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near the Eo gap

%. Limmer, H. Leiderer, K. Jakob, and W. Gebhardt
Institut fiir Festkorperphysik, Universitiit Regensburg, Universitatsstrasse 31,

D 840-0 Regensburg, Federal Republic of Germany

W. Kauschke, * A. Cantarero, and C. Trallero-Giner~
Max Plane-k Instit-ut fiir Festkorperforschung, Heisenbergstrasse I, Postfach 800665,

D 7000 S-tuttgart 80, Federal Republic of Germany

{Received 7 May 1990)

The efficiency of resonant one- and two-LO-phonon Raman scattering in oriented cubic

Zn, „Mn„Se single crystals with x =0,0.03,0. 1 is studied for incident photon energies near the Eo
fundamental band gap. Absolute values of the Raman scattering efficiency (RSE) are determined

for several backscattering configurations by using a sample substitution method and by correcting
the measured intensities with respect to absorption, reflection, and refraction. The experimental

data for one-LO-phonon scattering via deformation-potential and Frohlich electron-phonon in-

teraction are quantitatively compared with model calculations for the absolute RSE, where bound

and continuum exciton states are considered as intermediate electronic states. Near resonance,

strong LO-phonon intensities are measured in backscattering configurations where scattering via

the deformation-potential and Frohlich interaction is forbidden according to the standard Raman
selection rules.

I. INTRODUCTION

Raman scattering by one (two) LO phonon(s) is usually
described in time-dependent perturbation theory as a
three- (four-) step process where a part of the photon en-

ergy is transferred to the phonon system via intermediate
electronic states. ' A resonant enhancement of the Ra-
man scattering e%ciency (RSE) occurs whenever the en-

ergy of the incident or scattered photon approaches a
critical point in the combined density of electronic band
states. A quantitative comparison of the resonance be-
havior and the absolute values of the RSE with theoreti-
cal calculations yields detailed information about the
electron-phonon interactions and the intermediate elec-
tronic states involved in the scattering process. Further-
more, band-structure parameters such as gap energy Eo,
excitonic broadening I, and the optical deformation po-
tential D, , can be obtained. In polar semiconductors
there are two different mechanisms of electron-phonon
interaction. The first one is caused by the deformation

potential and the second one, the Frohlich interaction, is

due to the macroscopic electric field accompanying the
LO phonons. The deformation-potential electron-
phonon interaction and an electro-optic mechanism,
which arises from the interband matrix elements of the
Frohlich electron-phonon interaction, lead to the usual

selection rules of dipole-allowed LO-phonon scattering.
The electro-optic contribution is expected to be small

compared to the deformation-potential interaction and is

neglected, or implicitly included in a slightly renormal-

ized electron-phonon interaction, when calculating the
RSE for dipole-allowed resonant Raman scattering
(RRS). Dipole-forbidden LO-phonon scattering is due to
the Q-dependent intraband matrix elements of the
Frohlich interaction, where Q denotes the scattering
wave vector. Choosing appropriate backseat tering
configurations, dipole-allowed and dipole-forbidden
scattering can be observed separately. In the last few
years several publications have been devoted to the RRS
in III-V semiconductors, semiconductor alloys, ' '"
and superlattices. ' Taking into account uncorrelated
electron-hole pairs as intermediate electronic states, the
observed resonance spectra for the intraband Frohlich in-
teraction at critical points higher than the fundamental

gap Eo have been explained by assuming an impurity-
induced scattering mechanism. ' This means that the
electron-hole pair is scattered twice, once inelastically by
the electron-phonon interaction and once elastically by
an electron-impurity process. Near the Eo gap an
impurity-induced scattering mechanism also qualitatively
describes the resonance behavior of the RSE for both the
deformation potential and Frohlich interaction. ' How-
ever, the calculated absolute values are about 1 to 2 or-
ders of magnitude smaller than the experimental values.
Recently it has been shown that in the case of III-V semi-
conductors good agreement between experiment and
theory can be achieved if the discrete and continuous
states of %'annier-Mott excitons are considered as inter-
mediate electronic states for scattering near the Eo and
Eo+50 band gaps. ' ' No additional elastic scattering
by impurities had to be taken into account to describe
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quantitatively the experimental results in undoped sam-

ples.
In this paper we report on resonant Raman scattering

by one and two LO phonons near the Ep gap in the II-VI
semiconductors Zn, „Mn Se with x =0, 0.03, and 0.1.

where dP& Id 0 denotes the scattered power per solid an-

gle dQ inside the crystal, Pl is the incident power, and L
is the scattering length. In a microscopic description of
the scattering process the RSE is related to the scattering
amplitude 8'&; which describes the transition from the in-

itial state i to a final state f

II. THEORY

For a quantitative comparison of experimental and
theoretical results it is convenient to use the Raman
scattering efficiency dS /d 0 as a measure of the scattered
Raman intensities. ' This quantity has the dimension of
an inverse length and represents the ratio between scat-
tered and incident power for a unit solid angle and a unit
path length within the crystal. It is defined as

dS dPs 1

dA, dQ PIL

dS s I. 1 27T~ ~~ ~p5(E E )
dQ cui c dO

(2)

where co is the photon frequency, n is the index of refrac-
tion, and c is the speed of light in vacuum. The quantities
referring to the incident and scattered photons have sub-
scripts L and S, respectively. E; and EI are the energies
of the initial and final state, respectively. For intrinsic
Stokes scattering by one LO phonon the scattering ampli-
tude can be evaluated in third-order perturbation theory,
leading to a sum of six different terms. The most reso-
nant one is given by '

(O~H, n(es)~P)(P~H, r ~a)(a~H, n(er )~0)
8'~;(1 LO;int) = n+ lg

a, P (Ep ficus )(E —firer —) (3)
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where OI o is the LO-phonon frequency, U, is the volume
of the primitive cell, and M* its reduced mass. In the
case of scattering by two LG phonons the expressions for
the scattering amplitude and the RSE are very similar to
those of Eqs. (3) and (4) and can be found in Refs. 19 and
20.

For backscattering at the (001) and (01 1) surfaces of
zinc-blende-type crystals the Raman tensors for one-LO-
phonon scattering via the deformation-potential (DP) in-
teraction and via the intraband Frohlich (F) interaction
are given by'

where n is the phonon occupation number and ~0) the
electronic ground state, with all valence bands occupied
and all conduction bands empty, H,z(ei ) and H,+„(e )s
are the electron-photon interaction operators for the ab-
sorption and emission of the incident and scattered pho-
ton, respectively, eI and es are the corresponding polar-
ization vectors, and 8,1 is the electron-phonon interac-
tion operator. The summation in Eq. (3) has to be carried
out over all intermediate electronic states a and P. The
RSE can also be expressed by the corresponding Raman
tensor R (Refs. 4 and 14) as

0 aDp 0

R Dp(001 ) = QDp 0 0

0 0 0

0 a op a op

RDp(01 1 ) = — aDp 0 0
2

aDp 0 0
r

aF 0 0

RF(001)=RF(01 1)= 0 aF 0

0 0 aF

Analytical expressions for the complex Raman polariza-
bilities aop and aF near the critical Points Ep and Ep+5p
can be found in Refs. 15 and 16. Using the Wannier-
Mott exciton model in effective-mass approximation, the
discrete and continuous states of heavy, light, and split-
off excitons have been taken into account as intermediate
electronic states of the scattering process. The resonance
behavior of the Raman polarizabilities aop and a„, ob-
tained by using different Bohr radii for the excitons, does
not differ significantly from that with one effective Bohr
radius a. Thus, in the following the theoretical results
will be applied to the simple case in which the same
effective Bohr radius a, Rydberg energy E~„, and
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aDp =KDpg D& &(RcoL )+bDp
s' q

(7)

where the sum in p, q runs over the heavy, light, and
split-off excitons, bDP is a background coming from non-
resonant processes, and the factor Kop is given by

2
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broadenings I are assumed for all excitons. For the
broadenings I „ofthe discrete exciton states we use the
empirical relation'

I „=I,—(I,—I, )ln, n =1,2, 3. . .

where I, denotes the broadening of the n =1 discrete
and I, the broadening of the continuous excitonic states.
In the case of scattering by one LO phonon via
deformation-potential interaction the Raman polarizabil-
ity aDP can be written as'

The function F~(%col ) represents the resonant contribu-
tion to the RSE which arises from the intraband scatter-
ing of exciton p.

III. EXPERIMENTAL DETAILS

with

dg K'(cot, cos) dg+ R(coL )
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(1 rL )(1 r—s)I 1 —e—xp[ —(aL+as)L])
K ( CO L, CO s ) =

ns«i+&s }

(14)

Absolute values of the RSE were obtained by using a
sample substitution method' with the 524 cm ' LO-
phonon line of high-purity Si as a reference. The mea-
sured scattering rates R of sample and R * of reference
outside the crystal are related to the Raman efficiency
b 1,2

Here, ao is the lattice constant, RH and aH are the Ryd-
berg energy and the Bohr radius of the hydrogen atom,
respectively, P is the real interband matrix element of the
momentum operator, '

mo the free-electron mass, and
D, , the optical deformation potential. D,„, is defined as

where X and Y are the p, and p valence-band wave func-
tions at the I point of the Brillouin zone ' and VDp, is
the derivation of the electronic potential with respect to a
relative sublattice displacement along the z direction.
The resonant function D (RcoL } in Eq. (7) describes a
process where the intermediate electronic state is scat-
tered from exciton p to exciton q via the interband matrix
elements of the deformation-potential interaction.

The Raman polarizability aF for scattering via intra-
band Frohlich interaction can be written as'

The frequency-dependent factors K(coL, cps ) and
K'(coL, cps ) must be used to correct the measured scatter-
ing rates with respect to absorption (a), reflectivity (r),
and refraction (n). The optical constants of the
Zn& „Mn„Se samples were obtained from transmission
and reAectivity measurements at our laboratory and
completed by absorption data from Ref. 23. The corre-
sponding data for Si were taken from Refs. 24 and 25.
For the absolute RSE of Si we use the empirical relation

(coL ) = (7.75 X 10 )(iricoL —3.4)
, Si

(15)

in sr 'cm ', with AcoL in eV, which represents a good
interpolation of the experimental data given in Ref. 22.
In Fig. 1 the normalized Raman intensity R /R ' and the
corresponding RSE are shown for one-LO-phonon
scattering in ZnSe using the z(x, x}z backscattering
configuration. While the variation of r and n near the Eo

aF=KFQF (AcoL ), (10)
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ZF ———ao'

mo RH
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where the sum in p runs over the heavy, light, and split-
off excitons and the factor KF is given by
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Q denotes the phonon wave number and CF the Frohlich
constant which is defined as

1
CF =e 2m%'QL~

6'o

1/2

(12)

where e is the free-electron charge, eo the static dielectric
constant, and e the high-frequency dielectric constant.
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FIG. 1. The absolute Raman scattering efficiency dS/dQ for
z(x, x)z in ZnSe is obtained from the corresponding normalized
Raman intensity R/R* using Eqs. (13) and (14). The absorp-
tion coefficient a of ZnSe is shown for comparison.
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gap is less than 15%%uo for temperatures above 80 K, the
absorption coefficient a increases by several orders of
magnitude. Hence, the frequency dependence of the fac-
tor E(coL, co~) is mainly determined by a.

For the Raman measurements a cw dye laser operating
with stilbene 3 and pumped by the uv lines of an Ar+-ion
laser was used as a tunable excitation source in the spec-
tral range 2.64—2.95 eV. In the range 2.40—2.65 eV the
visible single lines of an Ar+-ion laser were used. The
laser beam was focused onto the sample with a cylindrical
lens. Sample and reference were mounted on the cold
finger of a temperature variable N2 cryostat. The detec-
tion system was computer controlled and consisted of a
Jarrel-Ash 1 m double-grating monochromator with a
RCA 31034 GaAs photomultiplier tube connected to a
photon-counting system. The measured intensities were
stored in a computer system which enabled us to subtract
the background in the Raman spectra by appropriate
computer programs. All measurements were performed
in backscattering configurations with the direction of in-
cident and scattered light perpendicular to the (001) or
(01 1) surface of the samples. We denote the [100], [010],
[001], [110], [110], [011], and [011] directions of the
crystal by x, y, z, x', y', y", and z", respectively. The
sample surfaces were oriented in the [001] and [011]
directions using an optical two-circle reflection goniome-
ter and the orientation was finally checked by the Laue
method. The surfaces were polished on a microcloth sa-
turated with a suspension of 0.05 pm alumina powder in
distilled water. Table I shows the scattering
configurations used in this work and the corresponding
Raman polarizabilities for one-LO-phonon scattering
~es R eI derived from Eq. (5). It should be noted that
the [110]and [110]directions are physically inequivalent
in II-VI compounds and that the labeling depends on the
position of cations and anions in the coordinate system.
These positions can be determined by inspection of the
etch patterns produced by preferential etching of the
(001) surface. As will be shown later, we obtained the
same experimental results for the z(x', x')z and z(y', y')z
scattering configurations. Therefore, the etching pro-
cedure has been omitted. The measurements on
ZnQ97MnQQ3Se and ZnQ9MnQ &Se were carried out at 80
K. For ZnSe we used a temperature of 115 K in order to
avoid a large photoluminescence background in the Ra-
man spectra arising from free-to-bound transitions.
Figure 2 shows the photoluminescence spectra of ZnSe at
the temperatures T=95, 115, and 150 K, using an excita-
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FIG. 2. Photoluminescence spectra of ZnSe at the tempera-
tures 95, 115, and 150 K using an excitation laser energy of
2.815 eV.

tion laser energy of 2.815 eV and a z(x, x)z backscatter-
ing configuration. For increasing temperature the free-
to-bound transition luminescence with maximum at 460
nm decreases rapidly and the band-edge emission E is
shifted to lower energies. The Raman lines for scattering
by one, two, and three LO phonons are clearly discerni-
ble.

IV. RESULTS AND DISCUSSION

A. Scattering by one LO phonon

In this section the experimental resonance behavior of
the RSE for scattering by one LO phonon in
Zn, „Mn„Se (x =0,0.03,0. 1) will be presented for
severa1 backscattering configurations and compared with
theory. Absolute values for the experimental RSE were
determined from the measured Raman intensities by us-
ing the procedure described in Sec. III. Theoretical reso-
nance curves were obtained from numerical calculations
using Eq. (4) and the Raman polarizabilities aDP and aF
from Refs. 15 and 16, respectively. All parameters used
for the numerical calculations, with the exception of gap
energy EQ, exciton Bohr radius a and excitonic broaden-
ings I, were taken from the literature. They are summa-
rized in Table II. In order to obtain one effective Bohr
radius a for all excitons, we calculate the hypothetical
Bohr radii a and Rydberg energies ER„ofheavy and light
excitons from the mell-known relations

TABLE I. Scattering configurations and corresponding Ra-
man polarizabilities, investigated in this paper.

mQE pa =aH, ERy =RH
p mQe

(16)

Scattering configuration

z(y, x)z
z(x, x )z,z "(x,x )z"

z(x', x')z
z(y', y')z

z{y',x')z, z(x', y')z
z "(y",x )z"

fe,* R.e, f'

laDP I'

IoF I'

&DP I

IaF+ aDP I'
0
0

where p denotes the reduced effective mass of electron
and hole and e the dielectric constant. Using for m„mz,
and e=e(0) the values from Table II, we obtain for the
heavy exciton a =38 A ERy 21 meV and for the light
exciton a=66 A, ER =12 meV. From a comparison
with the experimental value ER„=19meV (Ref. 28) we
deduce an effective Bohr radius a =42 A. The values of
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ZnSe

Ep=2. 800 eV

ERy =19 meV'
Ap=0. 403 eV'

AQ„= . V

r, =4 meV

I,=16 meV
ap=5. 67 A'
Dppt 12 eV

e(0) =9.0'
bDp —0 A'

Znp 97Mnp p3Se

a=42 A
Q=8X10 ' A

m, =0.15mp'

m, h =0.14m p'

m1, h
—0.78mp

m, , =0.28mp'I =35.8 amu
P'/m p =9.4 eV~

e{ tx) )=5.5'

TABLE II. Numerical values of the parameters used for the
theoretical curves.

some of the parameters must be taken to the power of 2,
4, or 6 in order to calculate the RSE. In the case of
scattering via deformation potential the effective Bohr ra-
dius a is related to the RSE by dS/d0 —a, which
means that a small change in the value of a would result
in a drastic change in the value of dS/d Q. Nevertheless,
we preferred to use the same set of parameters, with the
exception of EQ and I, for the calculation of all reso-
nance curves since the variation of one selected parame-
ter seems to be somewhat arbitrary. For the same reason
we treated the nonresonant background bDP from Eq. (7)
as zero, although a nonzero background could also be
used to modify the calculated RSE.

Ep=2. 789 eV
1 1= 10 meV

Ep=2. 805 eV

I,=7 meV

Znp 9Mnp ~Se

1,=40 meV

I,=28 meV

1. Frohlich electron-phonon interaction

One-LO-phonon scattering via intraband Frohlich
electron-phonon interaction can be observed in the
scattering configurations z(x, x)z and z "(x,x )z" (see
Table I). In Figs. 3(a)—3(c) the corresponding RSE's for

'Reference 46.
From the measured Raman spectra.

'Reference 30.
if =a„RH[e(0) E~, ] ' (see text).

'Q =(&LNL+nsci)s)/'c
'Reference 44.
gP =2M/ap (Ref. 45).

0
2

10

the gap energy EQ and the excitonic broadenings I are
determined by the spectral position and the broadening
of the experimental resonance curves. They were chosen
separately for ZnSe, ZnQ 97MnQ Q3Se, and ZnQ 9MnQ, Se in
order to obtain the best qualitative agreement between
the calculated and the experimental RSE near resonance.
The value EQ =2.800 eV for ZnSe coincides with the sum

of the free exciton energy E,„=2.782 eV, determined by
photoluminescence excitation spectra, and the exciton
Rydberg energy ERAL=19 meV. For ZnQ97MnQQ3Se and

ZnQ9MnQ &Se we obtained EQ=2. 798 and 2.805 eV, re-
spectively. This anomalous dependence of EQ on the Mn
concentration x is in agreement with photoluminescence
and reflectivity measurements, reported in Ref. 29. The
excitonic broadenings I should be expected to increase
with increasing x. However, for ZnQ97MnQQ3Se we had
to use larger values than for ZnSe and Zno 9Mno iSe (see
Table II). This anomaly may be due to the different crys-
tal qualities of the samples. (Zn097Mnoo3Se was grown

by the Bridgman method while ZnQ 9MnQ &Se was grown
from the vapor phase using iodine as a transport agent. )

The calculated and the experimental resonance curves
differ by scaling factors between 0.25 and 4.5, depending
on the scattering geometry and on the Mn concentration
x. An inspection of the factors ICDp and KF in Eqs. (8)
and (11) shows that these different scaling factors may
easily be obtained by slightly varying the parameters P,
D opt CF and a. Note that the values of these x-
dependent parameters can be obtained from the literature
only within some inaccuracy. Furthermore, it follows
from the relations dS/dQ-Ezp and dS/dO-I( F that
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FIG. 3. Experimental RSE for scattering by one LG phonon
in (a) ZnSe at 115 K for the scattering configurations z(x, x)z
and z"(x,x)z", (b) Znp97Mnpp3Se at 80 K for the scattering
configuration z(x, x)z, and (c) Znp9Mnp &Se at 80 K for the
scattering configuration z(x, x)z. The solid line represents a fit

assuming an intrinsic Frohlich electron-phonon interaction.
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FIG. 4. Experimental RSE for scattering by one LO phonon
for the scattering configuration z(y, x )z in (a) ZnSe at 115 K, (b)
Zno 97Mno o3Se at 80 K, and (c) Zno 9Mno lSe at 80 K. The solid
line represents a fit assuming an intrinsic deformation-potential
electron-phonon interaction. In (a) the experimental RSE for
scattering by one TO phonon in the configuration z"(y",x )z" is
also sho~n.

10
2. 4

ZnSe, Zno 97Mno O3Se, and Zno 9Mno, Se, respectively, are
displayed for incident photon energies from 2.4 to 3.0 eV.
Both experimental and calculated RSE's exhibit an out-
going resonance at E,„+AfLLO, which is stronger than
the incoming resonance at E,„with E,„=Eo—ER„. The
absolute values of the calculated RSE's are smaller than
the experimental ones by a factor of 4.5 for all samples
using the set of parameters in Table II. However, the rel-
ative resonant enhancement of 10 —10 and the qualita-
tive resonance behavior of the experimental RSE are well
reproduced by the calculated curves. It should be noted
that the value of the calculated RSE at the resonance
maximum could easily be adjusted to the experimental
value by the choice of smaller excitonic broadenings I .
But as a consequence the calculated resonance profiles
would become sharper than the experimental ones and
the qualitative agreement would be lost.

2. Deformation poten-tial electron phonon -interaction

Figures 4(a) —4(c) depict the experimental data, mea-
sured in the scattering configuration z(y, x)z. The experi-

mental data of ZnSe are in excellent agreement with the
room-temperature values dS/d 0=7.5 X 10 sr ' cm
for AcoL =2.41 eV and dS/dQ=3. 8X10 sr ' cm ' for
Ac@I =2.54 eV, given in Ref. 30. For this comparison our
resonance curve has to be shifted to lower energies by 90
meV in order to take into account the temperature shift
of Eo between 115 and 300 K. According to the selec-
tion rules listed in Table I, the observed scattering inten-
sities should be due to deformation-potential interaction.
We had to use the scaling factors 1, 0.25, and 0.6 for
Zn, „Mn„Se (x =0,0.03,0. 1), respectively, in order to
fit the calculated RSE to the experimental data in the low
energy range. Experimental and theoretical results differ
strongly near resonance. At the resonance maximum the
experimental values are one to two orders of magnitude
larger than the calculated ones. Furthermore, the experi-
mental RSE exhibits its highest resonance maximum at
E,„+fiQ„o(outgoing resonance), while the calculated
RSE reaches it at E,„(incoming resonance). In the case
of ZnSe we have also measured the RSE for one TO pho-
non using the scattering geometry z"(y",x)z". The ex-
perimental RSE for LO-phonon scattering is slightly
larger than the RSE for TO scattering for incident pho-
ton energies below E,„. The difference may be due, in
part, to the electro-optic scattering mechanism which has
not been included in the calculated Raman polarizability
aDp from Ref. 15. For incident photon energies above
E,„ the TO-phonon Raman intensities decrease very rap-
idly and could not be discerned from the background
above 2.8 eV. In Fig. 4(a) the experimental data for the
TO phonon are represented by crosses. Since Raman
scattering by TO phonons occurs exclusively via the
deformation-potential interaction, the corresponding
theoretical resonance curve should be very similar to the
one for scattering by I.O phonons. Figure 4(a) shows that
the experimental resonance behavior of the TO-phonon
RSE is in very good agreement with the calculated LO-
phonon RSE even above E,„. Therefore, we are led to
the assumption that the measured LO-phonon intensities
near resonance do not only arise from LO-phonon Ra-
man scattering via deformation-potential interaction, but
also from some other scattering mechanism. This as-
sumption is confirmed by the observation of symmetry-
forbidden LO-phonon intensities in other scattering
configurations.

3. Observation of symmetry forbidden-
I0-phonon intensities

According to the selection rules given in Table I, no
LO-phonon Raman signal should be observed in the
scattering configurations z(y', x')z, z(x', y')z, and
z "(y",x )z". However, we observed a strong violation of
this Raman selection rule in all investigated samples.
Figure 5 shows the corresponding experimental data for
ZnSe. The experimental resonance curves for the defor-
mation potential (dotted line) from Fig. 4(a) and Frohlich
interaction (dashed line) from Fig. 3(a) are scheinatically
drawn for comparison. The LO-phonon intensities, mea-
sured in symmetry-forbidden configurations, are only ob-
served near resonance. Misalignment or internal stress of
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FIG. 5. Experimental RSE for scattering by one LO phonon
in ZnSe at 115 K for the scattering configurations z(y', x')z,
z(x', y')z, and z "(y",x )z". According to Table I no Raman sig-
nal should be observed in these scattering configurations. The
measured Raman efficiencies in the configurations z(y, x)z
( . - ) and z(x, x )z (

———) are shown schematically for
comparison.

the crystals can be excluded as a possible origin of the ob-
served phenomenon since the Raman selection rules are
well fulfilled for incident photon energies below E,„. In
GaAs/Ga& Al, As quantum wells symmetry-forbidden
LO-phonon scattering has been explained by a polariza-
tion relaxation of excitons produced by the relaxation of
the electron and hole spins in the excitonic intermediate
states. ' It is known that elastic scattering by impurities
in addition to the inelastic scattering by electron-phonon
interaction may lead to a depolarization of the scattered
light. Thus, an impurity-induced Frohlich scattering
mechanism' connected with a polarization relaxation of
the excitons could account for the observed phenomenon.
Near resonance the dispersion curves of photons and ex-
citons cross. In the case of strong exciton-photon cou-
pling, exciton polaritons have to be considered as inter-
mediate states, and perturbation theory, which treats ex-
citons and photons as uncoupled excitations, must break
down. ' It is a significant feature of polariton-mediated
light scattering that the phonon wave vector Q must no
longer equal the difference of the photon wave vectors kL
and kz. Depolarization of the scattered light may be ex-
plained by impurity-induced scattering between different
polariton branches. If the symmetry-forbidden LO-
phonon intensities were actually due to scattering pro-
cesses where the phase coherence between initial and final
intermediate states is lost, they should be observed in all
backscattering configurations. Then the discrepancy be-
tween theory and experiment for the deformation-
potential interaction can qualitatively be explained. In
Figs. 6(a) —6(c) it is demonstrated that near resonance the
differences between the experimental data and the calcu-
lated RSE in Figs. 4(a) —4(c) coincide exactly with the ob-
served symmetry-forbidden LO-phonon intensities for all
samples under investigation. For photon energies below

E,„ the difference curves, represented by crosses, should
not be taken too seriously since the subtraction of a
smooth calculated curve from experimental data will al-
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FIG. 6. Symmetry-forbidden LO-phonon intensities (0 ) in
comparison with the difference of experimental data and calcu-
lated RSE for z(y, x )z (+) in (a) ZnSe, (b) ZnQ 97MnQ Q3Se, and (c)
ZnQ 9MnQ )Se.

4. Interference of the deformation potential
and Frohlich interaction

The interference of the deformation potential and
Frohlich scattering near critical points is a well-
documented phenomenon. ' ' "' Clearly different reso-
nance spectra for the configurations z(x', x')z and

ways give strongly varying results on a logarithmic scale.
Recently symmetry-forbidden LO-phonon intensities
have been observed also in Zn Te bulk single crystals and
MOCVD-grown single-crystal layers. In the case of
Frohlich interaction the superposition of the Raman in-
tensities by symmetry-forbidden LO-phonon intensities
does not change the resonance behavior of the RSE
significantly. From Fig. 5 it follows that the experimen-
tal RSE for scattering by Frohlich interaction is about
one order of magnitude larger than the LO-phonon inten-
sities measured in the forbidden scattering configuration.
We have subtracted the forbidden LO-phonon intensities
from the experimental data in Figs. 3(a)—3(c) and found
that the calculated RSE's are still very good fits to the ex-
perimental Frohlich RSE.
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FIG. 7. Experimental RSE for scattering by one LO phonon
in ZnSe at 115 K for the scattering configurations z(x', x')z and
z(y', y')z. The measured Raman efficiencies in the
configurations z(y, x )z ( ~ ) and z(x, x )z (

———
) are

shown schematically for comparison.

B. Scattering by two LO phonons

In first-order Raman scattering the LO phonons, in-
volved in the scattering process, are restricted to the
center of the Brillouin zone. This is a consequence of
wave-vector conservation and the smallness of the wave
vectors kL and k& of the incident and scattered photon,
respectively. In second-order Raman scattering wave-
vector conservation requires kL

—kz=Qr+Q2=0. Thus
the two LO-phonon wave vectors Q, and Q2 are only re-
stricted to have nearly equal magnitude and opposite
directions. This means that both LO phonons must be-
long to the same symmetry point, although LO phonons
from all over the Brillouin zone may now participate in
the scattering process. The most significant LO-phonon

z(y', y')z, corresponding to the Raman polarizabilities
laF aDpl and laF+aDpl (see Table I), have been mea-
sured in GaP at Ep. In the Zn, Mn Se samples under
investigation no significant differences could be observed
between these two configurations within the experimental
errors. The measured data for ZnSe are plotted in Fig. 7
and the experimental resonance curves for the z(x, x)z
scattering configuration from Fig. 3(a) (dashed line) and
for the z(y, x)z scattering configuration from Fig. 4(a)
(dotted line) are schematically drawn for comparison.
For incident photon energies below E,„ the resonance
profile of the RSE is determined by the deformation-
potential mechanism and near resonance the Frohlich
mechanism is dominating. Interference between these
two scattering mechanisms should be observable only
when the corresponding scattering intensities are nearly
equal, i.e., at the crossing point of the dashed and dotted
line. Possibly an interference structure is present at this
point but is too weak to be detected. Thus, Fig. 7 sug-
gests that the resonance spectra for the z(x', x')z and
z(y', y')z configuration are identical and that they can be
considered to be just the sum of the resonance curves for
z(y, x)z and z(x, x )z.
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FIG. 8. Experimental RSE for scattering by two LO phonons
in the scattering configurations z(x, x )z and z(y, x)z in (a) ZnSe
at 115 K, (b) ZnQ 97MnQ Q3Se at 80 K, and (c) ZnQ 9MnQ 1Se at 80
K.

contribution is expected near the critical ponts I, X, L,
and 8', where singularities in the two-phonon density of
states occur. The symmetry properties of the LO-phonon
overtones can be derived from the direct product repre-
sentation of the corresponding one-LO-phonon represen-
tations. In Figs. 8(a) —8(c) the experimental RSE for
scattering by two LO phonons in Zn, „Mn„Se
(x =0,0.03,0. 1) are displayed for the backscattering
configurations z(x, x)z and z(y, x)z. In agreement with
the different excitonic broadenings I, determined from
the calculations of the one-LO-phonon resonance curves,
the resonance profiles are most pronounced for ZnSe and
weakest for Znp 97Mnp p3Se. All resonance spectra exhibit
an incoming resonance at E,„and an outgoing resonance
at E,„+2AQLo. The outgoing resonance is always larger
than the incoming one, similar to the case of the one-
LO-phonon scattering. In Figs. 9(a) and 9(b) the reso-
nance spectra for ZnSe and Znp 97M11p p3Se, respectively,
are displayed for the scattering configurations z(x', x')z,
z(y', y')z, z(y', x')z, and z(x', y')z. In this section we
have not presented a calculated resonance curve for two-
LO-phonon scattering, although there exists a large num-
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&. CONCLUSIONS

We have determined the absolute Raman scattering
eSciency for scattering by one and two LO phonons in
Zn, Mn„Se (x =0, 0.03, and 0.1) near the Eo gap. All
resonance spectra exhibit an outgoing resonance at
E,„+trtQ Lo(1 LO) or E,„+2NI Lo(2 LO) which is larger
than the incoming resonance at E,„. For scattering by
one LO phonon we compared our results with calculated
Raman scattering eSciencies where the discrete and con-
tinuous states of Wannier-Mott excitons have been taken
into account. While in the case of Frohlich electron-
phonon interaction experimental and theoretical data
show very good agreement, a large discrepancy near reso-
nance has been found for the deformation-potential in-
teraction. In this case the difference of experimental and
calculated data coincides exactly with the intensities of
symmetry-forbidden LO-phonon lines. The origin of
these symmetry-forbidden LO-phonon intensities is not
yet exactly known, but we suppose that it is connected
with some loss of phase correlation between the inter-
mediate electronic states.

FIG. 9. Experimental RSE for scattering by two LO phonons
in the scattering configurations z(x', x')z, z(y', y')z, z(y', x')z,
and z(x', y')z in (a) ZnSe at 115 K and (b) Znp 97Mnp p3Se at 80
K.

ber of publications which give suitable analytical expres-
sions. The reason is that the theoretical models (or
at least the formal parameters used in these models) are
not fully consistent with the theoretical exitonic formal-
ism for scattering by one LO phonon, presented in this
paper.
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