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Resonant Raman scattering in a magnetic field assisted by Fro¨hlich interaction
in zinc-blende-type semiconductors
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The Raman profiles are calculated as a function of magnetic fieldB0 and the laser frequencyvL for the
Fröhlich type of electron-phonon interaction in parallel scattering configurations with circularly polarized light

@ z̄(s6,s6)z# spread inz along the@001# crystal direction. A 434 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 ofvL , B0 , 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 GaAs.@S0163-1829~98!06948-3#
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I. INTRODUCTION

By studying the behavior of the Raman intensity as
function of an applied magnetic field in polar semicondu
tors one is able to observe strong resonances appearing
the critical points in the density of states. The Raman int
sity dependence on the laser energy provides informa
about the characteristics of the crystal band structure, and
selection rules involved in these processes show the rela
between the polarization of the incident and scattered lig
and the symmetry properties of the induced excitations.
ing different scattering configurations in zinc-blende-ty
semiconductors one may separate the contributions from
electron-phonon interaction via deformation potential
Fröhlich Hamiltonian.1–4

In the Faraday backscattering configuration, with para
incident and scattered circular polarization andz along the

@001# crystal direction@ z̄(s6,s6)z#, the electron-phonon
coupling occurs via the Fro¨hlich-like interaction. This kind
of first-order Raman scattering is associated with dipo
forbidden processes and the scattering intensities, ou
resonance, are much weaker if compared to those obtain
the deformation potential case.3

In this work we develop a theoretical model that tak
into account the valence-band mixing and the lifetime le
broadening in order to describe the one-phonon magn
Raman resonances due to transitions assisted by the Fro¨hlich
interaction. The energy broadening in the magnetoresona
line shape is calculated by introducing the dependence
Landau-level indexes, laser frequency, and magnetic-fi
strength. The enhancement of the electron~hole! lifetime
broadening due to the electron-phonon Fro¨hlich coupling
strongly modifies the magneto-Raman profiles. The Ram
spectra present interesting dependences of the energy b
ening on the Landau-level indexes and the electron~hole!
wave vector. The differences between the Luttinger a
simple parabolic models, together with the effects of
PRB 580163-1829/98/58~24!/16136~8!/$15.00
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valence-band admixture, are also analyzed. Several tr
tions appearing in the present model cannot be predicte
the three-band parabolic approximation. The valence-b
admixture also provides the necessary conditions for the
istence of double resonances; however, as will be sho
later, this effect is, in general, too weak to be observed
perimentally.

The magnetopolaron effects, produced by the electr
phonon Fro¨hlich interaction and the magnetic-field streng
may also change the shape and the linewidth of the e
tronic states. As already observed, this coupling introduce
change in the self-energy of the electronic states5–7 due to
the emission and absorption of virtual phonons that beco
resonant at certain critical values of the applied magn
field and yielding anticrossings in the former Landau-lev
ladder. In Refs. 6 and 7, the magnetopolaron effect in o
phonon resonant Raman scattering was discussed in
framework of a two-band model. Following the procedure
Ref. 5 the magnetopolaron effects are also analyzed in
context of the present work and some features that appe
the available GaAs Raman experimental data are explain

The paper is organized as follows. In Sec. II we summ
rize the Hamiltonian model and the corresponding solutio
for the electronic states in the valence and conduction ba
following the procedures already reported in Ref. 3. The
pressions for the scattering amplitudes in the Faraday s
tering configuration are obtained in Sec. III. Section IV
devoted to the discussion of the electron-hole self-ene
and the band admixture on the magneto-Raman efficienc
direct comparison with recent experimental results is p
sented. Finally, in Sec. V we summarize our main results

II. BASIC HAMILTONIAN AND WAVE FUNCTIONS

The Luttinger-Kohn Hamiltonian model8,9 provides a
good description for the electronic states in semiconduc
where the spin-orbit and the band-gap energies are la
~say,Eg , D0>300 meV!. In this case the 838 Kane-Weiller
Hamiltonian10 can be separated into two 232 matrices for
G6

c conduction~cc! and G7
so split-off ~so! bands, or the so-
16 136 ©1998 The American Physical Society
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PRB 58 16 137RESONANT RAMAN SCATTERING IN A MAGNETIC . . .
called parabolic models, and a 434 matrix for heavy-hole
~hh! and light-hole~lh! states, or the well-known Luttinge
Hamiltonian model for theG8

v symmetry valence-band
states.9 The coupling between hh and lh ladders due to
G8

v degeneracy is included through this 434 Hamiltonian
model (Hvv). Schematically the full Hamiltonian can b
written as

Ĥ5FHcc 0 0

0 Hvv 0

0 0 Hss

G , ~1!

with

Hcc5Eg1
\2 k̂2

2mc
1 1

2 gcmBs•B, ~2!

Hss52D02
\2 k̂2

2mso
1 1

2 gsomBs•B, ~3!

and

Hvv52
\2

2m0
$g1k̂21g2@~ 1

3 J22Jx
2!k̂x

21c.p.#

24g3@$JxJy%$k̂xk̂y%1c.p.#

12k mB Jz B012q
LK

Jz
3 B0%, ~4!

where c.p. stands for cyclic permutations,mB is the Bohr
magneton,s is the Pauli matrix,g1 , g2 , g3 , k, q

LK
are the

Luttinger parameters,Ji ( i 5x,y,z) are the angular momen
tum matrices,Eg and D0 are the energy gap and spin-orb
splitting, respectively. Also,mc (mso), gc (gso) are the ef-
fective mass andg-Landé factor of conduction~splitoff!
band, respectively. The magnetic interaction is included
the wave-vector operatork̂52 i¹1 (e/c\) A.

We consider the system subjected to a homogeneous m
netic field B parallel to thez axis where the Landau gaug
A5(0,xB0,0) for the vector potential is chosen. The eige
functions and eigenvalues for the$G6

c ,G7
so% manifolds de-

scribed by Eqs.~2! and ~3! can be found elsewhere.3,9 The
analytical solutions of the Schro¨dinger equation for theG8

v

band can be obtained if no warping effect (q
LK

.0) is con-

sidered and the axial approximation (g2.g3) is taken into
account. The exact eigensolutions are

C15a11~N,kz!uN22; 3
2 , 3

2 &1a21~N,kz!

3uN; 3
2 ,2 1

2 & →
x→`

uN; lh2&, ~5!

C25a12~N,kz!uN22; 3
2 , 3

2 &1a22~N,kz!

3uN; 3
2 ,2 1

2 & →
x→`

uN22;hh1&, ~6!

C35a13~N,kz!uN22; 3
2 , 1

2 &1a23~N,kz!

3uN; 3
2 ,2 3

2 & →
x→`

uN22;lh1&, ~7!

C45a14~N,kz!uN22; 3
2 , 1

2 &1a24~N,kz!

3uN; 3
2 ,2 3

2 & →
x→`

uN;hh2&, ~8!
e

n

g-

-

where ai j (N,kz) is already defined in Eqs.~15!–~18! of
Ref. 3.

A quantitative idea about the mixing between theG8
v va-

lence bands is presented in Fig. 1, where the weight fac
uai j u2 ( i 51,2; j 51,2,3,4), for different Landau levelsN, are
shown as a function of dimensionless parameterx
5A\kz

2/(2m0vc). The parameterx is a measure of the ratio
between the kinetic energy for the motion along the magn
field and the cyclotron energy of the motion in the pla
perpendicular to the magnetic field. Here,vc5(eB0 /cm0) is
the bare electron cyclotron frequency. In the limitx→` and
for Landau quantum numberN.2, pure heavy- or light-hole
states are obtained, thus in this limit the carrier effect
masses are constant. This model has been considered in
2 to evaluate the one-phonon resonant Raman scatterin
III-V semiconductors. However, for low values ofx the char-
acters of the states appear to be very admixed. Even a ch
in the character of the state may occur for small values ox,
as, for instance, those described by the functionsC3 andC4
in the x→` and x;0 cases. Notice thatC3 is a pure lh1

state in the parabolic limit but its character changes to
almost pure hh2 state forx;0 ~see in Fig. 1 the behavior o
a13 anda23 as functions ofx). Similarly, the eigenstates de
scribed by functionsC1 and C2 become pure states in th
limit of high kinetic energy or low field (x→`). However,
as can be observed from the behavior of weight factorsai j
( i , j 51,2) for low values of the parameterx, these states are
strongly mixed once the values of both components are
the same magnitude. Those important differences betw
eigenstatesC i ( i 51,2) andC j ( j 53,4), as a function of the
parameterx, will play an important role in determining the
contributions of each resonant transition in the different sc
tering configurations. In the following discussions throu
the paper, the character of the valence-band state wil
understood as its behavior forx→`.

III. SCATTERING AMPLITUDE

The matrix element for the electron-radiation interacti
Hamiltonian is given by2,3

FIG. 1. Weight coefficientsuai j u2 of the admixed wave functions
uC j& calculated as a function ofx5A\kz

2/(2m0vc), for different
Landau quantum numbers:N52 ~solid line!, N53 ~dashed line!.
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^buĤE2RuI &5
e

m0
A 2p\

h2vV
ê Cueik•r PuC& , ~9!

wherek represents the photon wave vector,e is the polar-
ization of light, h is the refractive index of the crystal,V is
the crystal volume,P is the momentum operator,uI & (ub&) is
the initial ~intermediate! state of the system, anduC& (uC&)
is the electron~hole! wave function in the conduction~va-
lence! band.

According to the Hamiltonian model presented above,
matrix element for the electron-hole pair to phonon inter
tion via the Fro¨hlich Hamiltonian is11

^buĤE2Pua&

5
CF*

q

1

AV
@dN

hj
8 ,Nhi

dKh ,K
h8
dK

e8 ,Ke2q^C8uC&

3exp~2 iqxx0e
! f N

e8 ,Ne
~l2qx ,x0e

2x0e
8 !d i , j

2dN
e8 ,Ne

dKe ,K
e8
dK

h8 ,Kh2q .^C j
v~Kh8!uC i

v~Kh!&

3exp~2 iqxx0h
! f N

hj
8 ,Nhi

~l2qx ,x0h
2x0h

8 !#.

~10!

HereKe(h)5(kye(h)
,kze(h)

) is the electron~hole! wave vector,

CF5 i (2pe2\vLO /V)1/2(e`
212e0

21)1/2, e0 is the static and
e` is the optical dielectric constants for the material, t
index ua& refers to the intermediate electron-hole pair stat
q is the phonon wave vector,l5(\c/B0e)1/2 is the magnetic
length, andx052l2ky . Also, the overlap integrals,f N8,N ,
are defined as

f N8,N~l2qx ,x02x08!

5E FN8S j1
x02x08

l Dexp~2 iqxlj! FN~j! dj,
lc
e
-

s,

whereFN are the one-dimensional quantum harmonic os
lator functions.

One may see in Eq.~10! that for each hole transition in
the valence band there is an electron transition in the c
duction band and the final value of the electron-phonon m
trix element arises from the difference between both con
butions ~electron-hole decompensation effect1!. Regarding
the quasimomentum conservation, the phonon wave-ve
componentqz along the magnetic field direction is given b

qz5
h

c
~vL1vS!. ~11!

In first-order Raman scattering processes mediated by de
mation potential interaction, the value ofqz can be
neglected.2,3 However, due to the forbidden dipole transitio
character, this is not the case for the electron-phon
Fröhlich interaction.1

The Raman scattering amplitude can be written as

WFI5( a,b

^FuĤE2Rua&^auĤE2Pub&^buĤE2RuI &
~\vS2Ea1 iga!~\vL2Eb1 igb!

,

~12!

where Ea is the electron-hole pair energy with lifetim
broadeningga . The scattering amplitude in Eq.~12! is ob-
tained when the Dyson equation is solved for the elect
and hole Green’s function.6,7 In this case, the broadeningg,
obtained as the imaginary part of the electron~hole! self-
energy, depends on the Landau quantum number, magn
field strength, andz component of the wave vector, respe
tively. Different types of interactions can contribute to th
electron or hole self-energy. The Fro¨hlich mechanism will be
the dominant one when the carrier has energy larger than
phonon frequency and the emission of a LO phonon is
lowed. The magneto-Raman profile is strongly modifi
whenever the electron-Fro¨hlich interaction is switched on.

By using Eqs.~9! and ~10!, Eq. ~12! can be expressed a
WFI~vS ,eS ;vL ,eL!5
W0

qz
(
i 51

4 and so

(
Ne ,Nh

E
2`

` A \

2m0vc
dkz

1

@\vL2Ei~kz ,kz ,Ne ,Nh!1 ig i #

3S ^CueS* •PuC i
v~kz!&^C i

v~kz!ueL•PuC&

@\vS2Ei~kz2qz ,kz ,Ne ,Nh!1 ig i #

2 (
j 51

4 and so
^CueS* •PuC j

v~kz2qz!&^C j
v~kz2qz!uC i

v~kz!&^C i
v~kz!ueL•PuC&

@\vS2Ej~kz ,kz2qz ,Ne ,Nh!1 ig j #
D , ~13!
m-
ds,
where

W052S e

m0
D 2 \

A2p

1

AhLhS

1

AvLvS

1

l3

CF*

AV

and the energies in the denominators are differences ca
lated as
u-

Ei~kze
,kzh

,Ne ,Nh!5EC~kze
,Ne!2Ei

v~kzh
,Nh!,

with i 51,2,3,4 and so.
In the Luttinger approximation one gets 18 different co

binations of transitions in the valence and conduction ban
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which contribute to the scattering amplitude. Within a pa
bolic model the allowed ones would be just 6.2 The allowed
transitions between Bloch wave functions atk50 for each
scattering configuration are the following:2

FIG. 2. The overlap functions~a! ^C1(kz2qz)uC2(kz)& and~b!
^C3(kz2qz)uC4(kz)& for GaAs are shown in the energy range
the incident light (1.5– 1.8 eV! as a function of the parameterx
5A\kz

2/(2m0vc) for B0510 T and Landau quantum numberN
53. The values of Table I have been used in the calculations anqz

is evaluated according to Eq.~11!.
-

z̄~s1,s1!z, z̄~s2,s2!z;

u 3
2 ,2 3

2 &→u 3
2 ,2 3

2 &, u 3
2 , 3

2 &→u 3
2 , 3

2 &;

u 3
2 ,2 1

2 &→u 3
2 ,2 1

2 &, u 3
2 , 1

2 &→u 3
2 , 1

2 &;

u 1
2 ,2 1

2 &→u 1
2 ,2 1

2 &, u 1
2 , 1

2 &→u 3
2 , 1

2 &. ~14!

It can be seen from Eq.~14! that, within a three-band
parabolic model, intraband transitions are the only ones
lowed. However, by analyzing Eq.~13! for qÞ0, it can be
seen that the products

^C j
v~Kh2q!uC i

v~Kh!& ~15!

will not vanish even foriÞ j due to the behavior of the wav
functions~5!–~8! and the dependences of the weight coe
cientsai j on kz ~see Fig. 1!. Therefore, there are new term
corresponding to interband transitions that must be con
ered in the scattering amplitude. In this way the valen
band mixing provides the necessary conditions for the e
tence of double resonances@see Eq.~13!#, which take place
once the phonon-assisted transitions occur between b
with different effective masses.2,12Due to the smallerq wave
vector the contribution to the Raman intensity from two d
ferent valence-band wave functions, evaluated at differ
values of the hole wave vector shifted at the phonon mom
tum, is very small if compared to that coming from the mi
ing factors uai j u2 in the range 0,x,5. Figure 2 show a
three-dimensional picture of the overlap functions,^C1(kz
2qz)uC2(kz)& and ^C3(kz2qz)uC4(kz)& for B0510 T and
N53, as a function of the dimensionless parameterx, for the
energy range of the incident light considered in our stu
(1.5– 1.8 eV!. The contribution of those terms to the scatte
ing amplitude is small if compared to that coming from t
square weight factorsuai j u2 ~see Figs. 1 and 3!. Hence the
matrix elements responsible for double resonances can
neglected in first-order approximation. Thus, only intraba
transitions need to be considered in the Raman process
the scattering amplitude in thez̄(s1,s1)z geometry takes
the form
WFI5
W0uPu2

qz
(
N

E
2`

` A \

2m0vc
dkzH 2/3

@\vL2Eso
1 ~kz ,kz ,N,N!1 igso

1 #
F 1

@\vS2Eso
1 ~kz2qz ,kz ,N,N!1 igso

1 #

2
1

@\vS2Eso
1 ~kz ,kz2qz ,N,N!1 igso

1 #
G1(

i 51

2
1/3ua2i~N!u2

@\vL2Ei
1~kz ,kz ,N,N!1 ig i

1#
F 1

@\vS2Ei
1~kz2qz ,kz ,N,N!1 ig i

1#

2
1

@\vS2Ei
1~kz ,kz2qz ,N,N!1 ig i

1#
G1(

i 53

4 ua2i~N!u2

@\vL2Ei
2~kz ,kz ,N,N!1 ig i

2#
F 1

@\vS2Ei
2~kz2qz ,kz ,N,N!1 ig i

2#

2
1

@\vS2Ei
2~kz ,kz2qz ,N,N!1 ig i

2#
G J . ~16!

While the expression for thez̄(s2,s2)z configuration is the following:



16 140 PRB 58V. LÓPEZ-RICHARDet al.
WFI5
W0uPu2

qz
(
N

E
2`

` A \

2m0vc
dkzH 2/3

@\vL2Eso
2 ~kz ,kz ,N,N!1 igso

2 #
F 1

@\vS2Eso
2 ~kz2qz ,kz ,N,N!1 igso

2 #

2
1

@\vS2Eso
2 ~kz ,kz2qz ,N,N!1 igso

2 #
G1(

i 53

4
1/3ua1i~N12!u2

@\vL2Ei
2~kz ,kz ,N,N12!1 ig i

2#

3F 1

@\vS2Ei
2~kz2qz ,kz ,N,N12!1 ig i

2#
2

1

@\vS2Ei
2~kz ,kz2qz ,N,N12!1 ig i

2#
G

1(
i 51

2 ua1i~N12!u2

@\vL2Ei
1~kz ,kz2qz ,N,N12!1 ig i

1#
F 1

@\vS2Ei
1~kz2qz ,kz ,N,N12!1 ig i

1#

2
1

@\vS2Ei
1~kz ,kz2qz ,N,N12!1 ig i

1#
G J . ~17!
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In the above equations the symbols (6) in the energyE
and lifetime broadeningg correspond to the two differen
electron spin orientation in the conduction band.

To calculate the one-phonon Raman efficiency2 one sim-
ply replaces expression~16! or ~17! into the following equa-
tion

dS

dV
5FvLvS

3hLhS
3

~2pc2!2 G S V

~\vL!2D uWFI~vS ,eS ;vL ,eL!u2.

~18!

IV. DISCUSSION

A direct calculation of the energy broadenin
gNeNh

(ke ,kh ,B), due to electron-phonon Fro¨hlich interac-
tion is included in the expressions for the Raman efficien
Even at very low temperature, different processes may c
tribute to the lifetime broadening enhancement of the e
tronic intermediate states. Moreover, in a magnetic fi
when Ei(k,N).\vLO the possibility of resonant couplin
between different intraband states, via one LO-phonon em
sion, becomes real. This effect may strongly contribute to
enhancement of the energy-state broadening. In Refs. 6
13 the electron~hole! imaginary part of the self-energy
gNe

(ke)@gNh
(kh)#, determined by the electron–LO-phono

interaction, was calculated as a function of the elect
~hole! wave vector and Landau-level index. In the fram
work of the noncorrelated electron-hole pair approach,
energy broadening may be written as

gNeNh
~ke ,kh!5gNe

~ke!1gNh
~kh!. ~19!

In this case no valence-band mixing has been considered
the calculation of the hole energy broadening. The results
the energy broadeningg33(k,k), in units of go5\vc , for
the case of hh and lh states are shown in Fig. 3. It can
seen that the maxima of the curves are found atx2

5vLO /vc1(N82N), with N53 and (N850,1,2, . . . ,15).
If @x21(N11/2)#<vLO /vc the electron–LO-phonon inter
action is switched off from energy conservation. In this ca
.
n-
-

d

s-
e
nd

n
-
e

for
or

e

e

other interactions may prevail such as the electron-acou
phonons and/or electron-lattice impurities. Notice that
energy broadening increases asN increases because the pro
ability for phonon-assisted transitions to lower levels ris
that is,gN1N1

.gN2N2
for N1.N2 . The scattering rate for the

electron–light-hole pair is larger than the electron–hea
hole pair, due to the expected smaller effective mass of
former carrier. The combined effect of lifetime broadeni
and the valence-band mixing are relevant to the understa
ing of the magneto-Raman profile data, as will be discus
next.14

In the case of one-phonon Raman scattering assiste
Fröhlich interaction the outgoing resonances are stron
than the incoming ones, once energetically allowed by
ergy conservation. In Fig. 4, this effect can be apprecia
since all resonances are due to outgoing transitions in b
parallel scattering geometries. For low enough energ
(\vL,Eg1\vLO) their chance for incoming resonances
be observed in the Raman spectrum increases, once the
going resonances are energetically forbidden.

Now we will comment on the principal features observ
in the magneto-Raman profile calculations as presente
Fig. 4. As discussed in the deformation potential case,3 the
new transitions appearing in the one-phonon Raman sca
ing assisted by the Fro¨hlich interaction cannot be found
within a three-band parabolic model. For instance, in
z̄(s1,s1)z configuration @see Eq.~16!# the contributions
coming from thea22u lh2& intraband transitions will not ap
pear in the limitx→` ~parabolic limit! and remain just those
produced by thea21u lh2& components. The componen
a22u lh2& of the stateC2 , which has hh1character, is sup-
pressed at high energies and/or low values of the magn
field. For relatively low energies~or high magnetic field! the
transitions with the weight coefficientsa22 are the stronges
ones@see Figs. 1 and 4~a!#. Furthermore, in this scatterin
geometry and at low energies, another strong resona
could be expected from those transitions originated from
componentsa23uhh2& of C3 , which has lh1 character. Those
components would also be strong for low values of the
rameterx, however, due to their light-hole character and
the relatively higher energy broadening~small effective
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mass, see Fig. 3!, their corresponding Raman intensities w
be strongly reduced. The other states that show heavy-
character and small energy broadening, as can be seen in
1, are those with componentsa24uhh2& ~from stateC4).
Nevertheless, there are large differences between the de
dence of the coefficientsa22 anda24 for low values ofx and
thus the states with componentsa24 will only be relevant at
high energies. Moreover, the transitions betweena24uhh2&
components become the strongest ones for energies a
1680 meV, as can be seen in Fig. 4~b!.

There is another interesting effect associated with
strong valence-band mixing that produces qualitative diff
ences between the Raman spectra in both parallel scatt
geometries. Notice that, in the case of thez̄(s2,s2)z con-
figuration @see Eq.~17!#, the relevant transitions at low en

FIG. 3. The 3D picture of the energy broadening of an electr
hole pair,g33(k,k), in units of go5\vc @EB5g33(k,k)/go#, as a
function of the parameterx and the magnetic-field strengthB0 . ~a!
Heavy-hole contribution.~b! light-hole contribution. For the calcu
lations the values listed in Table I have been used.
le
ig.

en-

ve
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ergies@see Fig. 4~c!# are those produced from the comp
nentsa14u lh1&, of stateC4 with hh2 character~see Fig. 1!.
Now, at high energies, and according to the dependenc
coefficientsa14 anda12 on the parameterx, the relevant tran-
sitions are those due to the componentsa12uhh1&, of state
C2 . At this point the situation is similar to thez̄(s1,s1)z
configuration @compare Figs. 4~b! and 4~d!#. However, in
z̄(s2,s2)z scattering geometry there are transitions b
tweena12uhh1& components that can be also seen, even
relatively low energies@Fig. 4~c!#, together with those pro-
duced from thea14u lh1& ones. Note that the statesC2 and
C4 present heavy-hole character and, therefore, the co
sponding energy broadening is small@see Fig. 3~a!#. The
same happens to the componentsa24uhh2& in the z̄(s1,s1)z
geometry. However, the different behavior of the coefficie
a24 and a12 at low values ofx determines that the Rama
intensity coming from thea24uhh2& component is negligible.
Moreover, for high energy the main resonances in
z̄(s1,s1)z geometry come from thea24uhh2& state@see Fig.
1 and compare Figs. 4~a! and 4~c!#, leaving unaffected, in the
z̄(s2,s2)z configuration, those froma12uhh1&. Therefore,
spectra in thez̄(s1,s1)z scattering geometry present le
valence-band mixing, at low energies, than those in
z̄(s2,s2)z geometry. In this way, the valence-band adm
ture helps to explain experimental observations for Ram
intensity in GaAs, as reported in Ref. 14.

The excitonic corrections to the energy Landau lev
have also been included in all calculations making use of
high-field limit as reported in Ref. 15. The excitonic bindin
energy, which depends on the Landau-level index and
magnetic-field strength, causes a redshift of the Raman r
nances for high values of the magnetic field. Note that
excitonic effects on the electronic states were not include
the scattering amplitude. Due to the high value of the exci
oscillator strength, this effect is relevant for absolute valu
of the Raman intensities.16 In this sense, our compariso
with experimental magneto-Raman intensities are valid
relative units.

In Figs. 4~a!–4~d! we compare the calculated Raman e
ficiencies, which include excitonic corrections to the expe
mental results reported in Ref. 14 and see that the ove
agreement is quite good. Notice, in Fig. 4~a!, the shoulder in
the experimental peak nearB0510.8 T at incident energy
EL51640 meV. It is our understanding that this should
might correspond to the resonant polaron coupling betw
Landau levelsN54 and N52 in the conduction band o
GaAs crystals. In order to verify it we have introduced, in t
Raman efficiency calculation, the renormalization of the co
duction Landau levels through the magnetopolaron s

TABLE I. GaAs parameters used for the calculations.

Eg51519 meVa D05341 meVa \vLO537 meVa

g156.85a q
LK

50 e0512.5a

g252.1a h53.346a e`510.9a

g352.9a mc50.0665m0
a gc520.32b

k51.2a mso50.170m0
a gso54.5b

aFrom Ref. 17.
bFrom Ref. 2.

-



ht (

data and
e used

16 142 PRB 58V. LÓPEZ-RICHARDet al.
FIG. 4. Calculated Raman intensity in bulk GaAs as a function of the magnetic field for different energies of the incident ligEL

5\vL) for the scattering geometryz̄(s1,s1)z, ~a! EL51640 meV, ~b! EL51700 meV; and thez̄(s2,s2)z configuration,~c! EL

51640 meV,~d! EL51700 meV. The solid thin lines correspond to the theoretical results. The dashed lines are the experimental
the solid dark line at the graphic~a! is the result due to the magnetopolaron effect on the conduction band. In all calculations we hav
the values listed in Table I.
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energy using the results reported in Ref. 5. The calcula
magnetopolaron resonance is shown in the thicker solid
of Fig. 4~a! and gives strong support to our predictions. F
thermore, due to the high effective mass of the heavy-h
carrier this effect may be very small in the valence ba
because the coupling will take place between states of h
Landau-level index and so the magnetopolaron resona
will be very broadened and weak. The theoretical results
the Raman efficiency, calculated within our Hamiltoni
model and including both excitonic and magnetopola
effects, reproduce quite well the shoulder of the correspo
ing experimental resonant peak nearB0510.8 T.

The last effect that we observe in the magneto-Ram
intensity is an induced band nonparabolicity. In simple th
band parabolic model the effective masses are indepen
of the magnetic field2 and thus the peak positions in th
magneto-Raman profile will be proportional to the appli
field. The above is no longer true in the present Hamilton
model and this mass-induced nonparabolicity can be cle
seen in Figs. 4~a!–4~d!.
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V. CONCLUSIONS

The model, which takes the valence-band mixing into
count, shows resonant features that could not be predi
using a simple three-band parabolic model. Conditions
double resonances within the framework of Fro¨hlich interac-
tion are satisfied once the band admixture is considered.
happens since new interband transitions, that are forbidde
a three-band parabolic model, will become allowed. This
fect was neglected in the calculation of the scattering am
tude due to the small values for the magnitude of the
volved phonon wave vector.

The band mixing and the induced mass nonparaboli
have relevant effects in the case of Raman scattering ass
by Fröhlich interaction and produce some evident differenc
between the two scattering configurations with parallel

ometriesz̄(s1,s1)z and z̄(s2,s2)z. For low laser energy

or high magnetic field the Raman spectra for thez̄(s1,s1)z
configuration appears to be ‘‘cleaner’’ from different cont
butions because the interference between different intrab
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transitions is strongly reduced@see Figs. 4~a! and 4~c!#.
However, for higher energies the parabolic limit is recove
and both spectra show sharp peaks due to just one kin
intraband transition.

The lifetime broadening calculations combined with t
effect of the valence-band mixing yield a better understa
ing of the experimental results and confirm the strong eff
of the electron-phonon Fro¨hlich interaction on the enhance
ment of the energy indetermination of these Landau sta
The sharp resonances observed in the magneto-Raman
tering allow a clear identification of polaron effects on t
d
of

e
d-
ct

es.
cat-

e

electronic band structure, as was confirmed by introduc
the magnetopolaron self-energy in the renormalization of
conduction-band Landau levels.
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