7.1" The  (b) single-particle excitations.

Landau level filling is characterized by the factor

=2m\°n,p, where = J#ic/eB, is the magnetic length and pends on the strength of the coupling with higher subbands.
n,p is the two-dimensional density of electrorfor By This interpretation is supported by the effective mass calcu-
=10 T, v=1 corresponds t0,p=2.4x 10" cm™?). lation reported in Ref. 6.

Due to the strong anisotropy, induced by the spatial con-
finement and by the magnetic field, the response function of ||| RELAXATION OF THE ERS SELECTION RULES
the system is very sensitive to the anglef the total internal
momentumq with respect to the growth direction of the  Two limit cases are pointed as the most relevant ones. The
sample. The dependence on the anglés implicit in the  first one is the scattering process shown in Fi@) 3or the
values of the longitudinal and transversal components of thé1coming light along the QW growth directiofthe Faraday
total momentum;=gq cosé and g, =g siné. Notice that, ~configuration #=0°, q=q and q, =0). The other one,
despite the common use, we have assigneparallel to the ~ Shown in Figs. &) and 3c), corresponds to transversal in-
QW growth direction(taken as the direction and labeled —cidence (the Voigt configuration,6=90°, g, =q and q|

the transverse momentum perpendicular to thedirection ~ =0). The reason for the selective excitation of different
(parallel to the well interfaces modes lies on the anisotropic electronic structure and the

An important effect on the inelastic response of a quasitelaxation of intraband transition selection rules due to inter-
two-dimensional electron gas is the appearance of spectfs@ndau-level coupling.
associated with spin-dependent or spin-flip transitions. In Let us analyze in detail the selection rules for intraband
Fig. 2 we illustrate the spectra due to the SPE and th&ansitions. In the case of spin conservation, the transition
charge-density excitatiof €DE’s) for different values ofg. ~ matrix element is given by
The peak position of the CDE®abeled byP,) is very sen- )
sitive to the transverse scattering wave vedoraccording (€' (N")[e'%"|e"(N))~i(f{"*"(z)|cosq)z|f3"*"(2))

Raman Cross-Section (arb. units)

to the plasmon dispersion relation, while the peak positions Al

of the SPE isf independent. The double-peak structuBe, X(N'[e-7IN)(et|eT)

andB, in Fig. 2b), is exclusively related to the interband +i<f‘idd(z)|cosq”z|fgdd(z)>

and interlevel coupling effects reflecting a spin dependénce ,

of the carrier effective mass. Each pek corresponds to X(N'+1[e' 9PN+ 1)(e||e]).
transitions between the stat@es (0)) and|e* (1)), while B, @

indicates transitions betwe¢a (0)) and|e™(1)). The rela- ‘
tive shift of the position of these two peaks is due to differentThe matrix elemente™(N’)|e'%"|e”(N)) can be obtained
effective mass renormalization of each spin level, which deanalogously.
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LY CI T I(a) Longitudinal interactions represented by E(®.and(8) are

intermediary excitations in Raman-scattering processes.

By analyzing the dependence of the imaginary part of the
polarizability on Q=\q, /v/2 in the limit Q—0 one can
obtain the selection rules corresponding to the configuration
with #—0°. In this limit,’

IMxo(g,w)<(e* )(N")]| el e ()(N))

Raman Cross-section (arb. units)

B v=4.0 i
v=3.5
v=3.0 1 2 ’
1 ! J_/\‘L v=2.5 OceiQ 2 (QZ)lN*N 71‘, (9)
10 20 30 40 50 60 N,N’

Raman Shift (meV) for the spin-flip transitions, and

Imxo(g,w)x(e" )(N")|e e (T(N))

e QY (@Y, (10)

N,N’

for transitions conserving spin.

According to Eq(9), the inter-Landau-level spin-flip tran-
sitions within the first subbandAN=N—-N’'=1) are al-
lowed in the limitQ—0. However, the transitions with spin
conservation(for which AN#0) are forbidden since Eq.
(10) results in

lim [Imxo(q,®)]=0. 11)
Q—0

Therefore, in the Faraday configurationcgs= 0, the Raman
spectrum describes the SPE with spin-flip transitions only.
Hence, the magneto-Raman spectra in the Faraday con-
figuration (¢—0°) shown in Fig. 8) allow for the spin-flip-
like inter-Landau-level transitionge™(N))—|e™(N+1))
(labeled byC; ,i=1 and 2), being of a single-particle nature,
as indicated by the matrix elements in E®), while the
inter-Landau-level transitions with spin conservation,
|e*(N))—|e*(N+1)), are forbidden.
Raman Shift (meV) For 6>0°, both the SPE and CDE contribute to the cross
) ) section but the strongest contributions are related to the inter-
FIG. 3. Electronic magneto-Raman cross section for a 5qau-level transitiontei(N))—>|et(N+1)). In the limit
Hg, ,Cd,Te/CdTeq=0.2) QW atBo=10 T, 1w, =100 meV, and  y_qqge  these are the uniquely allowed transiti¢is and
::f;(rce)ntaf:ulgg% f(e;cgoars.(a) for §=0° (SPB, (b) for 6=90° (CDE), B; as shown in Figs. ®) and 3c)]. Each of these peaks
' corresponds to one excitation mode starting always at one

integer value of the filling factor and being effective within a
In the framework of a parabolic Hamiltonian model, the g g g

rangeAv=3.
electronic transitions induced by the interaction with longi- Ag\]cco]r}ding to Eq.(8), the spin-flip intra- [|e*(N))

tudinal polarization wave must fulfill the spin-selection rule —.[e"(N))] and inter-Landau-level transitionge®(N)}
AS:'O. Hoyvever, the mixing_of c_:omponents. yvith different —.|e"(N+1)) [see peak<; in Fig. 3a)] are forbidden in
spatial parity can |nd|;|ce spln:fllp-l|ke .transmons betweenthe limit #=90° since these processes are effective only for
the O(St.hogonall staltdsa ) adnd|e ). In thllshcasg,. thg corrs- finite values of the longitudinal momentufwith singz#0;
sponding matrix element does not vanish and is given by see Eq.(8)]. Moreover, the excitation strength dependence
g . even ) odd on the anglel is directly related to the transverse wave vec-
(e"(N")[e'¥"|e” (N))~i(f{"*"(2)|sinq)z|137(2)) tor modulation of the polarizability function, which makes it
' a1aid,p also sensitive to the incident light energy.
X(N'—1[efr|N)(etef) As a result of the strong intersubband coupling, the elec-

Raman Cross-Section (arb. units)

+i(f3%%2)|singz|f5°"(2)) tronic properties, such as the effective Laridetor
><(N’|eiqu|N+1)(ei|el). E*(N,Bg)—E " (N,By)
g(N,Bg)=
(8) meBo
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B,=10 Tesla the abrupt Landdactor dependence on the Landau level,
——T——T— d(N,Bg). In turn, the modesB;, induced by the inter-
B, Landau-level excitations with spin conservation, have their
0 r—— path as indicated in Fig. 4. Such a path is dictated by the
B, ] dependence of the effective mass on the Landau level index
01 and the spin orientation, i.em, (N,By).
1ot The above discussion leads to two important iss(gs:

- B, ] the Landeg factor can be determined from the Raman-

B, | scattering peak position due to the SPE in the Faraday con-
30 | figuration, and(ii) the inverse of the cyclotron mass can be
obtained in the Voigt configuration when the plasmon oscil-
lations are switched on. Hence, the Raman spectra due to the
20 | A | SPE and CDE provide us all the necessary information to
L 007 describe the electronic structure of the conduction subbands
- 1 in a narrow-gap semiconductor QW.

Excitation Energy (meV)

10 - 11

IV. CONCLUSIONS

The principal advantage of a realistic treatment of the
PR T T N S complex band structure is that furnishes coherent and com-
prehensive grounds for the study of the optical properties
preventing more complex theoretical models. We have
proved that by taking the appropriate interband coupling into
account and in the limit case of low transverse momentum or
6—0°, the scattering mediated by spin-flip transitions is the
leading process. This may help to understand several experi-
mental observations as well as the nature of the spin-flip

Filling Factor

FIG. 4. Excitation stairs as a function of the filling facterfor
Bo=10 T. The transitions are labeled BE N2

and the effective cyclotron mass

Raman scattering processes in quasi-two dimensional elec-

. heByl/c . o
mg (N,Bg)=— - , tron plasmas in the presence of a magnetic field. Another
E“(N+1,Bg)—E~(N,By) important fact is that the results presented in this work are

Hnambiguously linked to the complex band structure of the
narrow-gap systems and can be used to determine their elec-
tronic band structure dependence on the Landau level index
and magnetic field. It is also shown that integer Landau fill-
Tg‘r‘;f\g factors can be associated with the limit cases where the
o picture of the excitation spectrum changes drastically as in-
to note that the appearance or not of the excitation peaks Iﬁicated in Fig. 4 as the re?sult of the intgrlevel couplir%g. We

Figs. 38 and 3c) follows the path shown in Fig. 4. Thus, have shown that the ERS and thx 8 Kane-Weiler formal-

xﬁ can a?t?%ni uilazmblaléo%stly fthr? d|{fe;ﬁntrSPE t?veak%m will be very helpful to understand the nature of the op-
ose position is independent of angleto the respective tical interlevel transitions, such as the spin-flip ones, and the

inter- or intra-Landau-level transitions. If we look at the de- effects of the interlevel coupling on the energy band shape
pgndence Of. the excitation energy on the f||||_ng_ factom . The obtained results are a compelling evidence of the inter-
Fig. 4, we find that each mode is active within a certalnband coupling effects on the nonresonant electronic

range of values .()f" An_ an.alogous.apalygs can be done formagneto—Raman scattering in narrow-gap semiconductor
the charge-density excitations for finite values of the amgle QW structures

The modesA; in Fig. 4 are related to the intra-Landau-
level transitions|e™(N))—|e™(N)) with spin flip. These
modes are active for€ 6<90° in a range of two consecu-

tive even values of the filling factor as shown in Fig. 4 The authors acknowledge FAPESP and CNB@zil) for
with Av=2. Moreover, the stairlike path is commanded by financial support.

become strongly dependent on the magnetic field strengt
By, Landau level indexN, and spin orientation. Such a
strong dependence 0B, and v appears explicitly in the

function given by Eq(5) and shown in Fig. 4. It is important
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