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Magnetoresonant Raman scattering in zinc-blende-type semiconductors:
Electron-phonon interaction mediated by a deformation potential
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The one-phonon Raman scattering efficiency for IlI-V and 1I-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 Bgldnd laser frequency, 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 amattmeponent of the hole wave
vector are analyzed. Explicit expressions for the Raman scattering efficiency as a funatipnB§, 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 geometrz'_eéai,ai)z can be explained.
[S0163-18297)04547-3

[. INTRODUCTION Normally, simple parabolic models have been used in the
theoretical studies of one-phonon magneto-Raman
Raman spectroscopy has become one of the most poweseattering: Due to the degeneracy of the light- and heavy-
ful techniques used in the analysis of aspects of the elediole bands near thE point in the Brillouin zone, this model
tronic structure, the vibrational normal modes and their in-s only a rough approximation. More realistic models to cal-
teraction with the quasiparticles in semiconductor crystalseulate the electronic structure of a crystal are needed in order
Resonant Raman scattering occurs whenever the energy g take into account the mixing of valence levels and the
an incident or scattered photon equals the energy of an integoypling between valence and conduction levels. This is im-
mediate electronic state. Application of external magneticportant in the study of transport and optical properties of
field produces an enhancement in the Raman sensitivity du& miconductors and in Raman spectroscopy particularly,

to the one-dimensional character of the density of states ag,ce the effects of the valence-band admixture are strong for
introduced by the field. The study of the intensity of the a wide range of energy of the incident light

Stokes .LO.—phonon Ramgn scattering as a fqnctlon of the Another approach has been used frequently concerning
magnetic field strength gives detailed information about theihe phenomenoalogical lifetime broadening of the intermedi-
band structure of th? crystal. Strong resonances may appegfy gjectron-hole pair states, which is usually taken as a con-
near the singular points of the electronic density of states. stant. In the framework of this paper we calculate the en-

The use of_differ_ent scat_tering configurations in a Ramaqﬁancement of the broadening due to the electron-phonon
process provides Iinformation about the symmetry of theFrbhlich interaction, which yields a new picture of the reso-

electron—phonon interaction and dn‘fere‘nt contrlbgt|on§ to thenance spectra due to its dependence on the electaie)
scattering may appear from deformation-potential orhFro ave vector and on the corresponding Landau level indexes.

lich forms of interactions based on the selection rules tha ome resonant features in the calculated spectra may either
govem ﬂesf processes. In the crossed polarization georisanhear or become too weak, thus leading to more realistic
etries, z(o~,07)z, the transitions are assisted by pictures of the magnetoresonant scattering efficiency.
deformation-potential interactions while in parallel geom-

etries,z_(cri,cri)z, the electron-phonon coupling occurs via Il BASIC HAMILTONIAN AND WAVE FUNCTION
the Frdnlich Hamiltonian. In this work we will be concerned

with just the former scattering geometries. Interesting results We consider the system in a homogeneous magnetic field
can be obtained once the energy of the incident and scatterdl parallel to thez axis and the Landau gauge where
light simultaneously approaches the energy of electroniéd=(0,xBy,0), for the vector potential, is chosen. The elec-
transitions for a given value of the magnetic field strength. Intronic states in semiconductors with zinc-blende symmetry
this case the intermediate electronic transitions, which are iand under applied magnetic field can be written as a sum of
general virtual, become real and the Raman scattering effthe product of Bloch states and harmonic oscillator wave
ciency is strongly enhanced. This is the so-called doublyffunctions, which may contain a considerable degree of
resonant Raman scattering. mixture3 One of the realistic models mentioned before that
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treats the electronic structure of heavy- and light-hole states A2k2 1
in a magnetic field and takes into account their strong mix- Hes= —Ag— 5 + 59sous0™ B, 3
ture is the Luttinger-Kohn Hamiltonian modt,which pro- Mso

vides a good description for the valence-band states in thosg,q where the Luttinger-Kohn Hamiltonian can be written as
semiconductors where the spin-orblfy, and the band-gap 4 compact form

energiesk,, are large(sayEgy, Ao=300 me\. For such a

situation, the fullk- p Kane-Weiller Hamiltonian mod&kan #2 . 1 ~
be separated into two>22 matrices withl'S° [split-off (SO) Hyo=— H[ y1k*+ ¥, 532—35 ki+c.p.
band andT'§ (conduction bandsymmetries, or the so-called 0
parabolic models, and into a>x44 matrix with I'g (top va- —4y3[{JXJy}{RXRy}+c.p.]
lence banyd symmetry?
The I's andI'?° bands will be characterized by effective 4 2k s Byt 2 JfBo], @)
masses fi.,msg) and Landeg factors @.,9so in the LK

simple parabolic model where the interactions with the light- . .
hole (Ih) and heavy-holghh) bands are neglected. In this where c.p. stands fqr cychp permutations afy,z). .
manner the coupling between hh and |h ladders, due to ths In_ thesg expressiongg is the Bohr magnetorr;r is the
I' degeneracy at thE point is included through the 344 auli matrix, y1,v2,73,x,0,, are the Luttinger parameters,

Luttinger Hamiltonian. Schematically the full Hamiltonian Mo iS the bare electron mass, afidi=Xx, y, z) are matrices
can be written as for the components of the angular momentum, respectively.

In Egs. (2)—(4) the magnetic interaction is included in the
wave-vector operatdc=[ —iV+(e/chi)A]=(ky Ky, k).

A Hee 0 0 The eigenfunctions and eigenvalues for thie$,I's%
H={0 H, 0 |, (1)  manifolds described by Eqg2) and (3) could be found
0 0 Heo elsewheré. For thel'y band, analytical bulk solutions of the
Schralinger equation corresponding to the Hamiltonidh
where each parabolic block has the form can be obtained if no warping effecy{= y3) is considered

and the axial approximatiom(x=0) is taken into account.

oo In this case the X4 HamiltonianH,,, is block diagonal-

Ho—E 4+ ﬂJr 1 o B @) ized into two independent22 blocks for the heavy- and
€ T8 2m, 2 9cHBa B light-hole states. They can be written as

. k2 .
(n=y)hol( N+ 1) +(7112y2)2—m;+ﬁwc(% 1)k —Byhod?
H = ~ ] (5)
VU 212

~ 12 . hek
“V3yhod” (nFyhed N+ ) +(nr2y,)0 fohod(154) «

whereN=a"2 is the number operatoa, (a') is the annihi-  With N=0,12... for the eigenstatesEy, Ey  and
lation (creation operator defined as= \7%ic/2eBq(k,+ik,), N=23,... for eigenstatesEy,, EX, respectively. The
'y—Z[('yZ-i- v3)/2], w.=(eBy/cmy) is the cyclotron fre- other coefficients in the above expressions are defined as

quency. The eigenvalues of these two matrices in (By. 1 1
'N,kz, are given by az(N)=fwd v N—E)I Y=ok (8
h2k2 —5 1 i
£ —a (N + 3, z_mo> B=(N)=hod Y N=5|F(n-n)|,
2 c(N)=3y2N(N- DA w,. (10)

+c(N), (6)

%2Kk?
* _(N)=2y| =— .
\/[’8 (N) ;<2mo The full calculated spectrum consists of four Landau lad-
ders wheréEg, | EY, are heavy-mass states a8, EX

#2Kk2 are light-mass states. Due to the admixture of the valence
Z) band, these Landau ladders will not be equidistant anymore

Eﬁ'f‘kz=a+<N>+n<

2mg and one cannot classify them according to their heavy or
722\ 12 light hole character at thEg point, as is normally done in
* \/ ,3+(N)—2;< 5 2| +c(N), (7)  parabolic models. However, the labels heavy- or light-hole
Mo only correspond to their behavior f@;,—0 or k,—. In




56 MAGNETORESONANT RAMAN SCATTERING IN ZING . . .

15693

general, the effective mass of each layer is a function of the TABLE I. Parameters for GaAs used in this work, from Refs. 1

componenk,, the magnetic field strengtB,, and the Lan- and 13.
dau level numbeN.
Let us define the dimensionless parameter Parameters GaAs
x=\likZ/(2myw.), which is a measure of the ratio between - 6.85
the kinetic energy for the motion along the magnetic field - 21
and the cyclotronic energy of the motion in the plane per- v 29
pendicular to the magnetic field. The general form of the Eg (meV) 1519
eigenstates in Eq5) is a linear combination of functions A, (meV) 341
IN;J,J,), which are formed by the product of the one- KO 192
dimensional harmonic oscillator functidiN) and the peri- 0 '04
odic Bloch function with symmetryl'§, represented as gLK _(')32
|3,J,). Here,J is the total angular momentum aid its z g° 4'5
component, which takes the valuds-2 and J,=—3,—3, ° '
for the spin-down components ani,=+3,+3, for the me (M) 0.0665
spin-up components. These linear combinations can be writ- Mgo (M) 0.170
ten as fhiw o (MeV) 37
| ¥ )=a;1(N,k,) N 2'3 3>+a (N,k,)
1 110N Rz 29 21! 1Nz 1+ 1 ﬂJr(N)—'yﬁzk?/mo 1/2
3 1 T8 2T 2 T (N — ek m P o(N)
X N;E’_§> — [N;1h ™), (11 (18)
33 For those eigenstates withi=0 andN=1, the weights
|W5) =a;(N,k,)|[N— 255, §> +az(N,kz) a;i(N,k,) anda;»(N,k,) in Egs.(11) and(12) anda;4(N,k,)
and aj4(N,k,) in Egs. (13) and (14) are identically zero.
3 1\ x—= Therefore, in these two Landau levels the eigenstates,
XIN; > §> — [N=2;hh*), (12)  |W,), |¥3), and|¥,) will become just pure states with de-
generated spin-down components. Roe2 all four eigen-
31 states will have a mixture of spin-up and spin-down pure
- Y Pl states.
Wo)=ailN.k)|N=2:5, 2> AN ko) Let us now calculate the eigenvalues and the eigenstates
and show the form of the mixture as a function of the pa-
wn: §> X:w|N_2,|h+> (13  rameterx, defined earlier, for different Landau ladders, in-
27 2 ' ’ side the bulk of GaAs, whose general band parameters are
given in Table I.
31 Figure 1 shows the calculated energy levels within the
|V 4)=a14(N,k,) N—2;§,§>+a24(N,kz) Luttinger-Kohn model, as a function of dimensionless pa-
rameterx and for selected values of the Landau quantum
3| x— number N. The nonparabolic behavior for low quantum
X |N; 2" §> — [N;hh™), (14 numbers in the range<3 can be clearly seefthat is high

where each weigha;; (N,k,) that measures the mixtures of

pure states is given by

1/2

magnetic field and/or low values of the kinetic energy
#2k%12mg). Furthermore, the heavy-mass behavi0|E§,sz

and Eﬁ,’kz ladders is characterized in the figure by the nar-

rower spaced levels at=3. For the same range of the
laddersEy,andEy ,show the light-mass behavior as rep-

resented by the widely spaced energy levels. For the sake of
comparison we have also included the first two pure state
energies for light-mas&lotted line$ and heavy-mas&ash-
dotted line$ particles, as obtained from a diagonal approxi-
mation (parabolic casein dotted lines. At large values o,
they show clearly the different curvatures according to their
masses.

A better quantitative idea about the effect of the mixing
between thel'y valence bands can be observed in Fig. 2,

a|r ot ANy
T AT 27 2 T (N) - yh 2K mo Pt o(N)
(15
{1 1 B(N)—yh%Kmg 2
ap=ax=|; 5 — ,
22 \[B_(N)— yh?K2mg]?+c(N)
(16)
{1 1 B (N)— yh2Km, 1
Aiz= —Ap=| - = — ,
22\, (N)- yh2K2Imo]2+c(N)

where the weight factorsa;|® (i=1,2) (j=1,2,3,4) are
shown as a function ok and for different values of the

(17 Landau numbelN. As already said before, foN<2, the
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states are pure or parabolic but, fde=2, pure heavy- or

200 light-mass states are only obtained in the limit: where
the mixing disappears completely. In this limit, the effective
150 masses can be treated as constants, as was considered in Ref.

1, in the evaluation of the one-phonon resonant Raman scat-
tering in IlI-V semiconductors. A slightly different approach
has also been done in the limit B§=0 (x=0) (Ref. 1) by
considering a partial mixing between thg valence bands.

In that model, which was justified by the divergency of the
electronic density of states, the coefficierdtg (i=1,2)
(j=1,2,3,4) were independent dg while, in the energy

ENERGY [E, ]
>
(e}

a
o

0
ladders, the dependence knwas included as simply para-
bolic.
200
11l. RAMAN SCATTERING EFFICIENCY
150

The Raman scattering efficiencg &§d()) per unit length
and unit solid angle is given by

ENERGY [E, ]
=
o

3 3
W W37 7S
(2mc?)?

ds
o

(o
o

v 2
(o)’ |Wei(ws, 65301 ,6))[%,
(19

where 7;,0;,6 (j=L,S) are the refractive index, fre-

quency, and polarization vector of the lask) @nd scattered
FIG. 1. Energy ladderE; (j=1-4) in magnetic units ofiw, (S) light fields, respectivelyg is the speed of light, and is

(Ep=E; /hw.) are shown as a function of dimensionless parametethe volume of the crystal. In Eq19), W, is the scattering

x= \Jlik2/(2mqwy) for the Landau quantum numbexs=2,3,4,5,6.  amplitude which, for the one-phonon process in the lowest

The calculation has been performed for GaAs semiconductors witlorder perturbation theory, can be writtert as

input parameters given in Table |. The admixed ladders are repre-

sented by solid lines while the parabolic dispersion Iéar ~ ~ -

N=2,3) is by shown dash-dotted lines for heavy-mass ladders and ~ \y_ =" (FIHe gl a><_a|HE—P|'8><B|HE_—R|I> . (20

dotted line for light-mass ladders. ap (hos—E,+il') (o —Eg+il'p)

Parameter x

1,0

< 08 E

S

g |

.q_, 0,6 e =

O o

§ 1

8 04 ; i /a13/2, /a24/
= e A A 8y 18,
D :

2 02 102k )

parameter x parameter x

FIG. 2. Weight coefficientsa;;|* of the admixed wave functiong¥;) calculated as a function of= ViKZ (2mgw,), for different
Landau quantum numb&t=2,3,4,5,6. The coefficienis |2, |a,)?,|a,4?,|a;14? are indicated by dotted lines aha,|?,|ay|?, |a;92,|az)?
by solid lines.
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with |1) and|F) being the initial and final states correspond-

ing to the scattering of an incident photon of frequemgy
by a phonon of frequency, o and followed by the emission
of a photon of frequencys= w, — w . Also, « andpg refer
to intermediate electron-hole pair states with energigsE
and lifetime broadening’, andI';, respectively. Further-

more,He.r andH g p are the electron-radiation and electron-
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In our band model consisting of one conduction band, the
deformation-potential interaction cannot couple the electron
band due to the character of thd'§ symmetry, which gives
(TEDITE)=0.

In the Faraday configuration and for circularly polarized
light with e= (ex+|ey)/\/§ for the o™ polarization, respec-
tively, the one-phonon Raman scattering, mediated by the

phonon interaction Hamiltonians defined in the framework ofdeformation-potential interaction, is possible in the scattering

the second quantization by

e [27h
\ Mo V 20V

x[e(u'le" plw) d,d,

HE-R: Z

K6 ML,

a.etHcl, (2D

and

Aep= 2 [St d),d, by+H.cl.

Ty

(22

. ~ ~ ~ N+ P P
In these expressiona,. (@' ,.o.d, (d,) andb, (bT ) are
the annihilation(creation operators for photons, electron-
hole pairs, and phonons, respectiveky(q) represents the
photon(phonon wave vectorp is the momentum operator,

and Sl’j' is the coupling constant between an electron-hole |

configurationsz(o™,0 %)z, where the[001] direction has
been chosen as the quantization axis parallektb The
deformation-potential mechanism yields nonzero contribu-
tions for those states that couple split-off or light-hole levels
to heavy-hole ones. Therefore, the selection rules between

pure states, represented |gs=3) for heavy-hole,|3,+ 3)
for light-hole, and|3,= 3) for split-off states, are given by

pair and a phonon. For the case of deformation-potential in-

teraction,Sl’j' can be written ds

0\/_

SHCIE [(n'|De(re)e "9 Te—Dy(rp)e ™9 w)],

(23

with a, being the lattice constantyy=v%V./(2Vw oM*)

z(0*07)z z(0 ,07)z
13.5-=13,-2) 13.- =132
3.3=13.-3) 13.-9)—13.%) (24

=3 13- 9139
$ -1 - 3D

For dipole-allowed interband optical transitions we obtain,
for the Landau quantum numbaN=0, for thez compo-
nent of the angular momentum changes by otd,E =1)
in the o™ polarizations and the spin components remain un-

is the zero-point amplitude of the relative sublattice displacechanged 4ms=0).

ment, V. is the volume of the primitive cellM* is the re-

By introducing expression&21)—(23) into Eq. (20) and

duced mass of the atoms contributing to the optical moded/sing the wave functionél1)—(14) together with the above

andD,(r,) (a=e for electrons and for holeg is the de-
formation potential constant as defined by Bir and Pfkus.

1

selection rules, the scattering amplitude for m(er o)z

configuration can be written as

lagi(N+2)|?

Wi, =i|P|2doA >, f dkz[
N=0 JO

fl/ws_

lasi(N)|?

Eco-(Kz Kz ,N,N)+iT g0

—E; (K, ,ky,N,N+2)+iT;

1 lasi(N)|?

32

i Q)S—

E; (Ky. Ky N,N)+iT; oo —

lag;(N+2)|?

Ego+(kz,kZ,N,N)+irso+

z

=1 hws—E; (K, K, ,N,N)+iT};

|asi(N)|? lag;(N+2)|?

1 4
+ —
hws—E; (Ky,ky,N,N+2)+il; 3i,12=

3 ha)s_ Er(k21kZ;N|N)+|F| ﬁwL_

Ej (K, k. N,N+2)+il

(29
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In the above expression, we have defined transition for a certain value of the magnetic field, the con-
dition for incoming resonance is fulfilled. The outgoing reso-
nance appears when the scattered light equals the energy

Al \/§ 1\% eB, 1 Uo o6 difference for an interband transition from a conduction to a
~ V2lm, J77s JoLws) | 7a0C)° (26)  valence band. Due to the difference in the effective masses

of each valence band, the condition for double resonance can
be fulfilled, for certain values of the energy of the light.
E*(K, K, ,No,Np)=[EZ (K, ,Ng)—E; (K, ,N;)] Before proceeding to the calculation of the Raman scattering,
i\ Rz Rz e Th S " 0zy WD let us first calculate the broadening of intermediated states
within the present model for the electronic structure.
1=1234, (27 IV. LIFETIME BROADENING CALCULATION
. Even at very low temperature, different interactions may
Esor(Kg:Kz,sNe ,Np) =[ Eg (K; ,Ne) = Esor (K, ,Np) ], contribute to the lifetime broadening of the electronic inter-
(28)  mediate states. In a magnetic field, even at temperature near
0 K, the effects of the electron-LO-phonon interaction may
be very strong and the possibility of resonant coupling be-
h2K2 1\ 1 tween different intraband states via one-phonon emission be-
Ef(kze,Ne)z Egt ﬁ +ﬁw§( Ne+ E) iEMBgCBO, comes real. This effect has strong influence on the magneto-
¢ (29) Raman efficiency.

For electronic energy,E=[%%k’,2/2m+ A w(Ng+3)]
>hw o, the emission of LO phonons by electrdias holes

ﬁzkgh 1 is not forbidden and the inverse of the electronic lifetinpe,
Esos (K, ,Np)=| —Agp+ +hwS9 Np+ = must be dominated by the electron-LO-phonon Hiich
SO*\ Rz, 0" 2om c 2 Lo L .
SO Hamiltonian. The relaxation time for LO phonons is of the
order of 10 13 s. It is clear that the peaks observed in Raman
1 scattering efficiency will be drastically reduced whenever the
*5 #8980/, (300 LO-phonon emission can be switched on. In Refs. 9 and 10

the electron(hole) lifetime broadening, determined by the
so c ] LO-phonon interaction was calculated as a function of the
where, wg~=(eBy/CMsg), wc=(eBy/cm), anddo is the  electron(hole) wave vector and the Landau level index. The
optical deformation-potential constant. lifetime broadening is proportional to the probability per unit

The expression for the (o ", 0 )z configuration can be time, Wy_. - that the electrotthole) makes a transition from
obtained immediately by just replacifigo, by iwgand vice the stateN,,k; (N}, ,k;h) to the statel\le,kZe (N ,kzh), ac-
versa, and finally by changing the sign\bf;, . companied byeLO-phonon emission.

New contributions from interband transitions are obtained The total lifetime broadeningy, N, for the electron-hole

e

in the framework of this model. The mixing leads to the %air states, within the framework of the free-electron—hole

appearance of new terms that cannot be achieved within : .
simple treatment of the electronic structure in a paraboliﬁgl‘;r%?ggégﬁgebse twhgtttfsn as a simple sum of the electron and

model. It is important to notice that, with strong band mix-
ing, there are twelve different contributions that must be

taken into account for each scattering configuration, instead _ FRYY
of four within the parabolic model. NNy (Ke oK) = Wi, (Ke) Wi, (k). (3
As was already pointed in Ref. 1, when the incident light
is resonant with an interband magneto-optical electronievhere
_ 12K _ 1%k,
Wy (ki) = > Wy —ni(kz) 2m +hootho(Ni—N/)- 2m;, /|’ i=eh. (32)

’ ’
Ny k)

Here, the following explicit expression f‘WNﬁN{(kéi) has been obtained in Ref. 9:

h oo
wNﬁNi,(kz'i)=aiwLO\/ ZLOJO ey ,Ni(t){[t+(\/hk>2<i/2miw{:+ Vai /hw'c)z]*l[u(\/ﬁkﬁilzmiwg— Vailhol)?] "t
I
(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 incident light

(EL.=hw) in the?(o’,a+)z configuration. The arrows label the incoming or outgoing resonances for Landau quantum niNmtigrs
stronger contributiongsee text The lifetime broadening was taken as a constant, with a viaka& meV for all transitions.

In the above expression, we have defined V. RESULTS AND DISCUSSION
52K2 Let us now analyze the light scattering for the configura-
a= ( il +ﬁwic(Ni_Ni’)_ﬁwLo (34)  tion z(o~,0")z in GaAs, whose parameters are given in
2m, Table I.
and The contribution of the first two terms in the sum inside
the integral oW, , in Eq.(25), involves transitions between
" ) the split-off and the conduction-band states. Their relative
WtN‘N'[LmTN (t)]?, N=N’ contributions to the Raman tensor are important when the
Fr (1) = ' (35) energy of the incident lightfiw , is near to E4+A),

ﬂt”"’\' LN N2 N'>N where the interband transitions become real. This can be seen
N’ [Ly (T ' in Fig. 3, where the magneto-Raman efficiency calculated at
hw =1900 meV is shown. For such an incident photon en-
ergy, the effect of the mixing is negligible for small values of
the Landau level indeN since the resonant transitions occur
The electron{hole-) phonon coupling is switched off by for large values of the ho_Ie .l('ne.t'c engrgx>(3), .Wh'Ch
i ) 212 i 1 corresponds to the parabolic limit involving pure eigenstates,
conservation of energy if((% kzi/2mi)+ﬁwC(Ni+5)] as explained above.
<fiw o, i=€,h,SO, as can be seen from E@2). Other For incident photons with energies in the range
processes that would also contribute to the lifetime, such ag560- 1700 meV(see Fig. 3, the effects produced by the
scattering by impurities and by acoustical phonons will bemixing of the electronic states become strong for small val-
assumed as a constant broadening.independent ok, and  ues of the Landau level indexes, which requires low values
N. That is, in the present model, the full broadening is of the hole kinetic energy at the resonances(0<2). Here,
as can be noticed in Fig. 2, the band mixing is in this con-
I'vent=(7Y0F Ynenn)- (39 sidered range. Therefore, the strongest contribution to the
Raman efficiency comes from the transition between the
These general results and their influence on the calculategbnduction band and the two valence band states allowed by
magneto-Raman efficiency will be discussed in the next sedhe selection rules in E¢24), namely,| ¥ ,)«—|¥3), and that
tion. would only correspond to a hhlike state (¥,)) and an

Wh.ereLm,_N/ are the Laguerre polynomials and («y,) the
Frohlich electron-(hole) LO-phonon coupling constant.
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Ih*-like state (¥3)), respectively at values— . One may 800 — T T T 1
see in Fig. 2 that several transitions occur due to the bant I Zouo")z
mixing and some of them disappear for high hole kinetic _ 250 | Luttinger-Kohn model .
energy or low magnetic field. In particular, the main contri- £ f " parabolic model
butions at energies belofvw, = 1700 meV are associated to 200 | F=1620 meV -
interband transitions between componerag|lh*) and

a,3hh™) of involved states and is a direct consequence of:
the band mixing ak<2. '

What is commonly called the heavy or light character of a g
valence band states is determined by their behavior at lovg
field or high kinetic energies, and they only correspond to the
character associated to the effective mass in a certain ranc
of energy. By following the selection rules in EQ4) we see
that transitions between “mixed states” with character 0
c—hh™«—Ih*«c are forbidden in the (¢ ~,0 ")z configu- — 1T
ration. Within the parabolic model, the strongest contribution
arises from the “pure state” transitions;—hh"«—Ih~«—c
for the same scattering configuration and range of energies. FiG. 4. Raman intensity vs magnetic field in bulk GaAs for an
_Thls transition also occur within the_- nonp_arabollc model buticident laser energ, =1620 meV in thez (o, o)z configura-
its contribution to the Raman efficiency is very small. Thejon, calculated using admixed valence bafstsiid line) and com-
reason for such a difference between models is related to thgyred to the calculated spectrum using a parabolic m@tshed
fact that, in the nonparabolic model, the former allowed tran4ine). The broadening lifetimel’=1 meV, was used for all elec-
sitions between pure states become transitions between cofifionic transitions.
ponents of admixed states whose weight is not exactly one.

For each allowed transition followed by selection rules bedower effective mass than the light-hole components. This
tween pure states the valence-band mixing allows new coreffect is clearly seen in our results and the Fig. 1 shows the
tributions between the Luttinger-Kohn states. It is importantdifference in the set of narrofwide) spacing between levels

to notice that the character of these new transitions may ndor the heavy-masdight-mas$ carriers in the range<3, if
correspond to the character that they had in the parabolicompared to the parallel spacing between levels in the para-
case and it is caused by the band mixing enhanced by thaolic model with the heavy-mass particle above the light-
magnetic field. The picture remains the same until the energgnass one. This is present in the Luttinger-Kohn Hamiltonian,
of the incident light is below 1700 meV. At w, >1700 where heavy holedight holes with effective mass along the
meV, the states become almost pure and the effect of thedirection defined byn,=1/(y,—2y,) [m,=1/(y1+27y,)]
mixing tends to disappear. This is a direct consequence dfave the in-plane effective mass given oy, =1/(y,+ v,)

the wave-function dependence on the hole kinetic energy.m,,=1/(y,— v,)] in appropriate units.

For very high energies of the incident light the resonant tran- The double resonance occurs just for a case where the
sition occurs at high values of the hole kinetic energy for lowhole effective mass at the incoming resonance is smaller than
Landau levels and the parabolic regime is completely recovthe effective mass of the outgoing one. Therefore, our model
ered. shows that the corresponding componagpghh™) of |¥'3),

The condition for doubly resonant first-order Raman scatat which the incoming transition occurs, indeed has an effec-
tering is only completely fulfilled when the energy difference tive mass smaller than the mass of the compomggjth™)
between two electronic transitions equals the endrgy, of  of |¥,) (involved in the outgoing transition Simple para-
the phonon involved in this process. Some suitable value dbolic models for the electronic structure could not explain
the magnetic field may produce the appropriate energy splitsuch a resonance.
ting necessary. For GaAs under applied magnetic filed, the In order to further compare these models we show in Fig.
resonances between incident and scattered lights coincide 4tthe calculated magneto-Raman profile in both models,
fhw =1620 meV. At this energy, the electron-phonon defor-where we have used a constant lifetime broadening for both
mation interaction couples the transitions between statesases. The strongest contribution in the parabolic model
|W3)«—|c) (incoming resonangeand |c)«|¥,) (outgoing arises from the transition between the'khlh~ states. This
resonanck leading to a maximum in the Raman intensity. contribution also appears for the admixed bands within the
There is still another chance for a double resonance, that isuttinger-Kohn model but, in this case, the strongest reso-
|W,)«|W,) transition near 1630 meV for the resonant cou-nances are due to transitions with character<th™, which
pling between the Ih component of ¥,) and the hi com-  would be forbidden within a parabolic model in the
ponent of|W5). Nevertheless, this contribution to the total 7 (o~ o*)z configuration. Furthermore, notice that the in-
intensity appears to be very small in tzdo~,07)z con-  tensities of the resonant peaks are modulated by a quadratic
figuration. The appearance of two different doubly resonantiecay dependence on the magnetic field strepgtle Egs.
conditions is also an effect associated to the valence-band9), (25), and (26)], and by the value of weight factors,
mixing, where the parabolic model predicts just one. |a;4? and|ay4?, of each wave functions components calcu-

Another interesting effect of the band mixing is that lated as a function of the magnetic figlsee Fig. 2
heavy-hole components of the admixed states may have Some results, after applying the calculated lifetime broad-
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FIG. 6. Raman intensity vs magnetic field in bulk GaAs for an
incident laser energ, =1620 meV in thez(o~,0 ")z configura-
tion, calculated with(solid line) and without(dotted ling the exci-
tonic corrections in the high-field limit. The broadening lifetime,
I'=1 meV, was used for all electronic transitions.

perimentally obtained. It is important to notice that we used
the constant lifetimey, as an adjustable parameter and it was
fixed to the valueyy,=1 meV.

The excitonic corrections to the Landau levels have been
introduced in the results shown in Figs. 3—5 using the high-
field limit as deduced in Ref. 12. As can be seen in Figs.
5(a)—5(b), there is an overestimation of the excitonic effects
in our theoretical results, for low fields. This small difference
was caused by the approximation, which is assumed in the
method used to calculate the excitonic corrections to the
resonances. In order to establish the importance of the mag-
netoexcitonic effects we show in Fi$ a comparison be-
tween Raman intensities calculated with and without exci-
tonic corrections to Landau levels, for incident light at

hw =1620 meV.

FIG. 5. Calculated magneto-Raman intendisplid line) as a -
As a final comment, we also can observe some small

function of B, taking into account the lifetime broadening depen- | ' )
dence on the Landau quantum number and the elettals) wave ~ Shoulders in the experimental data to each side of a resonant

vector k. (k;) [see Egs.(3)—(35]. The experimental result Peak. At present we have no explanation for these shoulders
(dashed ling corresponds to the same value of the incident lightbut are planning to more deeply analyze magneto-Raman
energy and scattering configuration in GaAs crystals according tépectroscopy and try to reach some conclusions about their
Ref. 11. In part(a) the incident photon has enerfy =1620 meV  possible origin.
and, in part(b), E, =1640 meV.

VI. CONCLUSIONS
ening for each intermediate state, as described in the last ] ]
section to the Raman efficiency of Sec. IV are shown in parts W€ have developed a microscopic theory for the
(a) and(b) of Fig. 5 together with the experimental results of Magneto-Raman scattering for I1l-V and II-VI zinc-blende-
Ref. 11. One may see that the calculation of lifetime broadfyPe Semiconductors in the framework of the Luttinger-Kohn
ening and the electronic states within the Luttinger-KohnHamiltonian. The magneto-Raman transitions due to the
model are two essential ingredients that provide an explang/€ctron-phonon deformation potential interaction are al-
tion for the relative heights and shape of each resonant peakewed in the crossedz(o™,0 ")z geometries, even if the
in the magneto-Raman efficiency. It is clear that the lifetimeadmixture through the Luttinger-Kohn Hamiltonian is taken
broadening dependence on the wave vectors and on Landéfo account.
level indexes changes the picture of these resonances. If the The valence-band mixing in Ill-V and 1I-VI bulk semi-
results shown in Fig. 5 are compared with previous results ofonductors has strong influences on the Raman profile and
Fig. 4 for the same energy of the incident light one see thaon the shape of the resonant peaks. Under resonance, the
some of the shapes of resonant become wider and tend f®aman scattering efficiency increases%sbut the heights
disappear. In this way our model can better explain the relaef the peaks are also influenced by the weigh{gN,k,),
tive heights and shape of the different resonance peaks exhich measures the admixture of electronic states as well as
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by the lifetime broadening for each intermediate state. Theaction and the mixture of valence-band states play an
total lifetime broadening,ynn, for the electron-hole pair important role in the determination of the shape of the spec-
states, was calculated within the framework of the freetra. The shift in the resonance energies as caused by the
electron-hole approach. magnetoexciton effects was taken into account in the present
The calculated Raman efficiency intensity, according towork in the high field limit.

the Luttinger-Kohn Hamiltonian, shows a number of new
resonances related to the van Hove-like type of singularities
in the density of the intermediate electron-hole states that
could not be obtained with a simple parabolic model for the V. L. acknowledges FAPESP for partial financial support
electronic structure. We stress that the calculation of the abef this work. G.E.M. acknowledges CNPq for partial finan-
solute value of the Raman scattering intensity is a complicial support. The authors are indebted to T. Ruf who pro-
cated problem where the form of the electron-phonon intervided the experimental data used in this work.
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