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Resonant Raman scattering in a magnetic field assisted by Hntich interaction
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The Raman profiles are calculated as a function of magnetic Bgldnd the laser frequenay, for the
Frohlich type of electron-phonon interaction in parallel scattering configurations with circularly polarized light
[?(ai,oi)z] spread inz along the[001] crystal direction. A 44 Luttinger Hamiltonian has been used in
order to take the valence-band admixture into account. Explicit expressions for the Raman scattering efficiency
as a function ofw, , By, and the Luttinger parameters are given. Different effects due to the band nonpara-
bolicity and the mixing of valence-band states are discussed. For a realistic picture of the resonance profiles an
explicit calculation of the lifetime broadening of the intermediate electronic states assisted by a LO phonon has
been carried out including the dependence on the laser incident energy, magnetic field, and Landau quantum
number. Results are applied to explain recent experimental data for C8@%63-182008)06948-3

[. INTRODUCTION valence-band admixture, are also analyzed. Several transi

tions appearing in the present model cannot be predicted in

By studying the behavior of the Raman intensity as athe three-band parabolic approximation. The valence-band
function of an applied magnetic field in polar semiconduc-@dmixture also provides the necessary conditions for the ex-

tors one is able to observe strong resonances appearing n %lttrencteh_of (f:ifout)l'e r.esonancels;t howevEri aE Wig be sgown
the critical points in the density of states. The Raman inten-ae(:’i:’nen'faﬁ’ ects, in general, too weak 1o be observed ex-
sity dependence on the laser energy provides informatioR y:

- The magnetopolaron effects, produced by the electron-
about the characteristics of the crystal band structure, and thr%onon F'r'glich i?\teraction and thF()a magneticyﬁem strength

selection rules involved in these processes show the relatigRay also change the shape and the linewidth of the elec-
between the polarization of the incident and scattered lightgonic states. As already observed, this coupling introduces a
and the symmetry properties of the induced excitations. Usehange in the self-energy of the electronic statedue to

ing different scattering configurations in zinc-blende-typethe emission and absorption of virtual phonons that become
semiconductors one may separate the contributions from th@sonant at certain critical values of the applied magnetic

electron-phonon interaction via deformation potential orfield and yielding anticrossings in the former Landau-level
Frohlich Hamiltoniant— ladder. In Refs. 6 and 7, the magnetopolaron effect in one-

In the Faraday backscattering configuration, with paralleP0non resonant Raman scattering was discussed in the

incident and scattered circular polarization andlong the amework of a two-band model. Following the procedure of
Ref. 5 the magnetopolaron effects are also analyzed in the

[001] crystal direction[z(o~,0~)z], the electron-phonon  context of the present work and some features that appear in
coupling occurs via the Fhiich-like interaction. This kind  the available GaAs Raman experimental data are explained.
of first-order Raman scattering is associated with dipole- The paper is organized as follows. In Sec. Il we summa-
forbidden processes and the scattering intensities, out afze the Hamiltonian model and the corresponding solutions
resonance, are much weaker if compared to those obtained for the electronic states in the valence and conduction bands,

the deformation potential case. following the procedures already reported in Ref. 3. The ex-
In this work we develop a theoretical model that takespressions for the scattering amplitudes in the Faraday scat-
into account the valence-band mixing and the lifetime leveltering configuration are obtained in Sec. lll. Section IV is

broadening in order to describe the one-phonon magnetdievoted to the discussion of the electron-hole self-energy
Raman resonances due to transitions assisted by tihéidfro and the band admixture on the magneto-Raman efficiency. A
interaction. The energy broadening in the magnetoresonanélirect comparison with recent experimental results is pre-
line shape is calculated by introducing the dependence ofented. Finally, in Sec. V we summarize our main results.
Landau-level indexes, laser frequency, and magnetic-field
strength. The enhancement of the elect(bole) lifetime
broadening due to the electron-phonon I#ich coupling The Luttinger-Kohn Hamiltonian mod&l provides a
strongly modifies the magneto-Raman profiles. The Ramagood description for the electronic states in semiconductors
spectra present interesting dependences of the energy broadhere the spin-orbit and the band-gap energies are large
ening on the Landau-level indexes and the electiiurie) (say,Eg, Ap=300 meV. In this case the 8 8 Kane-Weiller
wave vector. The differences between the Luttinger andamiltoniart’ can be separated into twox2 matrices for
simple parabolic models, together with the effects of thel'§ conduction(cc) and T'5° split-off (so) bands, or the so-

II. BASIC HAMILTONIAN AND WAVE FUNCTIONS
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called parabolic models, and a<4t matrix for heavy-hole
(hh) and light-hole(lh) states, or the well-known Luttinger o

Hamiltonian model for thel'y symmetry valence-band ;?
states’ The coupling between hh and Ih ladders due to the ™
I'g degeneracy is included through this<4 Hamiltonian %
model H,,). Schematically the full Hamiltonian can be @
written as 2
) H.,. O 0 Q
H= 0 va 0 ’ (1) 9
0 0 He S
with 2
h2k?
Hee= Eg"‘ﬁ"_ %gc/-LBO"Ba 2
c parameter x
Ho= — Ao h2k? + 1 gooupo-B 3) FIG. 1. Weight coefficientsa;;|* of the admixed wave functions
ss 0 2mg, 27soBT ™ |¥;) calculated as a function of= \%kZ/(2mw,), for different
and Landau quantum numberist=2 (solid line), N=3 (dashed ling
h? R .
Huu:—z—mo{?’lkz"' y2l(3 7= 39K +c.p] where a;;(N,k,) is already defined in Egs(15)—(18) of
Ref. 3.
— 4y {33, Hkk,} +c.p] A quantitative idea about the mixing between g va-
3 lence bands is presented in Fig. 1, where the weight factors
+2k ugJ,Bot+2q , J; Bo}, (4) |layj]? (i=1,2; j=1,2,3,4), for different Landau levels, are

where c.p. stands for cyclic permutationsg is the Bohr Shown as a function of dimensionless parameter
magnetong is the Pauli matrixy;, ¥, s, , g, are the = VAiky/(2mow). The parametex is a measure of the ratio
Luttinger parameters]; (i =x,y,z) are the angular momen- between the kinetic energy for the motion along the magnetic
tum matricesE, and A, are the energy gap and spin-orbit field anq the cyclotron energy of the motion in the plane
splitting, respectively. Alsom, (Ms,), e (gso) are the ef-  Perpendicular to the magnetic field. Heug,= (eBy/cmy) is
fective mass andy-Lande factor of conduction(splitoffy ~ the bare electron cyclotron frequency. In the lixit- and
band, respectively. The magnetic interaction is included irfor Landau quantum numbé&t> 2, pure heavy- or light-hole
the wave-vector operatdr=—iV + (e/ch) A. states are obtained, thus in this limit the carrier effective
We consider the system subjected to a homogeneous maflasses are constant. This model has been considered in Rgf.
netic field B parallel to thez axis where the Landau gauge Z to evaluate the one-phonon resonant Raman scattering in
A=(0xB,,0) for the vector potential is chosen. The eigen-!lI-V semiconductors. However, for low values wthe char-
functions and eigenvalues for tH&'g,I'S® manifolds de- acters of the states appear to be very admixed. Even a change
scribed by Egs(2) and (3) can be found elsewhefé. The  in the qharacter of the state may occur for small values, of
analytical solutions of the Schdmger equation for th@'y S, for instance, those described by the functi¥sand,
band can be obtained if no warping effect, (=0) is con- I the x—c andx~0 cases. Notice thal’s is a pure I

sidered and the axial approximation& y5) is taken into state in the parabolic limit but its character changes to an
- app ; SERRE almost pure hh state forx~0 (see in Fig. 1 the behavior of
account. The exact eigensolutions are

a,3 anda,; as functions ok). Similarly, the eigenstates de-

W1=a1(N k) [N=2;3, 3) +ax(N k,) scribed by functionsl; and ¥, become pure states in the
limit of high kinetic energy or low field X—«). However,
s 17 - as can be observed from the behavior of weight factgrs
XIN;2,—2) = [N;Ih™), () (i,j=1,2) for low values of the parameter these states are

strongly mixed once the values of both components are of
the same magnitude. Those important differences between
eigenstate®; (i=1,2) and¥; (j=3,4), as a function of the

Wo=a3(N,k)[IN=2; 3, 3)+as(N,k,)

X— 0

XIN; 2, — 1) — [N—2;hh'), (6) parametgrx, will play an important r_o!e ir_1 determining the
contributions of each resonant transition in the different scat-
Wo=a14N,k,)[N—2; 2, L) +an(N k) tering configurations. In the following discussions through
the paper, the character of the valence-band state will be
X—>00 understood as its behavior f&r— .
X|IN; 3,—3) — [N=2;Ih"), (7)
Wa=a3(N,k)IN=2; 3, 3)+az(N,k,) lll. SCATTERING AMPLITUDE
X0 The matrix element for the electron-radiation interaction

X|N; 2,— %) — |N;hh7), (8)  Hamiltonian is given b§?
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N e 27h et
<B|HE*R|I>_m_ 2 Ve<C|e P|\I}> ’ (9)
where « represents the photon wave vecteris the polar-
ization of light, » is the refractive index of the crystaV, is
the crystal volumeP is the momentum operatdt,) (|8)) is
the initial (intermediatg state of the system, arj€) (|V))
is the electron(hole) wave function in the conductiotva-
lence band.

According to the Hamiltonian model presented above, the
matrix element for the electron-hole pair to phonon interac- d:

tion via the Frdilich Hamiltonian is!

<B||:|E7P|a'>
C* 1

~q \/—[ Ny, Nh5KhK 5K Ke— «C'IC)

X eXp(— i0Xo,) fivr (N0 X0, ~

= On: N KOk k- (T (KR (Kp))

Xée) 5i N

xexp(— inXoh)fN,’1J ,Nhi()\qu Xo,~Xo,) -

(10)
HereK¢ny= y " ) is the electror(thole) wave vector,
Ce=i(2me ﬁw,_o/V)M(e e Y2 € is the static and
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where®, are the one-dimensional quantum harmonic oscil-
lator functions.

One may see in Eq10) that for each hole transition in
the valence band there is an electron transition in the con-
duction band and the final value of the electron-phonon ma-
trix element arises from the difference between both contri-
butions (electron-hole decompensation eff¢ctRegarding
the quasimomentum conservation, the phonon wave-vector
component, along the magnetic field direction is given by

=Z(op+ag). (11

In first-order Raman scattering processes mediated by defor-
mation potential interaction, the value afj, can be
neglected:® However, due to the forbidden dipole transition
character, this is not the case for the electron-phonon
Frohlich interaction®

The Raman scattering amplitude can be written as

(FIHe—grla)(alHe_p| B)(BIHe_rll)
(hws—E,+iy,)(ho —Egtiyg) '
(12

WFI:E B

where E, is the electron-hole pair energy with lifetime
broadeningy,. The scattering amplitude in E¢L2) is ob-
tained when the Dyson equation is solved for the electron
and hole Green’s functioh’ In this case, the broadening

€., is the optical dielectric constants for the material, theobtained as the imaginary part of the electri¢wole) self-
index |a) refers to the intermediate electron-hole pair statesénergy, depends on the Landau quantum number, magnetic-

q is the phonon wave vectax,= (%.c/Bge) Y is the magnetic
length, .andxoz —)\Zky. Also, the overlap integrald,y: v,
are defined as

frr n(NZ0x X0 = Xg)

ZJ®N/

X
&+

_X’
°)exq—iqxx§><bN<§> dé,

4 and so

field strength, and component of the wave vector, respec-
tively. Different types of interactions can contribute to the
electron or hole self-energy. The Tath mechanism will be
the dominant one when the carrier has energy larger than the
phonon frequency and the emission of a LO phonon is al-
lowed. The magneto-Raman profile is strongly modified
whenever the electron-Hnbich interaction is switched on.

By using Eqs.(9) and(10), Eq. (12) can be expressed as

We(0s esi0, ,8)= 2 3, f \
FRES =S L q: i= 1 Ng N J — 2mowc [ﬁwL E(kkauNe-N )+iyil

(k,)|e - P|C)

ﬁws

(Cles- P|‘1’ (k) }(W(
k qz-kZaNe:N )‘H%]

2 %0(Cleh - Pl (ky— 0 ) (WP (k,— a,) | W (k) )W (k,)|e - PC)

2 [hows— Ej(kpkz QZaNeaNh)_H'}’]] ,

where

(e)Zﬁ 1 1 1Cf
WOZ__

V2 mins JoLws MWV

(13

E:(Ky, gy, Ne Ny = Ec(y, Ne) — EY (k;, Ny,

with i=1,2,3,4 and so.

and the energies in the denominators are differences calcu- In the Luttinger approximation one gets 18 different com-

lated as

binations of transitions in the valence and conduction bands,
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<\111(kz'qz)/\{lz(kz)> ?(o'+,a'+)z, ?(0'_,0'_)2;
|%1_g>_)|%1_%>' |g,%>—>|§,%>,
0.10 \\\\\\\\\ |§ _l)_)lé l> |§ l>_>|§ l>-
C \\\\\\\\\\\\\\\\\\\ 2:7 2 2732 1292 212
S oo \“‘Q{Q{i\\\\\%&\\\\\\\\t\\\\\\ 11y gL 1 11y (3 1
g oo ///’\\Q%\\\\\\\\\\QQ\\\\\\Q\\ 1z, —2)—lz.,—2), |2.2)—12.2) (14)
& o \\Q\\}‘]//////////ll/////,,l,@/‘//“‘?“‘ It can be seen from Eq14) that, within a three-band
” \\\)/////””/ parabolic model, intraband transitions are the only ones al-
18 lowed. However, by analyzing Eq13) for q#0, it can be
seen that the products
5ol
<¥,(k.-q,)/¥,(k,)> (W§ (Ko=) [ ¥} (Kp)) (15

will not vanish even foi # j due to the behavior of the wave
functions(5)—(8) and the dependences of the weight coeffi-
cientsa;; onk, (see Fig. 1 Therefore, there are new terms
corresponding to interband transitions that must be consid-
ered in the scattering amplitude. In this way the valence-
band mixing provides the necessary conditions for the exis-
tence of double resonancesee Eq.(13)], which take place
once the phonon-assisted transitions occur between bands
with different effective massé&s-?Due to the smalleq wave

N
N
RN
s
rtnunk

N

-0.30 Vi vector the contribution to the Raman intensity from two dif-
\\Q\\‘W% ferent valence-band wave functions, evaluated at different
i W ! values of the hole wave vector shifted at the phonon momen-
Parg eo 7 tum, is very small if compared to that coming from the mix-
lor Q/\e“\ ing factors|a;|? in the range &x<5. Figure 2 show a
15 v three-dimensional picture of the overlap functiof¥;,(k,

—0,)| W (k) and(W5(k,—q,)| W4(k,)) for Bo=10 T and
N=3, as a function of the dimensionless paramgtdor the
energy range of the incident light considered in our study
(1.5-1.8 eV. The contribution of those terms to the scatter-
ing amplitude is small if compared to that coming from the
square weight factorfa;;|? (see Figs. 1 and)3Hence the
matrix elements responsible for double resonances can be
which contribute to the scattering amplitude. Within a para-"eglected in first-order approximation. Thus, only intraband
bolic model the allowed ones would be just Bhe allowed transitions need to be considered in the Raman process and
transitions between Bloch wave functionskat 0 for each the scattering amplitude in thg(o™,0")z geometry takes

FIG. 2. The overlap function&@) (¥ 1(k,—q,)|¥(k,)) and(b)
(W3(k,—d,)|P4(ky)) for GaAs are shown in the energy range of
the incident light (1.5—-1.8 eVas a function of the parametar
= \/ﬁkzzl(ZmOwC) for Bo=10 T and Landau quantum numbkir
=3. The values of Table | have been used in the calculationgjand
is evaluated according to E¢L1).

scattering configuration are the followiAg: the form
|
Wo|P|2ey (= h 2/3 | 1
W= ZJ om dk, T A T T T
0. ¥ J-» 0@ | [hw—Edy(ky ky NN) iy ]| [hws— Edy(k,— 0, Ky NN +i 2]
1 2 1/3a,(N)|? 1

+
I

[hws— E;—o(kzakz_quaN)"'i')’;—o] 1 [ﬁwL_Er(kzykzanN)"‘i'}’r] [fws— Er(kz_QZakz:NiN)""i'yr]

1
[fiws—E; (Kz, k=07, N,N)+iy]

+§ |aai(N)[? [ 1
=3 [ﬁwL—Ei_(kz,kZ,N,N)+i'yi_]“ﬁws—Ei_(kz—qz,kz,N,N)-l-i'yi_]

1
[hws—E; (K7, k=02, N,N)+iy; ]

] : (16)

While the expression for thE(O'_,O'_)Z configuration is the following:



16 140

V. LOPEZ-RICHARDet al.

PRB 58
- % 213 1
O R L - S — —
0 T Jow V2Mowe 7| [fwp—Eoy(Ky Ky NN)+iyoo]| [ 0s— Eqo(ky— Gy kg . N,N) +i 2]
1 . ‘ 1/3a;(N+2) 2
[fws—Egy(K, K, =0z, N,N) +iygol ] =3 [Ao —E; (K. K, ,N,N+2)+iy ]
y 1 1
[fws—E; (K,—d;,k,,N,N+2)+iy; | [hws—E; (K;,k,—d,,N,N+2)+iy ]
2 |ay(N+2)|2 [ 1
1 [l —E (K, k,— dy NN+ 2)+i 97 1| [hws—E (Ky— Gy Ky NN+ 2) +i 9]
1
. (17)

 [hws—E; (kpky— 0 N,NT2) iy, ]

In the above equations the symbots ) in the energyE
and lifetime broadeningy correspond to the two different
electron spin orientation in the conduction band.

To calculate the one-phonon Raman efficiénoge sim-
ply replaces expressidil6) or (17) into the following equa-
tion

ds wLw%nLW% \
== W (ws, 6550, ,6)|?.
daa 2722 |\ ()2 |Wei(ws, €550 ,6)
(18
IV. DISCUSSION
A direct calculation of

YN N, (Ke Kn,B), due to electron-phonon Hubch interac-

other interactions may prevail such as the electron-acoustic
phonons and/or electron-lattice impurities. Notice that the
energy broadening increasesNaBicreases because the prob-
ability for phonon-assisted transitions to lower levels rises,
that is,yN1N1> YN,N, for N;>N,. The scattering rate for the

electron-light-hole pair is larger than the electron—heavy-
hole pair, due to the expected smaller effective mass of the
former carrier. The combined effect of lifetime broadening
and the valence-band mixing are relevant to the understand-
ing of the magneto-Raman profile data, as will be discussed
next*

In the case of one-phonon Raman scattering assisted by
Frohlich interaction the outgoing resonances are stronger
than the incoming ones, once energetically allowed by en-

the energy broadening, ergy conservation. In Fig. 4, this effect can be appreciated

since all resonances are due to outgoing transitions in both

tion is included in the expressions for the Raman efficiencyParallel scattering geometries. For low enough energies

Even at very low temperature, different processes may co

ffiw <E4+ho o) their chance for incoming resonances to

tribute to the lifetime broadening enhancement of the elecP€ observed in the Raman spectrum increases, once the out-
tronic intermediate states. Moreover, in a magnetic fieldd0iNg resonances are energetically forbidden.

when E;(k,N)>%w, o the possibility of resonant coupling

Now we will comment on the principal features observed

between different intraband states, via one LO-phonon emidl theé magneto-Raman profile calculations as presented in

sion, becomes real. This effect may strongly contribute to th

&ig. 4. As discussed in the deformation potential catle

enhancement of the energy-state broadening. In Refs. 6 aftW transitions appearing in the one-phonon Raman scatter-

13 the electron(hole) imaginary part of the self-energy,

ing assisted by the Fhiich interaction cannot be found

'yNe(ke)['YNh(kh)]! determined by the electron—LO-phonon ﬂithin a+three-b.and parabolic model. For instar?ce,- in the
interaction, was calculated as a function of the electrorf(¢” o)z configuration[see Eq.(16)] the contributions
(hole) wave vector and Landau-level index. In the frame-COMINg from theay,|Ih™) intraband transitions will not ap-
work of the noncorrelated electron-hole pair approach, th@€ar in the limitx—c (parabolic limij and remain just those

energy broadening may be written as

g, (Ke Kn) = 7oy (Ke) + 7, (Kn).- (19

produced by thea,,|Ih™) components. The component

a,ylh™) of the state¥,, which has hficharacter, is sup-
pressed at high energies and/or low values of the magnetic
field. For relatively low energie®r high magnetic fieldthe

In this case no valence-band mixing has been considered faransitions with the weight coefficients,, are the strongest
the calculation of the hole energy broadening. The results foones[see Figs. 1 and(d)]. Furthermore, in this scattering

the energy broadeningss(k,k), in units of y,=fw., for

geometry and at low energies, another strong resonance

the case of hh and Ih states are shown in Fig. 3. It can beould be expected from those transitions originated from the

seen that the maxima of the curves are found xat
=w_ olw.+(N'—N), with N=3 and \N'=0,1,2...,15).

components,3 hh™) of ¥5, which has Ii character. Those
components would also be strong for low values of the pa-

If [x?+ (N+1/2)]<w, o/ w. the electron—LO-phonon inter- rameterx, however, due to their light-hole character and to
action is switched off from energy conservation. In this casdhe relatively higher energy broadeningmall effective
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Heavy hole TABLE |. GaAs parameters used for the calculations.

Eq=1519 meVt Ap=341 me\? hw o=37 me\?
y,=6.8% q,=0 =128
= 10 A y,=2.12 7=23.346 €.=10.9
w NN A - - a =
e 4 - S\Q\\\Q& & ¥3=2.9 me 0.0665n0a ge=—0.32
5 ,«\\«\N\QQQ\\Q}\\\\\\\\},‘\\\\\ k=12 Mgo=0.170m Oso=4.%
B “\JJ \\\\i‘i‘wj !&FI\\Q\\;\W}\\;\\\\)\\A\\\ %From Ref. 17.
2 5 WJJ ”'\: J“ \lll,q/l,\/)\t\v\\\(\i:%\\‘\{{\\\z\%%:\‘\ From Ref. 2.
A 'Z A\ WAt
S.v:\va

ergies[see Fig. 4c)] are those produced from the compo-
nentsay | Ih™), of state¥, with hh™ character(see Fig. 1
Now, at high energies, and according to the dependence of
coefficientsa;, anda;, on the parametex, the relevant tran-
sitions are those due to the componeatghh®), of state
W,. At this point the situation is similar to the{oc*,0")z
configuration[compare Figs. @) and 4d)]. However, in
3.0 z(o~,07 )z scattering geometry there are transitions be-
tweenaj,lhh*) components that can be also seen, even at
Light hole relatively low energiegFig. 4(c)], together with those pro-
N <N.<3 duced from thea Ih*) ones. Note that the statels, and
e V¥, present heavy-hole character and, therefore, the corre-
sponding energy broadening is smgdee Fig. 8a)]. The
same happens to the componestghh™) inthez(o™,07)z

~&
= geometry. However, the different behavior of the coefficients
212 ;
5 a,, and a;, at low values ofx determines that the Raman
g intensity coming from the,,hh~) component is negligible.
% Moreover, for high energy the main resonances in the
g z(oc",0")z geometry come from tha,, hh™) state[see Fig.

1 and compare Figs(d and 4c)], leaving unaffected, in the
z(o~,07)z configuration, those frona,,hh™). Therefore,

spectra in tha_(a+,a+)z scattering geometry present less
valence-band mixing, at low energies, than those in the

z(o~,07)z geometry. In this way, the valence-band admix-
ture helps to explain experimental observations for Raman
intensity in GaAs, as reported in Ref. 14.

The excitonic corrections to the energy Landau levels
have also been included in all calculations making use of the
FIG. 3. The 3D picture of the energy broadening of an electronligh-field limit as reported in Ref. 15. The excitonic binding
hole pair, ysi(k,K), in units of y,=fw. [Es= vss(k,K)/7,], asa €nergy, which depends on the Landau-level index and the
function of the parameter and the magnetic-field strengBy,. (a) magnetic-field strength, causes a redshift of the Raman reso-
Heavy-hole contribution(b) light-hole contribution. For the calcu- Nhances for high values of the magnetic field. Note that the
lations the values listed in Table | have been used. excitonic effects on the electronic states were not included in
the scattering amplitude. Due to the high value of the exciton

mass, see Fig.)3their corresponding Raman intensities will oscillator strength, this effect is relevant for absolute values

character and small energy broadening, as can be seen in Figith experimental magneto-Raman intensities are valid in
1, are those with components,,hh™) (from stateW,). relative units.
Nevertheless, there are large differences between the depen- |, Figs. 4a)—4(d) we compare the calculated Raman ef-
dence of the coefficients,, anday, for low values ofx and ficiencies, which include excitonic corrections to the experi-
thus the states with componerats, will only be relevant at  mental results reported in Ref. 14 and see that the overall
high energies. Moreover, the transitions betwegghh™)  agreement is quite good. Notice, in Figay the shoulder in
components become the strongest ones for energies aboyg experimental peak ne®,=10.8 T at incident energy
1680 meV, as can be seen in Figb¥ E,=1640 meV. It is our understanding that this shoulder
There is another interesting effect associated with thenight correspond to the resonant polaron coupling between
strong valence-band mixing that produces qualitative differ{ gndau levelsN=4 andN=2 in the conduction band of
ences between the Raman spectra in both parallel scatterighAs crystals. In order to verify it we have introduced, in the
geometries. Notice that, in the case of #{e& ,0 ")z con-  Raman efficiency calculation, the renormalization of the con-
figuration[see Eq.(17)], the relevant transitions at low en- duction Landau levels through the magnetopolaron self-

3.0
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T T 20 T

c
a3 Gaas 2,,(N=4) )
Z(¢",0")z . Z(c,0)z
:@24 r ,ll/ g
< E,=1640 meV ' £ E,=1640 meV
g , ! >
S —— Luttinger-Kohn model | o
= - --- experimental data ! 8
STl —— magnetopolaron effect =
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i =
5 2,,{N=5) "'._f
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. . . . \ .
6 8 10 12 6 8 10 12
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FIG. 4. Calculated Raman intensity in bulk GaAs as a function of the magnetic field for different energies of the incideif, light (
=tw,) for the scattering geometrg(o*,0%)z, (a) E . =1640 meV,(b) E,=1700 meV; and thez(o~,0 )z configuration,(c) E,
=1640 meV,(d) E, =1700 meV. The solid thin lines correspond to the theoretical results. The dashed lines are the experimental data and
the solid dark line at the graphie) is the result due to the magnetopolaron effect on the conduction band. In all calculations we have used
the values listed in Table I.

energy using the results reported in Ref. 5. The calculated V. CONCLUSIONS
magnetopolaron resonance is shown in the thicker solid line The model, which takes the valence-band mixing into ac-

of Fig. 4a) and gives st_rong support to our predictions. I:ur'count, shows resonant features that could not be predicted
thermore, due to the high effective mass of the heavy-hole

carrier this effect may be very small in the valence bandusmg a simple three-band parabolic model. Conditions for

because the coupling will take lace between states of hi Eouble resonances within the framework of [flich interac-
piing P 9 lon are satisfied once the band admixture is considered. This

Landau-level index and so the magnetopolaron resonances : : - . .
: : appens since new interband transitions, that are forbidden in
will be very broadened and weak. The theoretical results for . . .
- - o . "athree-band parabolic model, will become allowed. This ef-
the Raman efficiency, calculated within our Hamiltonian : : : .
: . o fect was neglected in the calculation of the scattering ampli-
model and including both excitonic and magnetopolaro : i
: ude due to the small values for the magnitude of the in-
effects, reproduce quite well the shoulder of the correspond-

ing experimental resonant peak n&y=10.8 T volved phonon wave vector.
The last effect that we observe in the magneto-Raman The band mixing and the induced mass nonparabolicity

intensity is an induced band nonparabolicity. In simple thre have relevant effects in the case of Raman scattering assisted
y P Y. b eo¥ Frahlich interaction and produce some evident differences

band parabolic model the effective masses are independeB : . . .

L o, ; etween the two scattering configurations with parallel ge-
of the magnetic fieltl and thus the peak positions in the = 2
magneto-Raman profile will be proportional to the applied®Metriesz(o™,07)z andz(a~,0")z. For low laser energy
field. The above is no longer true in the present Hamiltoniaror high magnetic field the Raman spectra for e ™, 0 ")z
model and this mass-induced nonparabolicity can be clearlgonfiguration appears to be “cleaner” from different contri-
seen in Figs. &) —4(d). butions because the interference between different intraband
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transitions is strongly reducefsee Figs. @) and 4c)].  electronic band structure, as was confirmed by introducing
However, for higher energies the parabolic limit is recoveredhe magnetopolaron self-energy in the renormalization of the
and both spectra show sharp peaks due to just one kind @bnduction-band Landau levels.

intraband transition.

The lifetime broadening calculations combined with the
effect of the valence-band mixing yield a better understand-
ing of the experimental results and confirm the strong effect
of the electron-phonon Fhiich interaction on the enhance-  V.L. acknowledges FAPESP for financial support of this
ment of the energy indetermination of these Landau statesvork. G.E.M. acknowledges CNPq for partial financial sup-
The sharp resonances observed in the magneto-Raman sgatrt. The authors are indebted to T. Ruf, who provided the
tering allow a clear identification of polaron effects on the experimental data used in this work.
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