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Role of excitons in double Raman resonances in GaAs quantum wells
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Raman scattering by longitudinal-optical phonons has been measured in GaAs-AlAs multiple quantum wells
at high magnetic fields. Doubly resonant scattering processes are observed at photon energies corresponding to
magneto-excitons with different principal quantum numbers for the incoming and outgoing channels. The
existence of these initially forbidden scattering processes, their resonance energies, and their relative intensities
are correctly reproduced by our theoretical description. The model takes into account the excitonic nature of
the intermediate states, as well as scattering processes involving a nonzero in-plane phonon wave vector, which
is required to allow inter-Landau level scattering of the exciton.

[. INTRODUCTION dau levels(LL's) whose energies are directly proportional to
the field. It is then possible to meet DRRS conditions by
Inelastic light scattering in two-dimension&D) semi-  matching the LL separation to the LO phonon energy.
conductor systems has been widely and successfully used Magnetic-field-induced DRRS have been observed in bulk
the last years to probe their vibrational properties and elecGaAs2° which are correctly interpreted in terms of hole scat-
tronic excitations-?> When the energy of the incident or the tering with all the electronic states involved belonging to the
scattered light equals some real transition of the system, same LL! In 2D the situation is more controversial: the
resonant enhancement of the scattering cross section, knovexperimental results on GaAs-AlAs multiple quantum wells
as incoming and outgoing resonances, respectively, oécurgeported up to 13 TRef. 8 show that the incoming and
Their study gives valuable information on the electronicoutgoing channels of the DRRS process belong to different
structure of semiconductor quantum wel@W’s) and super-  LLs. This process is forbidden in the independent electron-
lattices. Resonant Raman scatteriiRRS by longitudinal-  hole pair picture, so that excitons were suggested as the in-
optical (LO) phonons in 2D systems is generally strongertermediate states in the scattering process. Furthermore, cal-
than in bulk materials due to the enhanced excitonic eﬁect§u|ations on the absolute magneto_Raman Cross SeéﬁonS,
in 2D. RRS profiles in 2D can be tailored in specific ways excluding excitonic effectsut taking explicitly into account
due to changes in the electronic structure of the system by, 2p valence-band structure, did not reproduce either the

quantum confinement or by externa_l field_s. Tnis fle_xibility experimental energy positions of the different DRRS struc-
allows us to obtain energy level configurations in which WOy \res or their polarization selection rules.

electronic transitions of zero wave vector are separated by In this paper we present experimental and theoretical re-

the LO phonon energy. If a scattering process is allowed Ir%ults to overcome the actual controversy. Measurements have

these conditions, it will be simultaneously resonant for in- . N ’
coming and outgoing channels. These doubly resonant Rel?_een done at high magnetic fiefisyhich reveal DRRS

man scatterindDRRS processes are observed as a stron eaks involv_ing_ different LL's. They correspond to_energies
enhancement of the scattering intensity. This enhancement f§'d magnetic fields expected from the extrapolation of the
due to the simultaneous vanishing of the two energy denomiI-OW'f'eld result The RRS intensity has been also calculated
nators appearing in the third-order perturbation theory exaS @ function of magnetic field for different light polariza-
observed in bulk GaA¢Ref. 4 using uniaxial stress to split count for inter-LL scattering of excitons a finite in-plane
the heavy holéhh) and light hole(lh) valence states by the Wave vector is required in our model to break the selection
LO phonon energy. In 2D semiconductor systems DRRSules. In our experimental conditions it can be provided by
conditions have been met by a careful control of theinterface roughness.
confinement® or applying external electricor magnetié-® Under these assumptions, we find an excellent agreement
fields. between the theoretical and experimental results on the val-
In a magnetic field the electronic states form discrete Lanues of the magnetic field and photon energies at which
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1.68 . : : : taxy. The width of wells and barriers is 100 A. More details
(a) on sample preparation and characterization are given in Refs.
o o a 8 and 9. RRS experiments have been done in a bitter-coil
1.66 |- 1 20-T magnet. The spectra were excited with a Ti-sapphire
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tunable laser and recorded with a triple spectrometer with
multichannel detection. Polarization selection rules were
studied using light circularly polarized by an achromatic

N4 plate. The light was focused on and collected from the
sample by a single lens of 3-mm focal length. At the highest
fields, the Faraday rotation occurring at the lens produces
some polarization mixing that prevents the observation of
clear selection rules. All the measurements were performed
at temperatures ranging from 2 to 4 K.

Ill. THEORETICAL MODEL

A magnetic field parallel to the QW growth directiom (

0 S 19 %5 axis quantizes the electronic motion completely, changing
Magnetic Field (T) the density of states and breaking the degeneracy of the QW
1.68 : : : : subbands into Landau levels. This zero-dimensional density
of states strongly increases the efficiency of the Raman

+ _+ (b) process> The Raman scattering efficiency per unit crystal

166 0 O 1h2 length and solid angle for the emission of one phonon is
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related to the probability amplitude of the proced4;, , by
the expression

ds wngnsm \ > 2
do - (2mZ* (ﬁwL)ZIWFl(wSaeS;wLveL)|2

X [N(wg)+1], &

where o (s, 7.(s), and éL(S) are the angular frequency,

o]
) o°°°°°°°° refractive index, and polarization wave vector of the incident
1.56 I 1 ! I 1 7] (scatteregl photon. The last term, which includes the Bose-
0 5 10 15 20 25 Einstein phonon occupation factan(w,), represents the

FIG. 1. Energy transitions as a function of magnetic field mea-
sured by PLE for(@) ¢~ and (b) o* polarization configurations.
Circles correspond to transitions related to the hh and triangles al

related to the Ih.

DRRS occur, as well as on their polarization dependence and

Magnetic Field (T)

relative intensities.
The paper is organized as follows: Section Il gives a brief

number of phonons with frequeney, present in the crystal
at a given temperature.

For a one-phonon emission process, keeping only the
most resonant term, we can use third-order perturbation
r'[(Qeory to write the scattering amplitude as

(O|Herl B)(BIH e a)(alHerlO)

We :;B (wg—Egtilg) (o, —E,+il,)" @

description of the experimental setup. In Sec. Il the theoreti- ) ) ) o )
cal model for the Raman scattering efficiency is developed¥here @) (|8)) is the intermediate excitonic states with
After calculating the energy levels of electron-hole pairs in a88N€r9YEa(g and lifetime broadenind’ (s . The Hamilto-
magnetic field a magneto-excitonic model, including Cou-Nans Her and Hep describe the exciton-radiation and
lomb interaction up to second order in perturbation theory, i€XCiton-phonon interactions, respectively.
used to calculate the Raman scattering efficiency. The ex- 10 evaluate Eq.(2), the following steps will be per-
perimental results and the discussion under the light of théormed: (i) we determine the energy levels adjusting the ef-
previously developed model is given in Sec. IV, while Sec. VI€ctive masses angl factors to the experimental values by a
summarizes the main results of the work. 4X 4 Luttinger Hamiltonian(ii) Using the previously deter-
mined parameters, we construct realistic wave functions in a
parabolic approximation including Coulomb interactidiii.)
Finally, we use these wave functions to compute electron-
The samples studied are GaAs-AlAs multiple quantumphonon and electron-radiation matrix elements and deter-
wells grown in the(001) direction by molecular-beam epi- mine the Raman scattering efficiency.

Il. EXPERIMENTAL DETAILS
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A. Energy levels in a magnetic field TABLE |. Parameters used in the calculation of the Landau levels
Figures 1a) and Xb) show the positions of the transition and Raman scattering efficiency in GaAs/AlAs QW's.

energies as a function of the magnetic field measured by Parameters Values Reference
photoluminescence excitatigRPLE). Circles indicate transi-
tions and are identified as having heavy h@id) character fwg(GaAs 1.520 ev 17
and triangles as those of light holth) character. We have #@g(AlAS) 3.13ev 17
used a previously developed modBlef. 14 to obtain infor- T’ 1 meV
mation about the parameters describing the electronic bands 92 A
in the sampldeffective masses, energy levels apéhctory.  m§ 0.067m, k-p calculation(Ref. 15
The proximity of the energy subbands in the valence-bang" 0.34m, 14
edge of diamond and zinc-blende-type semiconductorg 0.094m, K-p calculation(Ref. 19
changes. the simple p|ctur_e of regularly spgced Landau Ievm)e; 0.076mn, From Fig. 1
els, leading to states of mixed heavy- and light-hole charac- nx 0.059m - - .

: : : Xy . o k- p calculation(Ref. 14
ter. This has been taken into account by using>a44Lut- h IS _
tinger Hamiltonian for the hh and 1h subbands. The*x 0.08M, k-p calculation(Ref. 14
conduction band has been taken to be parabolic but anisd4 71 18
tropic, with an electron mass that depends on the QW sub¥: 21 18
band energy, as explained in Ref. 15. In order to obtain thes 2.9 18
band parameters correctly, we have taken into account, in & 1.2 17
simple way, the influence of the electron-hole Coulomb in-Aw o 37 meV 14
teraction on the interband magneto-optical transitions. Wdand
have used a two-dimensional excitonic model for the bindingffse(%) 0.70 14
energyEg, describing the partial confinement of the exciton D 0.7 From Fig. 1
in the QW by introducing a dimensionality parame@r gf 6.2 k-p calculation(Ref. 14
(Ref. 18: g —-12.6 k-p calculation(Ref. 14

heB 1/2

=~ 2.0 Bht1/9)
Fe 3D[4,uxyR(n+1/2)

R, 3 with our model of magnetoexcitons, we will describe the
valence band within a parabolic model.

where R= uf €%/2%i%? is the effective Rydbergg the di-
electric constant of the GaAs layer, anQqu B. Eigenstates: Effect of Coulomb interaction

=_m'x‘ym§y/(m2y+ mj,) the exciton in-plane reduced mass, To take profit of the cylindrical symmetry of the QW
v_v|th h=hh, Ih for heavy-hole or light-hole excitons, respec- system, we express the position of the elecifianie) in cy-
tively. n represents the Landau quantum number. The Va'“ﬁndrical coordinates F(e Zem), and write the vector po-
of the parameteD changes from 1/4 for a three-dimensional ;.. : reh) nfe(h)ly 2L :
: ; . tential associated to the magnetic field in the symmetric
exciton to 1 for a two-dimensional system, and has bee auge:
taken to be the same for heavy-hole and light-hole states fo
the sake of simplicity. In this way, the ground and excited
states of hh and |h excitons are simultaneously fitted with A=
only two free parameters: the in-plane electron effective

massm;, and the dimensionality paramet@r The energies i o
Using the gauge transformation introduced by Yang and

of the electron-hole transitions obtained within this harmt® ite th ) "
approximatioﬁz are represented in Figs(al and b) with S am,” we can write the ex_C|t0n Hamiltonian and wave
functions in terms of the relative and center-of-mass motion

full and dashed lines for the hh and Ih levels, respectively. -e e
The valence-band factors are now easily obtained from the of the electron-hole pair in the-y plane:r=r,—r, and
energy difference between corresponding levels of the tw&R=(m$ ro+my,ry,)/(mS,+mf). In the dipole approxima-
spin orientations represented in Figgéa)land Xb). The in-  tion the wave vector of the center-of-mass motion of the
plane electron effective masmiy), the dimensionality pa- exciton vanishes, and the Hamiltonian of the magneto-
rameterD, and theg factors obtained from the fitting are exciton in the QW is given by

summarized in Table I. These parameters coincide with those

BXr. (4)

N| -

reported in Ref. 14 for a similar sample. h A2 9 1 4 h?

_Besides changing the effective masses aufctors of the Hexe= = % 920 M 92, tV(ze)— o 2, 0 7z +V(zp)
different heavy- and light-hole states, the effect of valence-
band mixing is to give rise to new transitions involving LL's #2190/ o % 1 92
V\{iFh different indices. The oscillator strengths of the_se tran- - _h_ZMX Toar\Tar T _h_ZMX 12 9¢7
sitions are much smaller than the ones corresponding to the y y
levels shown in Figs. (&) and ib) and they have been omit- 1 uh 9 N (wh)?

... 1920 . /‘ny h :“xy C 2

ted for clarity.”“"As the transitions have not been observed + Eﬁ ;h_wc% + Tr +Ve(r,ze—zy),

in the experiments, we will also neglect them in the calcula-
tion of the Raman scattering efficiency. In order to go further (5)
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wherew{}:eB/,u)'}y is the cyclotron frequency of the exciton To calculate the exciton eigenfunctions and eigenvectors we
and Mﬁ:mgymiy/(mgy_ mg,). This Hamiltonian can be use perturbation theory up to second order for the Coulomb
written as a sum of three contributions: terms:

] 0 0
Hexe=Howt He+ Ve(r,ze—zp). (6) E vt =By oy na H{(Pn Vel Pr )

How corresponds to the first four terms and represents the
motion along thez axis, including the QW confining poten- + E
tial in the conduction and valence bandi; describes the n’#n
motion in thexy plane and the interaction with the magnetic
field. The last termV(r,z.—z,), is the electron-hole Cou- <q)0, V| ®° D
lomb interaction. The exact eigenvalues of the Hamiltonian  ®2)=®2 + > % 2, |
including magnetic field, band mixing effects, and Coulomb ' "oz Eni—Egg '
interaction are very difficult to obtain, and different approxi- 0 0 0 0
mations have been considered, depending on the characteris- (@ Vel P K@ [VelPr )
tics of the system under study and the relative importance of * 2 (% —E°, )(E° —EY, ) 'l
the magnetic field and Coulomb effecfs? -2 non b TR
We will take into account the confinement of the excitonic
movement along the quantum well direction and neglect the (12)

z dependence of the Coulomb potential, writing where we have omitted the indices and v, in the expres-
) sion of the unperturbed energies, because the two-
Vo= — & @) dimensional Coulomb interaction does not connect the dif-
¢ ferent QW subbands. As a consequence of the Coulomb

er’
With thi imation th o idered to b interaction the different Landau levels get mixed, and their
ith this approximation the exciton Is considered t0 be COM< o gias decrease by an amount that is proportional to the

pletely confined in the QW. This interaction will be treated assquare root of the magnetic field. The only wave functions

a perturbation to the motion of the electron-hole pair undefaeqeq 1o evaluate the scattering efficiency are those with
the magnetic field. It is justified for high enough magnetic| _ o [see Eqs(15) and(16) below]. In this case, the matrix

fields, that is, when the cyclotron radius is smaller than tha&lements of the Coulomb interaction in Ea2) are given b
of the exciton(around 8 T for GaAs and becomes better for the following analytical expression: H62) 9 Y

excited excitonic states. We can then separate the motion in
the growth and in-plane directions and factorize the excitoq¢go|vc|¢%o>

0
(@, [Vel®n )2
0
Eg,l_En',I

: 11

n"#n

function: o o
o :<q)m,O|VC|q)n,O>
lﬁ(r,Zh 'Ze): ¢Ve(ze)¢v';(zh)q)n’|(rl¢)! (8) 2 n i .
e (| 1 Ii+12r(1/2+m—i)
where qsye(h)(ze(h)) represents the confinement of the elec- J2rei0 (1) i/it  T(m+1)[(1/2—i) '

tron (hole) by the QW conductiorivalence band profile cor-

responding to thevth quantized subband. The function (13
@2’, is a simultaneous eigenfunction of the magnetic fieldwith n<m. The set of wave functions obtained by Ef2)
Hamiltonian, Hg, and the angular momentum operator is not orthogonal. Thus, we have orthogonalized them using
L=—i%ald¢, with eigenvalug:l, and describes the relative the Gramm-Smith method, which gives us the final wave
in-plane motion of the electron-hole pair in the magneticfunctions®,, | as a combination obffﬂ. However, since the
field with quantum numbersandn. In polar coordinates it ®{?) functions are linear combinations of the unperturbed
can be written &S <1>ff|)’s, the final result can be more conveniently written as

[ (n+]l])! 1 . _
q’2,|: Nl (20 2)F 1 We”¢r“'e rim? (Dn,FZn: Cn,mq)gw,l' (14

To obtain the Raman scattering efficiency, we need to
calculate the matrix elements of the interaction Hamiltonians

that appear in the definition of the scattering amplitude Eq.
where A=+v#A/eB is the magnetic length and (2).

M(—n,|l|+1x) represents the confluent hypergeometric

function. S C. Matrix elements
The energy of the free electron-hole pair is given as a

function of four quantum numbers,, v,, n, andl:

X R
M "2\

r2
—n,|l[+1 ) (9)

The exciton-radiation matrix element is given by

h e[2mh\? .
|||+1 My -

N+ ——— 21|, m
mo

(.')772

(€ Pey,) oy 0, Pni(0), (15

0 _ h
ES . =B, +E, +Egthol

2

(100 where the exciton function evaluatedrat 0 is given by
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1 QW subbands, andv,,, respectively. Therefore, only exci-
D, (r=0)=—9, 02 Cnm (16 tons with zero angular momentum and with conduction and
’ V2mn ’ valence QW subbands corresponding to the same parity will
and f,_ , =(&,(z)|¢, (2))) is the overlap integral be- contribute to the Raman spectra. o
tween the envelope functions of the conduction and valence 'N€ €lectron-phonon matrix element is given by

N

(BlHeda)=(h12 2, 3 Vorowate Mex, g, (20— By g (2} @), (17)
Oxy V'

wherewgz wfo—ﬁ§q2 represents the phonon dispersion in the @B4/js a constant with units of velocity, ang, 5 the LO
phonon bulk frequency. The phonon wave vector has been separated in two components:
9*=a%,+aZ, (18

where the component along the growth direction is quantized and is givep=bg=/d, wherep is an integer andl is the
width of the quantum well. The consta@t is defined as

) Aras\ 12
CF: - |h(1)|_o —VO f (19)
e2 1 1 % 1/2
a= ZﬁwLo/(;_ &0/’ /:(szwLO) ' 20

wheree,, ande( are the optical and static dielectric constants, respectively.

In a 1LO Raman process mediated by théhfiah interaction, only even phonon modes are excited ana thependence
of the Frdnlich Hamiltonian is given by
e%y’sin(qy,d/2), z<-d/2
(—1)P2cogpr/d)z—e” %¥%coqqy,d/2), —d/2<z<d/2
e~ %y’sin(q,,d/2), di2<z.

Xpiyy (D)= (21)

The functionXp,aXy(z) is taken from the expression given by Trallero-Giner and Com&s.
Using the obtained wave functions and energies, the probability amplitude of the scattering fEoc€&®g can be written

as
N - > > 4e2fL CF 1 wLo
W= X (€5 Pes,) (€L Pe,) N\
Fl e S pCUh L pth ng mﬂs’)ﬂ_d q wq
h h
. 9o (D o (= An) =Gy oy (@ 1 (—Te)
oM om0, T T (o — By g ot 1) 22
|
where ey = gy, My /(mg,+mj), the functiong,,,(q) is For simplicity, we have used a constant lifetime broaden-
the electron-phonon interaction matrix element in the growtting parameted’. The dependence of the matrix elements
direction, defined as I:'n,(qg) on the dimensionless produstdy, is shown in

Figs. 4a) and Zb) for the transitionsn=0—n=1 and

i n=0—n=2, respectively. Excitons of two types have been
gy,w(Q)=Ef_x¢V(Z)Xp,&xy(z)¢v'(z)dz- (23)  consideredh=Ih (full and dashed-dotted linesind h=hh
(dashed and dotted linedn each case the phonon can be
scattered either by the holé£{h, shown in full and dashed
lines) or by the electron {=e in dashed-dotted and dotted
lines). The functions start from zero and present oscillations
as \dyy increases. Due to the smaller in-plane mass of the
electron, the matrix elements faf=e present a smooth
variation withAq,,. On the other hand, when the phonon is

and| ﬂ,nf(%) represents the in-plane exciton-phonon interac
tion:

I (8= f P g~ TD], (. (24)
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oa hoy=1.619 &V
B=18 T

Matrix elements
|
=}
=
)

-0.3

1 1
00 05 10 15 20 00 05 10 15 20
qu?\ qu~)\

Raman Intensity (arb. units)

FIG. 2. In-plane part of the exciton-phonon interaction as a
function ofqgy,\. (a) corresponds to the=0 ton=1 and(b) to the 280 290' 300' ' '3'10
n=0 to n=2 transitions. The different curves refer to Ih or hh Raman Shift (cm"l)
excitons and scattering events occurring in the valeideehh, Ih)
or conduction {=e) bands.

FIG. 4. Raman spectra, taken with a laser energy of 1.619 eV,
r different magnetic fields. The sequence corresponds to a double
sonance with Ihl and IhO as incoming and outgoing channels,
respectively.

emitted by the hole, the oscillations have a maximum arounéz
AQy,=1. This is the value for which the matrix elements
give the most important contribution to the probability am-

plitude. h.
Finally, the Raman scattering efficiency, Hd), can be 2"d the constarsy:
written as " ,
h: E,U_Sa e (é*._) )(é ._’ )
dS ws(/ 2o 1 S e 2 - oL Y] mchles S Pev, (€L Pey,)-
aQ w_L d w_q /2q2 et S ) (25 (27

’
v,V

where, to simplify the expression, we have defined the func- IV. RESULTS AND DISCUSSION

tion ©: Figure 3 shows the measured Raman spectra for a mag-
netic field of 18 T in theo" o* polarization configuration.
®=f,,e,Vhf,,e,vvh,)\QD'r]‘oxd):,'wao The different traces correspond to energies around the out-
o . going resonance condition involving the ground Ih sfaie
Gug v (D 0 (= An) =Gy oy (@) 1 (= Qe) ergies labeled Ih®1LO, plotted with a thick line in Fig.

X - —, 1(b)]. The GaAs LO phonon is seen on top of a broad back-
(hos=Ey b, not D) (oL =B, 0 o) ground corresponding to the photoluminescence of the |h0
(26) state. The resonant behavior of the phonon peak is clearly

illustrated as the incoming laser energy changes around

S 1.619 eV, its intensity decreasing for energies lower and
+ o+ higher than this value. The double resonant character of this
g o hw;=1.619eV intensity enhancement is demonstrated in Fig. 4, where we
have represented the same kind of spectra as in Fig. 3, but

1.618eV B=18T ) S .
keeping this time the laser energy constant and changing the
magnetic field from 14.5 to 18 T. As can be seen in Fig),1

h the energy of the IhO state remains practically constant for

16176V § 1.621eV 9y p y

1 this field range, and the outgoing resonance is satisfied for
il ! every value of the magnetic field. However, Fig. 4 reveals a

strong dependence of the intensity of the resonance when the
magnetic field is changed, that is, when the laser energy
(thick line in Fig. 1 crosses the Ihl energy transition. This

Raman Intensity (arb. units)

IR B response confirms that the Raman peak corresponds to a
o P R double resonance, with the Ih1 state as incoming channel and
1.5 585 1.590 In0O as outgoing. The same behavior is reproduced when the
Energy (eV) magnetic field and laser energy are simultaneously tuned

with the |h2 state as incoming channel and 1hO as outgoing.
FIG. 3. Raman spectra taken at 18 T drf o* polarizaton ~ Similar double resonant enhancements are also observed, for
configuration for different incident laser energies. The energies anthe appropriate values of energy and magnetic field, for the
the magnetic field are chosen to be in the proximity of a doubleother polarization configuration.
resonance with Ih1 and Ih0 as incoming and outgoing channels, In order to study the double resonant behavior as a func-
respectively. tion of the magnetic field we have proceeded in the follow-
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0

| ]
5 10 15 20

Magnetic Field (T)

ration. Their observation indicates that the electron-phonon
interaction is responsible for an arbitrary change in the mag-
netoexciton principal quantum numbers. This implies that the
Frohlich interaction allows for scattering between states of
the same subband withn+0.

Previous attempts to explain these double resonances by
means of a free electron-hole pair model did not reproduce
the experimental values of both position and intensity of the
double resonances. Therefore, we have used in this work an
excitonic model to obtain the correct energy transitions.
However, in strict backscattering configuration the wave-
vector conservation allows only phonons wih,=0 to be
excited. In this situation the exciton-phonon interaction is not
able to connect different excitonic states, since they are mu-
tually orthogonal. Thus we must allow for scattering by
phonons with a nonzero in-plane phonon wave vector, which
can be attributed to interface roughné& our calculations

we have taken an effective value gf, of the order of the
inverse of the exciton radius.

The Raman scattering efficiency calculated with this
model is represented in Figs(a and 5b) (solid lineg for
both parallel circular polarization configurations. The result
is shown under the experimental points for comparison. The
excellent agreement between theory and experiments demon-
strates the adequacy of our theoretical model and the neces-
sity of including excitonic effects, as well asnonconserva-
tion, for a correct description of the observed double
resonances.

dsS/dQ (arb. units)
I I
; | q
=2
N
| 1

1 1
0 5 10 15 20
Magnetic Field (T)
FIG. 5. Raman scattering efficiency as a function of magnetic V. CONCLUSIONS

field for (a) o~ o~ and(b) o"o* parallel polarization configura- ) ) )
tions in backscattering geometry. The experimental pdiitsles We have studied double resonances in the first-order Ra-

have been plotted on top of the theoretical lines for comparisonan scattering induced by a magnetic field in semiconductor

The labels indicate the incoming channels of the double resonanceduantum wells. We have shown the necessity to consider
excitonic effects to understand the correct energy positions,

magnetic field values, intensities, and polarization selection
ing way. At different fixed magnetic fields, we have mea-rules of these resonances. A calculation of the Raman effi-
sured the Raman spectra in the proximity of the doubleciency taking into account interface roughness scattering and
resonances, as shown in Fig. 3 for 18 T. In this way weelectron-hole Coulomb interaction explains all the experi-
obtain an accurate value of the maximum intensity of the LOmental features.
phonon peak for each magnetic field. This procedure allows
us to eliminate the influence of the luminescence back-
ground, which can be easily subtracted. The results are plot-
ted as empty circles in Figs.(® and 8b) for ¢~ ¢~ and We are indebted to C. Tejedor for seminal ideas for this
otot polarization configurations, respectively. The peakswork. The work has been partially supported by the Projects
correspond to double resonances for the incomingdhd  No. PB93-0687 of DGICYT, No. MAT94-0982-C02-01 of
outgoing Ih0 channels. The peak appearing around 18 T i€ICYT, and No. CHRX-CT92-62ZMagNET) of the Euro-
Fig. 5a) is due to polarization leakage from" o* configu- pean Communities.
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