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Magnetoresonant Raman scattering in zinc-blende-type semiconductors:
Electron-phonon interaction mediated by a deformation potential

V. López* and G. E. Marques
Departamento de Fı´sica, Universidade Federal de Sa˜o Carlos, 13566-905, Sa˜o Carlos, SP, Brazil

J. Drake and C. Trallero-Giner
Departamento de Fı´sica Teo´rica, Universidad de La Habana, 10400 C. Habana, Cuba

~Received 2 September 1997!

The one-phonon Raman scattering efficiency for III-V and II-VI zinc-blende-type semiconductors in high
magnetic fields including the valence-band admixture has been obtained. The coupling of the heavy-hole and
light-hole valence bands has been taken into account through the Luttinger-Kohn Hamiltonian model. The
Raman profiles are calculated as a function of magnetic fieldB0 and laser frequencyvL with a deformation-
potential type of electron-phonon interaction. The influence on the Raman tensor of the nonparabolicity as well
as the anisotropic behavior of Landau ladders in terms of magnetic field and thez component of the hole wave
vector are analyzed. Explicit expressions for the Raman scattering efficiency as a function ofvL , B0, and the
Luttinger-Kohn parameters are given. The dependence of the lifetime broadening on the laser incident energy,
magnetic field, and Landau quantum number of the intermediate electronic states has been considered in the
Raman scattering efficiency. Based on these grounds, the essential features of recent magneto-Raman experi-

ments in bulk GaAs, using the crossed polarization geometriesz̄ (s6,s7)z can be explained.
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I. INTRODUCTION

Raman spectroscopy has become one of the most po
ful techniques used in the analysis of aspects of the e
tronic structure, the vibrational normal modes and their
teraction with the quasiparticles in semiconductor cryst
Resonant Raman scattering occurs whenever the energ
an incident or scattered photon equals the energy of an in
mediate electronic state. Application of external magne
field produces an enhancement in the Raman sensitivity
to the one-dimensional character of the density of state
introduced by the field.1 The study of the intensity of the
Stokes LO-phonon Raman scattering as a function of
magnetic field strength gives detailed information about
band structure of the crystal. Strong resonances may ap
near the singular points of the electronic density of state

The use of different scattering configurations in a Ram
process provides information about the symmetry of
electron-phonon interaction and different contributions to
scattering may appear from deformation-potential or Fr¨h-
lich forms of interactions based on the selection rules t
govern these processes. In the crossed polarization ge
etries, z̄ (s6,s7)z, the transitions are assisted b
deformation-potential interactions while in parallel geo
etries, z̄ (s6,s6)z, the electron-phonon coupling occurs v
the Fröhlich Hamiltonian. In this work we will be concerne
with just the former scattering geometries. Interesting res
can be obtained once the energy of the incident and scatt
light simultaneously approaches the energy of electro
transitions for a given value of the magnetic field strength
this case the intermediate electronic transitions, which ar
general virtual, become real and the Raman scattering
ciency is strongly enhanced. This is the so-called dou
resonant Raman scattering.
560163-1829/97/56~24!/15691~10!/$10.00
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Normally, simple parabolic models have been used in
theoretical studies of one-phonon magneto-Ram
scattering.1 Due to the degeneracy of the light- and heav
hole bands near theG point in the Brillouin zone, this mode
is only a rough approximation. More realistic models to c
culate the electronic structure of a crystal are needed in o
to take into account the mixing of valence levels and
coupling between valence and conduction levels. This is
portant in the study of transport and optical properties
semiconductors and in Raman spectroscopy particula
since the effects of the valence-band admixture are strong
a wide range of energy of the incident light.

Another approach has been used frequently concern
the phenomenological lifetime broadening of the interme
ate electron-hole pair states, which is usually taken as a c
stant. In the framework of this paper we calculate the
hancement of the broadening due to the electron-pho
Fröhlich interaction, which yields a new picture of the res
nance spectra due to its dependence on the electron~hole!
wave vector and on the corresponding Landau level inde
Some resonant features in the calculated spectra may e
disappear or become too weak, thus leading to more real
pictures of the magnetoresonant scattering efficiency.

II. BASIC HAMILTONIAN AND WAVE FUNCTION

We consider the system in a homogeneous magnetic
B parallel to the z axis and the Landau gauge whe
A5(0,xB0,0), for the vector potential, is chosen. The ele
tronic states in semiconductors with zinc-blende symme
and under applied magnetic field can be written as a sum
the product of Bloch states and harmonic oscillator wa
functions, which may contain a considerable degree
mixture.2,3 One of the realistic models mentioned before th
15 691 © 1997 The American Physical Society
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treats the electronic structure of heavy- and light-hole sta
in a magnetic field and takes into account their strong m
ture is the Luttinger-Kohn Hamiltonian model,4,5 which pro-
vides a good description for the valence-band states in th
semiconductors where the spin-orbit,D0, and the band-gap
energies,Eg , are large~sayEg , D0>300 meV!. For such a
situation, the fullk•p Kane-Weiller Hamiltonian model6 can
be separated into two 232 matrices withG7

SO @split-off ~SO!
band# andG6

c ~conduction band! symmetries, or the so-calle
parabolic models, and into a 434 matrix with G8

v ~top va-
lence band! symmetry.4

The G6
c andG7

SO bands will be characterized by effectiv
masses (mc ,mSO) and Lande´ g factors (gc ,gSO) in the
simple parabolic model where the interactions with the lig
hole ~lh! and heavy-hole~hh! bands are neglected. In th
manner the coupling between hh and lh ladders, due to
G8

v degeneracy at theG point is included through the 434
Luttinger Hamiltonian. Schematically the full Hamiltonia
can be written as

Ĥ5FHcc 0 0

0 Hvv 0

0 0 Hss

G , ~1!

where each parabolic block has the form

Hcc5Eg1
\2k̂2

2mc
1

1

2
gcmBs•B, ~2!
s
-

se

-

he

Hss52D02
\2k̂2

2mSO
1

1

2
gSOmBs•B, ~3!

and where the Luttinger-Kohn Hamiltonian can be written
a compact form

Hvv52
\2

2m0
H g1k̂21g2F S 1

3
J22Jx

2D k̂x
21c.p.G

24g3@$JxJy%$k̂xk̂y%1c.p.#

12kmBJzB012q
LK

Jz
3B0J , ~4!

where c.p. stands for cyclic permutations of (x,y,z).
In these expressions,mB is the Bohr magneton,s is the

Pauli matrix, g1,g2,g3,k,q
LK

are the Luttinger parameters

m0 is the bare electron mass, andJi ( i 5x, y, z) are matrices
for the components of the angular momentum, respectiv
In Eqs. ~2!–~4! the magnetic interaction is included in th
wave-vector operatork5@2 i¹1(e/c\)A#5( k̂x,k̂y,k̂z).

The eigenfunctions and eigenvalues for the$G6
c ,G7

SO%
manifolds described by Eqs.~2! and ~3! could be found
elsewhere.5 For theG8

v band, analytical bulk solutions of th
Schrödinger equation corresponding to the Hamiltonian~4!
can be obtained if no warping effect (g2.g3) is considered
and the axial approximation (qLK.0) is taken into account

In this case the 434 HamiltonianHvv is block diagonal-
ized into two independent 232 blocks for the heavy- and
light-hole states. They can be written as
Hvv5F ~g16g2!\vc~ N̂1 1
2 !1~g172g2!

\2k̂z
2

2m0
1\vc~ 1

2 61!k 2A3ḡ \vcâ
2

2A3ḡ \vcâ
†2

~g17g2!\vc~ N̂1 1
2 !1~g162g2!

\2k̂z
2

2m0
2\vc~ 17 1

2 !k
G , ~5!
s

d-

nce
ore
or

ole
whereN̂5â1â is the number operator,â (â†) is the annihi-
lation ~creation! operator defined asâ5A\c/2eB0( k̂x1 i k̂y),
ḡ 5@(g21g3)/2#, vc5(eB0 /cm0) is the cyclotron fre-
quency. The eigenvalues of these two matrices in Eq.~5!,
EN,kz

i , are given by

EN,kz

1,2 5a2~N!1g1S \2kz
2

2m0
D

6AFb2~N!22ḡ S \2kz
2

2m0
D G2

1c~N!, ~6!

EN,kz

3,4 5a1~N!1g1S \2kz
2

2m0
D

6AFb1~N!22ḡ S \2kz
2

2m0
D G2

1c~N!, ~7!
with N50,1,2, . . . for the eigenstatesEN,kz

1 ,EN,kz

4 and

N52,3, . . . for eigenstatesEN,kz

2 ,EN,kz

3 , respectively. The
other coefficients in the above expressions are defined a

a7~N!5\vcFg1S N2
1

2D7S ḡ 2
1

2
k D G , ~8!

b7~N!5\vcF ḡ S N2
1

2D7~g12k!G , ~9!

c~N!53ḡ 2N~N21!\vc . ~10!

The full calculated spectrum consists of four Landau la
ders whereEN,kz

2 ,EN,kz

4 are heavy-mass states andEN,kz

1 , EN,kz

3

are light-mass states. Due to the admixture of the vale
band, these Landau ladders will not be equidistant anym
and one cannot classify them according to their heavy
light hole character at theG8

v point, as is normally done in
parabolic models. However, the labels heavy- or light-h
only correspond to their behavior forB0→0 or kz→`. In
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56 15 693MAGNETORESONANT RAMAN SCATTERING IN ZINC- . . .
general, the effective mass of each layer is a function of
componentkz , the magnetic field strengthB0, and the Lan-
dau level numberN.

Let us define the dimensionless parame
x5A\kz

2/(2m0vc), which is a measure of the ratio betwee
the kinetic energy for the motion along the magnetic fie
and the cyclotronic energy of the motion in the plane p
pendicular to the magnetic field. The general form of t
eigenstates in Eq.~5! is a linear combination of function
uN;J,Jz&, which are formed by the product of the on
dimensional harmonic oscillator functionuN& and the peri-
odic Bloch function with symmetryG8

v , represented as
uJ,Jz&. Here,J is the total angular momentum andJz its z

component, which takes the valuesJ5 3
2 and Jz52 3

2 ,2 1
2,

for the spin-down components andJz51 1
2 ,1 3

2, for the
spin-up components. These linear combinations can be w
ten as

uC1&5a11~N,kz!UN22;
3

2
,
3

2L 1a21~N,kz!

3UN;
3

2
,2

1

2L →x→`

uN; lh2&, ~11!

uC2&5a12~N,kz!UN22;
3

2
,
3

2L 1a22~N,kz!

3UN;
3

2
,2

1

2L →x→`

uN22;hh1&, ~12!

uC3&5a13~N,kz!UN22;
3

2
,
1

2L 1a23~N,kz!

3UN;
3

2
,2

3

2L →x→`

uN22;lh1&, ~13!

uC4&5a14~N,kz!UN22;
3

2
,
1

2L 1a24~N,kz!

3UN;
3

2
,2

3

2L →x→`

uN;hh2&, ~14!

where each weightai j (N,kz) that measures the mixtures o
pure states is given by

a1152a225F1
2 1

1
2

b2~N!2 ḡ \2kz
2/m0

A@b2~N!2 ḡ \2kz
2/m0#21c~N!

G 1/2

,

~15!

a125a215F 1

2
2

1

2

b2~N!2 ḡ \2kz
2/m0

A@b2~N!2 ḡ \2kz
2/m0#21c~N!

G 1/2

,

~16!

a1352a245F 1

2
2

1

2

b1~N!2 ḡ \2kz
2/m0

A@b1~N!2 ḡ \2kz
2/m0#21c~N!

G 1/2

,

~17!
e

r

-
e

it-

a145a235F1
2 1

1
2

b1~N!2 ḡ \2kz
2/m0

A@b1~N!2 ḡ \2kz
2/m0#21c~N!

G 1/2

.

~18!

For those eigenstates withN50 andN51, the weights
a11(N,kz) anda12(N,kz) in Eqs.~11! and~12! anda13(N,kz)
and a14(N,kz) in Eqs. ~13! and ~14! are identically zero.
Therefore, in these two Landau levels the eigenstatesuC1&,
uC2&, uC3&, and uC4& will become just pure states with de
generated spin-down components. ForN>2 all four eigen-
states will have a mixture of spin-up and spin-down pu
states.

Let us now calculate the eigenvalues and the eigenst
and show the form of the mixture as a function of the p
rameterx, defined earlier, for different Landau ladders, i
side the bulk of GaAs, whose general band parameters
given in Table I.

Figure 1 shows the calculated energy levels within
Luttinger-Kohn model, as a function of dimensionless p
rameterx and for selected values of the Landau quant
number N. The nonparabolic behavior for low quantu
numbers in the rangex<3 can be clearly seen~that is high
magnetic field and/or low values of the kinetic ener
\2kz

2/2m0). Furthermore, the heavy-mass behavior ofEN,kz

2

and EN,kz

4 ladders is characterized in the figure by the n

rower spaced levels atx>3. For the same range ofx, the
laddersEN,kz

1 andEN,kz

3 show the light-mass behavior as re

resented by the widely spaced energy levels. For the sak
comparison we have also included the first two pure s
energies for light-mass~dotted lines! and heavy-mass~dash-
dotted lines! particles, as obtained from a diagonal appro
mation~parabolic case! in dotted lines. At large values ofx,
they show clearly the different curvatures according to th
masses.

A better quantitative idea about the effect of the mixi
between theG8

v valence bands can be observed in Fig.
where the weight factorsuai j u2 ( i 51,2) (j 51,2,3,4) are
shown as a function ofx and for different values of the
Landau numberN. As already said before, forN,2, the

TABLE I. Parameters for GaAs used in this work, from Refs
and 13.

Parameters GaAs

g1 6.85
g2 2.1
g3 2.9
EG ~meV! 1519
D0 ~meV! 341
k 1.2
q

LK
0.04

gc 20.32
gSO 4.5

mc (m0) 0.0665
mSO (m0) 0.170
\vLO ~meV! 37
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FIG. 1. Energy laddersEj ( j 5124) in magnetic units of\vc

(Eb5Ei /\vc) are shown as a function of dimensionless parame
x5A\kz

2/(2m0vc) for the Landau quantum numbersN52,3,4,5,6.
The calculation has been performed for GaAs semiconductors
input parameters given in Table I. The admixed ladders are re
sented by solid lines while the parabolic dispersion law~for
N52,3) is by shown dash-dotted lines for heavy-mass ladders
dotted line for light-mass ladders.
states are pure or parabolic but, forN>2, pure heavy- or
light-mass states are only obtained in the limitx→` where
the mixing disappears completely. In this limit, the effectiv
masses can be treated as constants, as was considered in
1, in the evaluation of the one-phonon resonant Raman s
tering in III-V semiconductors. A slightly different approac
has also been done in the limit ofkz50 (x50) ~Ref. 1! by
considering a partial mixing between theG8

v valence bands.
In that model, which was justified by the divergency of th
electronic density of states, the coefficientsai j ( i 51,2)
( j 51,2,3,4) were independent onkz while, in the energy
ladders, the dependence onkz was included as simply para
bolic.

III. RAMAN SCATTERING EFFICIENCY

The Raman scattering efficiency (dS/dV) per unit length
and unit solid angle is given by

dS

dV
5FvLvS

3hLhS
3

~2pc2!2 G S V

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

~19!

where h j ,v j ,ej ( j 5L,S) are the refractive index, fre-
quency, and polarization vector of the laser (L) and scattered
(S) light fields, respectively,c is the speed of light, andV is
the volume of the crystal. In Eq.~19!, WFI is the scattering
amplitude which, for the one-phonon process in the low
order perturbation theory, can be written as1

WFI5(
a,b

^FuĤE2Rua&^auĤE2Pub&^buĤE2RuI &
~\vS2Ea1 iGa!~\vL2Eb1 iGb!

, ~20!

r

th
e-

nd
FIG. 2. Weight coefficientsuai j u2 of the admixed wave functionsuC j& calculated as a function ofx5A\kz
2/(2m0vc), for different

Landau quantum numberN52,3,4,5,6. The coefficientsua11u2, ua22u2,ua23u2,ua14u2 are indicated by dotted lines andua12u2,ua21u2, ua13u2,ua24u2

by solid lines.
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56 15 695MAGNETORESONANT RAMAN SCATTERING IN ZINC- . . .
with uI & anduF& being the initial and final states correspon
ing to the scattering of an incident photon of frequencyvL
by a phonon of frequencyvLO and followed by the emission
of a photon of frequencyvS5vL2vLO . Also, a andb refer
to intermediate electron-hole pair states with energiesEa ,Eb
and lifetime broadeningGa and Gb , respectively. Further-
more,ĤE-R andĤE-P are the electron-radiation and electro
phonon interaction Hamiltonians defined in the framework
the second quantization by

ĤE-R5 (
k,e,m,m8

S e

m0
A 2p\

h2vV
D

3@ ê m8uei k•rpum& d̂m8
† d̂mâk,e1H.c.#, ~21!

and

ĤE-P5 (
q,m,m8

@Sm
m8 d̂m8

† d̂m b̂q1H.c.#. ~22!

In these expressions,âk,e (â2k,e
† ), d̂m (d̂m8

1 ) andb̂q (b̂2q
† ) are

the annihilation~creation! operators for photons, electron
hole pairs, and phonons, respectively,k (q) represents the
photon~phonon! wave vector,p is the momentum operator

and Sm
m8 is the coupling constant between an electron-h

pair and a phonon. For the case of deformation-potentia

teraction,Sm
m8 can be written as7

Sm
m8~q!5S u0A3

2a0
D @^m8uDe~re!e

2 iq•re2Dh~rh!e2 iq•rhum&#,

~23!

with a0 being the lattice constant,u05A\Vc /(2VvLOM* )
is the zero-point amplitude of the relative sublattice displa
ment,Vc is the volume of the primitive cell,M* is the re-
duced mass of the atoms contributing to the optical mod
and Da(ra) (a5e for electrons andh for holes! is the de-
formation potential constant as defined by Bir and Pikus8
f

e
-

-

s,

In our band model consisting of one conduction band,
deformation-potential interaction cannot couple the elect
band due to thes character of theG6

c symmetry, which gives
^G6

cuDeuG6
c&50.

In the Faraday configuration and for circularly polariz
light with e5(ex6 iey)/A2 for the s6 polarization, respec-
tively, the one-phonon Raman scattering, mediated by
deformation-potential interaction, is possible in the scatter
configurationsz̄ (s6,s7)z, where the@001# direction has
been chosen as the quantization axis parallel tok.1 The
deformation-potential mechanism yields nonzero contri
tions for those states that couple split-off or light-hole lev
to heavy-hole ones. Therefore, the selection rules betw

pure states, represented asu 3
2 ,6 3

2 & for heavy-hole,u 3
2 ,6 1

2 &
for light-hole, andu 1

2 ,6 1
2 & for split-off states, are given by

z̄~s1,s2!z z̄~s2,s1!z

u 3
2 , 3

2 &→u 3
2 ,2 1

2 & u 3
2 ,2 3

2 &→u 3
2 , 1

2 &

u 3
2 , 1

2→u 3
2 ,2 3

2 & u 3
2 ,2 1

2 &→u 3
2 , 3

2 & ~24!

u 1
2 , 1

2 &→u 3
2 ,2 3

2 & u 1
2 ,2 1

2 &→u 3
2 , 3

2 &

3
2 , 3

2 &→u 1
2 ,2 1

2 & u 3
2 ,2 3

2 &→u 1
2 , 1

2 &.

For dipole-allowed interband optical transitions we obta
for the Landau quantum numberDN50, for the z compo-
nent of the angular momentum changes by one (DJz561)
in the s6 polarizations and the spin components remain
changed (Dms50).

By introducing expressions~21!–~23! into Eq. ~20! and
using the wave functions~11!–~14! together with the above
selection rules, the scattering amplitude for thez̄ (s2,s1)z
configuration can be written as
WFI5 i uPu2d0A (
N50

` E
0

`

dkzH 1

\vS2ESO2
1

~kz ,kz ,N,N!1 iGSO2

2

3 (
i 51

2 ua1i~N12!u2

\vL2Ei
1~kz ,kz ,N,N12!1 iG i

1
2

3 (
i 53

4 ua2i~N!u2

\vS2Ei
2~kz ,kz ,N,N!1 iG i

1

\vL2ESO1
2

~kz ,kz ,N,N!1 iGSO1

1
1

3 (
i , j 51

2 ua2i~N!u2

\vS2Ei
1~kz ,kz ,N,N!1 iG i

3
ua1 j~N12!u2

\vS2Ej
1~kz ,kz ,N,N12!1 iG j

1
1

3 (
i , j 53

4 ua2i~N!u2

\vS2Ei
2~kz ,kz ,N,N!1 iG i

ua1 j~N12!u2

\vL2Ej
2~kz ,kz ,N,N12!1 iG j

J .

~25!
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15 696 56LÓPEZ, MARQUES, DRAKE, AND TRALLERO-GINER
In the above expression, we have defined

A5A3

2S 1

m0
D 2F e3B0

AhLhS

1

AvLvS
G S u0

pa0cD , ~26!

Ei
6~kze

,kzh
,Ne ,Nh!5@Ec

6~kze
,Ne!2Ei~kzh

,Nh!#,

i 51,2,3,4, ~27!

ESO6
6

~kze
,kzh

,Ne ,Nh!5@Ec
6~kze

,Ne!2ESO6~kzh
,Nh!#,

~28!

Ec
6~kze

,Ne!5Eg1
\2kze

2

2mc
1\vc

cS Ne1
1

2D6
1

2
mBgcB0 ,

~29!

ESO6~kzh
,Nh!5F2D01

\2kzh

2

2mSO
1\vc

SOS Nh1
1

2D
6

1

2
mBg

SO
B0G , ~30!

where,vc
SO5(eB0 /cmSO), vc

c5(eB0 /cmc), and d0 is the
optical deformation-potential constant.

The expression for thez̄ (s1,s2)z configuration can be
obtained immediately by just replacing\vL by \vS and vice
versa, and finally by changing the sign ofWFI .

New contributions from interband transitions are obtain
in the framework of this model. The mixing leads to th
appearance of new terms that cannot be achieved with
simple treatment of the electronic structure in a parab
model. It is important to notice that, with strong band m
ing, there are twelve different contributions that must
taken into account for each scattering configuration, inst
of four within the parabolic model.

As was already pointed in Ref. 1, when the incident lig
is resonant with an interband magneto-optical electro
d

a
c

e
d

t
ic

transition for a certain value of the magnetic field, the co
dition for incoming resonance is fulfilled. The outgoing res
nance appears when the scattered light equals the en
difference for an interband transition from a conduction to
valence band. Due to the difference in the effective mas
of each valence band, the condition for double resonance
be fulfilled, for certain values of the energy of the ligh
Before proceeding to the calculation of the Raman scatter
let us first calculate the broadening of intermediated sta
within the present model for the electronic structure.

IV. LIFETIME BROADENING CALCULATION

Even at very low temperature, different interactions m
contribute to the lifetime broadening of the electronic inte
mediate states. In a magnetic field, even at temperature
0 K, the effects of the electron-LO-phonon interaction m
be very strong and the possibility of resonant coupling
tween different intraband states via one-phonon emission
comes real. This effect has strong influence on the magn
Raman efficiency.

For electronic energy,E5@\2k8z2/2m1\vc(Ne1 1
2 )#

.\vLO , the emission of LO phonons by electrons~or holes!
is not forbidden and the inverse of the electronic lifetime,g,
must be dominated by the electron-LO-phonon Fro¨hlich
Hamiltonian. The relaxation time for LO phonons is of th
order of 10213 s. It is clear that the peaks observed in Ram
scattering efficiency will be drastically reduced whenever
LO-phonon emission can be switched on. In Refs. 9 and
the electron~hole! lifetime broadening, determined by th
LO-phonon interaction was calculated as a function of
electron~hole! wave vector and the Landau level index. Th
lifetime broadening is proportional to the probability per un
time,WN→N8 that the electron~hole! makes a transition from
the stateNe8 ,kze

8 (Nh8 ,kzh
8 ) to the stateNe ,kze

(Nh ,kzh
), ac-

companied by LO-phonon emission.
The total lifetime broadeninggNeNh

for the electron-hole
pair states, within the framework of the free-electron–h
approach, may be written as a simple sum of the electron
hole probabilities, that is,

gNeNh
~ke ,kh!5WNe

e ~ke!1WNh

h ~kh!, ~31!

where
WNi

i ~ki !5 (
Ni8 ,kzi

8
WNi→N

i8
~kzi

8 !dF S \2kzi

2

2mi
D 1\vLO1\vc

i ~Ni2Ni8!2S \2kzi
82

2mi
D G , i 5e,h. ~32!

Here, the following explicit expression forWNi→N
i8
(kzi

8 ) has been obtained in Ref. 9:

WNi→N
i8
~kzi

8 !5a ivLOA\vLO

ai
E

0

`

e2tFN
i8 ,Ni

~ t !$@ t1~A\kxi

2 /2mivc
i 1Aai /\vc

i !2#21@ t1~A\kxi

2 /2mivc
i 2Aai /\vc

i !2#21%dt.

~33!
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FIG. 3. The Raman intensity for bulk GaAs calculated as a function of the magnetic field for different energies of the incide

(EL5\vL) in the z̄ (s2,s1)z configuration. The arrows label the incoming or outgoing resonances for Landau quantum numbersN with
stronger contributions~see text!. The lifetime broadening was taken as a constant, with a valueG51 meV for all transitions.
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In the above expression, we have defined

ai5F S \2kzi

2

2mi
D 1\vc

i ~Ni2Ni8!2\vLOG ~34!

and

FN8,N~ t !5H N8!

N!
tN2N8@LN8

N2N8~ t !#2, N>N8

N!

N8!
tN82N@LN

N82N~ t !#2, N8.N,
~35!

whereLN8
N2N8 are the Laguerre polynomials andae (ah) the

Fröhlich electron-~hole-! LO-phonon coupling constant.
The electron-~hole-! phonon coupling is switched off by

conservation of energy if @(\2kzi

2 /2mi)1\vc
i (Ni1

1
2 )#

<\vLO , i 5e,h,SO, as can be seen from Eq.~32!. Other
processes that would also contribute to the lifetime, such
scattering by impurities and by acoustical phonons will
assumed as a constant broadening,g0, independent ofkz and
N. That is, in the present model, the full broadening is

GNeNh5~g01gNeNh.!. ~36!

These general results and their influence on the calcul
magneto-Raman efficiency will be discussed in the next s
tion.
as
e

ed
c-

V. RESULTS AND DISCUSSION

Let us now analyze the light scattering for the configu

tion z̄ (s2,s1)z in GaAs, whose parameters are given
Table I.

The contribution of the first two terms in the sum insid
the integral ofWFI , in Eq.~25!, involves transitions between
the split-off and the conduction-band states. Their relat
contributions to the Raman tensor are important when
energy of the incident light,\vL , is near to (Eg1D0),
where the interband transitions become real. This can be
in Fig. 3, where the magneto-Raman efficiency calculated
\vL51900 meV is shown. For such an incident photon e
ergy, the effect of the mixing is negligible for small values
the Landau level indexN since the resonant transitions occ
for large values of the hole kinetic energy (x.3), which
corresponds to the parabolic limit involving pure eigenstat
as explained above.

For incident photons with energies in the ran
156021700 meV~see Fig. 3!, the effects produced by th
mixing of the electronic states become strong for small v
ues of the Landau level indexes, which requires low valu
of the hole kinetic energy at the resonance (0<x<2). Here,
as can be noticed in Fig. 2, the band mixing is in this co
sidered range. Therefore, the strongest contribution to
Raman efficiency comes from the transition between
conduction band and the two valence band states allowe
the selection rules in Eq.~24!, namely,uC4&←uC3&, and that
would only correspond to a hh2-like state (uC4&) and an
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lh1-like state (uC3&), respectively at valuesx→`. One may
see in Fig. 2 that several transitions occur due to the b
mixing and some of them disappear for high hole kine
energy or low magnetic field. In particular, the main cont
butions at energies below\vL51700 meV are associated t
interband transitions between componentsa14u lh1& and
a23uhh2& of involved states and is a direct consequence
the band mixing atx<2.

What is commonly called the heavy or light character o
valence band states is determined by their behavior at
field or high kinetic energies, and they only correspond to
character associated to the effective mass in a certain r
of energy. By following the selection rules in Eq.~24! we see
that transitions between ‘‘mixed states’’ with charac

c←hh2← lh1←c are forbidden in thez̄ (s2,s1)z configu-
ration. Within the parabolic model, the strongest contribut
arises from the ‘‘pure state’’ transitions,c←hh1← lh2←c
for the same scattering configuration and range of energ
This transition also occur within the nonparabolic model b
its contribution to the Raman efficiency is very small. T
reason for such a difference between models is related to
fact that, in the nonparabolic model, the former allowed tr
sitions between pure states become transitions between
ponents of admixed states whose weight is not exactly o
For each allowed transition followed by selection rules b
tween pure states the valence-band mixing allows new c
tributions between the Luttinger-Kohn states. It is importa
to notice that the character of these new transitions may
correspond to the character that they had in the parab
case and it is caused by the band mixing enhanced by
magnetic field. The picture remains the same until the ene
of the incident light is below 1700 meV. At\vL.1700
meV, the states become almost pure and the effect of
mixing tends to disappear. This is a direct consequenc
the wave-function dependence on the hole kinetic ene
For very high energies of the incident light the resonant tr
sition occurs at high values of the hole kinetic energy for l
Landau levels and the parabolic regime is completely rec
ered.

The condition for doubly resonant first-order Raman sc
tering is only completely fulfilled when the energy differen
between two electronic transitions equals the energy\vLO of
the phonon involved in this process. Some suitable value
the magnetic field may produce the appropriate energy s
ting necessary. For GaAs under applied magnetic filed,
resonances between incident and scattered lights coincid
\vL.1620 meV. At this energy, the electron-phonon def
mation interaction couples the transitions between st
uC3&←uc& ~incoming resonance! and uc&←uC4& ~outgoing
resonance!, leading to a maximum in the Raman intensi
There is still another chance for a double resonance, th
uC2&←uC1& transition near 1630 meV for the resonant co
pling between the lh2 component ofuC1& and the hh1 com-
ponent ofuC2&. Nevertheless, this contribution to the tot
intensity appears to be very small in thez̄ (s2,s1)z con-
figuration. The appearance of two different doubly reson
conditions is also an effect associated to the valence-b
mixing, where the parabolic model predicts just one.

Another interesting effect of the band mixing is th
heavy-hole components of the admixed states may h
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lower effective mass than the light-hole components. T
effect is clearly seen in our results and the Fig. 1 shows
difference in the set of narrow~wide! spacing between level
for the heavy-mass~light-mass! carriers in the rangex,3, if
compared to the parallel spacing between levels in the p
bolic model with the heavy-mass particle above the lig
mass one. This is present in the Luttinger-Kohn Hamiltoni
where heavy holes~light holes! with effective mass along the
z direction defined bymz51/(g122g2) @mz51/(g112g2)#
have the in-plane effective mass given bymxy51/(g11g2)
@mxy51/(g12g2)# in appropriate units.

The double resonance occurs just for a case where
hole effective mass at the incoming resonance is smaller
the effective mass of the outgoing one. Therefore, our mo
shows that the corresponding componenta23uhh2& of uC3&,
at which the incoming transition occurs, indeed has an eff
tive mass smaller than the mass of the componenta14u lh1&
of uC4& ~involved in the outgoing transition!. Simple para-
bolic models for the electronic structure could not expla
such a resonance.

In order to further compare these models we show in F
4 the calculated magneto-Raman profile in both mod
where we have used a constant lifetime broadening for b
cases. The strongest contribution in the parabolic mo
arises from the transition between the hh1← lh2 states. This
contribution also appears for the admixed bands within
Luttinger-Kohn model but, in this case, the strongest re
nances are due to transitions with character hh2← lh1, which
would be forbidden within a parabolic model in th
z̄ (s2,s1)z configuration. Furthermore, notice that the i
tensities of the resonant peaks are modulated by a quad
decay dependence on the magnetic field strength@see Eqs.
~19!, ~25!, and ~26!#, and by the value of weight factors
ua14u2 and ua23u2, of each wave functions components calc
lated as a function of the magnetic field~see Fig. 2!.

Some results, after applying the calculated lifetime bro

FIG. 4. Raman intensity vs magnetic field in bulk GaAs for

incident laser energyEL51620 meV in thez̄ (s2,s1)z configura-
tion, calculated using admixed valence bands~solid line! and com-
pared to the calculated spectrum using a parabolic model~dashed
line!. The broadening lifetime,G51 meV, was used for all elec
tronic transitions.
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ening for each intermediate state, as described in the l
section to the Raman efficiency of Sec. IV are shown in pa
~a! and~b! of Fig. 5 together with the experimental results o
Ref. 11. One may see that the calculation of lifetime broa
ening and the electronic states within the Luttinger-Koh
model are two essential ingredients that provide an explan
tion for the relative heights and shape of each resonant pe
in the magneto-Raman efficiency. It is clear that the lifetim
broadening dependence on the wave vectors and on Lan
level indexes changes the picture of these resonances. If
results shown in Fig. 5 are compared with previous results
Fig. 4 for the same energy of the incident light one see th
some of the shapes of resonant become wider and tend
disappear. In this way our model can better explain the re
tive heights and shape of the different resonance peaks

FIG. 5. Calculated magneto-Raman intensity~solid line! as a
function of B0 , taking into account the lifetime broadening depen
dence on the Landau quantum number and the electron~hole! wave
vector ke (kh) @see Eqs.~31!–~35!#. The experimental result
~dashed line! corresponds to the same value of the incident ligh
energy and scattering configuration in GaAs crystals according
Ref. 11. In part~a! the incident photon has energyEL51620 meV
and, in part~b!, EL51640 meV.
st
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perimentally obtained. It is important to notice that we us
the constant lifetimeg0 as an adjustable parameter and it w
fixed to the valueg051 meV.

The excitonic corrections to the Landau levels have b
introduced in the results shown in Figs. 3–5 using the hi
field limit as deduced in Ref. 12. As can be seen in Fi
5~a!–5~b!, there is an overestimation of the excitonic effec
in our theoretical results, for low fields. This small differen
was caused by the approximation, which is assumed in
method used to calculate the excitonic corrections to
resonances. In order to establish the importance of the m
netoexcitonic effects we show in Fig. 6 a comparison be-
tween Raman intensities calculated with and without ex
tonic corrections to Landau levels, for incident light
\vL51620 meV.

As a final comment, we also can observe some sm
shoulders in the experimental data to each side of a reso
peak. At present we have no explanation for these shoul
but are planning to more deeply analyze magneto-Ram
spectroscopy and try to reach some conclusions about
possible origin.

VI. CONCLUSIONS

We have developed a microscopic theory for t
magneto-Raman scattering for III-V and II-VI zinc-blend
type semiconductors in the framework of the Luttinger-Ko
Hamiltonian. The magneto-Raman transitions due to
electron-phonon deformation potential interaction are
lowed in the crossedz̄ (s6,s7)z geometries, even if the
admixture through the Luttinger-Kohn Hamiltonian is tak
into account.

The valence-band mixing in III-V and II-VI bulk semi
conductors has strong influences on the Raman profile
on the shape of the resonant peaks. Under resonance
Raman scattering efficiency increases asB0

2 but the heights
of the peaks are also influenced by the weightsai j (N,kz),
which measures the admixture of electronic states as we

t
to

FIG. 6. Raman intensity vs magnetic field in bulk GaAs for

incident laser energyEL51620 meV in thez̄ (s2,s1)z configura-
tion, calculated with~solid line! and without~dotted line! the exci-
tonic corrections in the high-field limit. The broadening lifetim
G51 meV, was used for all electronic transitions.
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by the lifetime broadening for each intermediate state. T
total lifetime broadening,gNN , for the electron-hole pair
states, was calculated within the framework of the fr
electron-hole approach.

The calculated Raman efficiency intensity, according
the Luttinger-Kohn Hamiltonian, shows a number of ne
resonances related to the van Hove-like type of singulari
in the density of the intermediate electron-hole states t
could not be obtained with a simple parabolic model for t
electronic structure. We stress that the calculation of the
solute value of the Raman scattering intensity is a com
cated problem where the form of the electron-phonon int
e

e

o

s
at
e
b-
li-
r-

action and the mixture of valence-band states play
important role in the determination of the shape of the sp
tra. The shift in the resonance energies as caused by
magnetoexciton effects was taken into account in the pres
work in the high field limit.
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