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Second-order Raman scattering in InAs
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(Received 15 April 1980j

The second-order Raman spectra of crystalline InAs have been analyzed both at 100 and 330 K to obtain the three
irreducible components of the Raman tensor II'„ I'», and I'»). I » is found negligible. I', dominates the 2TA
scattering, whereas other regions of the spectra show both I, and I » symmetries, The I', component is
compared with recent calculations of the overtones of the two-phonon density of states based on an overlap-
valence-shell model. Good agreement is obtained. Although neutron data are not available, all the bands of the
second-order Raman spectra are assigned.

I. INTRODUCTION

Second-order Raman scattering by phonons gives
information both on lattice-dynamical and elec-
tronic properties. Indeed, one can investigate
phonons whose wave vectors span the whole Bril-

I

louin zone. Nevertheless, the observed bands
yields only sums and differences of frequencies
of pairs of phonons for which the sum of the wave
vectors is nearly equal to zero. In fact, the ex-
perimental data reveal only those which corre-
spond to a high density of states. 'The high resol-
ution of the Raman technique allows the direct de-
termination of the frequencies with great ac-
curacy, and polarized measurements give infor-
mation on the symmetry. Moreover, one can
also investigate the electronic properties of the
material by performing resonant Raman experi-
ments. As in the visible range the coupling of
the light with the phonons proceeds through the
electronic excitations of the crystal, the detailed
study of the resonance allows us to elucidate the
nature of the different microscopic processes
which govern the scattering mechanism. When the
electron-lattice interaction is of the deformation-
potential type, values of electron-two-phonon
deformation potential are determined. '

In this paper, we shall b concerned only with
the lattice-dynamical aspect. , There exist no com-
plete neutron scattering data for InAs due to the
large neutron absorption coefficient of ln (115 b at
A. = l. 08 A). ' As a consequence, the first motiva-
tion of this work was to obtain a detailed picture
of the phonons in InAs by supplementing the in-
formation already gathered by other techniques.
Experimental results show that there exists a good
correlation between the totally symmetric I', com-
ponent of the Raman tensor and the one-phonon
density of states in IV and III-V compounds. 4

This work provides, then, an experimental pic-
ture of the density of one-phonon states. It enables
us also to discriminate between the different

theoretical models proposed to describe the lat-
tice dynamics of InAs. "

The interpretation of the Raman spectra dis-
played in Sec. II relies on various experimental
and theoretical results. The values of the phonon
frequencies obtained by techniques other than
Raman scattering are discussed in Sec. II. The
phonon dispersion curves calculated using dif-
ferent models are shown in Sec. III. In general,
structures corresponding to longitudinal phonons
do not show up clearly in the second-order Raman
spectra. Ne use a simple linear model to cal-
culate these frequencies at X and I. in zinc-blende-
and diamond-type materials. The results are
presented in Sec. III. The temperature depen-
dence of the intensities of the Raman spectra and
the similarities they display with other IV and
III-V compounds were very helpful, together with
the selection rules deduced from group theory,
in assigning unambiguously the structures. These
points will be discussed in Sec. IV.

II. EXPERIMENTAL RESULTS

Table I summarizes the experimental deter-
minations of the phonon frequencies in InAs at the
high-symmetry points of the Brillouin zone. Also
included are the data deduced from the present
Raman study.

It should be pointed out that Koteles and Datars, '
who performed infrared transmission measure-
ments, found that phonons on the hexagonal face
of the Brillouin zone contribute to many strong
features of the spectra. Very recently, Orlova'
determined the phonon dispersion curves in InAs
along the (100) and (111)directions by diffuse
scattering of thermal x rays. The interpretation
of the results relies on a model, and the correc-
tions involved introduce uncertainties in the de-
termination of the frequencies. Nevertheless, be-
cause of the lack of complete neutron data, these
results are very useful. The preliminary mea-
surements performed at-300 K on the Harwell Dido
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FIG. &. Calculated phonon dispersion curves of InAs at 300 K from Ref. 6. Dotted lines: model A. Full lines:
mode& B. Circle: neutron data from Borcherds (Ref. 9) (300 K). Square: Raman data present work (330 K).

3 axis spectrometer by Borcherds' are also in-
cluded in Table I. Only transverse-acoustical
branches could be measured and the dispersion
curves are presented in Fig. 1.

In our Raman experiments the InAs sample used
was an undoped single crystal. The (110) scatter-
ing face was x ray oriented to +2', mechanically
polished and polished etched with Syton. The ex-
periments were performed in the backscattering
configuration at room and liquid-nitrogen temper-
atures; the estimated temperatures are, respec-
tively, 330 and 100 K. Even at room temperature,
the spectra were recorded with the sample inside
the vacuum chamber of the cryostat to avoid, in
the low-frequency region, scattering from air.
The two strongest lines of a 164 Spectra Physics
argon laser were used, and their power was
checked before and after each run. The energy
of the 5145-A line away from the E, resonance'
allows a more significant comparison of the I'y

component with the one-phonon density of states.
That of the 4880 A, close to the resonance, en-
hances the structures of the spectra. We used
a T800 Coderg triple spectrometer and the de-
tection was performed with a conventional photon-
counting system. The spectra were recorded

at low speed (1 cm ' min) and several times to
ensure the reproducibility of the measurements.
During each run, the Rayleigh line was recorded
to determine with precision the energies of the
structures and the spectral resolution, which was
3 cm ' for the 5145-A line and 3.3 cm ' for the
4880-A line. As usual, " in order to extract the
three independent components I'y Ty„and I"»,
we perform four independent measurements, the
fourth being used as a check.

Figure 2 displays the results obtained at 330
and 100 K with the 5145-A line. Figure 3 shows
the spectra taken with the 4880 A at 100 K; the
spectra at room temperature have been published
elsewhere. ' The background due to the tail of
the Rayleigh scattering has been subtracted in all
the spectra. No other correction was performed.

The frequencies quoted in Fig. 3 are reported
in Table II together with the ones at 330 K. They
are given within 1 cm ' for the strong features,
noted S, and within 2 or 3 cm ' for the medium
and weak ones, noted m and w. The frequencies
of first-order peaks where determined within 0. 5
cm ' by recording the Stokes and anti-Stokes com-
ponents. The symmetries observed experimentally
for the different structures are given in Table II
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FlG. 3. Second-order Raman spectra of lnAs obtained at 100 and 330 K with A= 5145 L. Dashed lines: I", compon-
ents. Dotted lines: I"&5 components.

together with the ones deduced from group-theore-
tical arguments by Birman. " When the same
structure exhibits two types of symmetry the smal-
ler component is given in parenthesis.

III. THEORETICAL DETERMINATIONS
OF THE FREQUENCIES

'The theoretical values of the frequencies found

by Talwar and Agrawal' using a rigid-ion model
(RIM) and those of Borcherds and Kunc de-
termined with an overlap-valence-shell model
(OVSM) are presented in Table III. Model A, pro-
posed by Borcherds and Kunc, ' was constructed

under the assumption that the parameters of the
model are obtained by averaging those used for
InP and InSb. As replacing one cation by another
does not modify significantly the interatomic
forces,"these authors assumed in model B that
the parameters of the model for InAs are equal
to those of GaAs. The lattice constant and the
atomic masses refer, nevertheless, in model B
to InAs. As we shall use the OVS model later in
our discussion, we present in Fig. 1 only the
phonon dispersion curves deduced from it.

We. discuss now the model we used to determine
the longitudinal-acoustic and optical frequencies
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FIG. 3. Second-order Raman spectra of InAs obtained at 100 K with X=4880 L. Dashed line: FI component. Dotted
line. : I'&5 component.
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TABLE II. Characteristic frequencies, in cm, of features found in the Raman spectra of InAs and their assignment.

Frequency
100 E 330 K Intensity Symmetry

T~e of
singularity Assignment Theoretical symmetry ~

54
88

108
115
143
160
167
175
196
220.5
233
242
257
274
285
306
320
343
363
373
387
405
425
437
451
460
464
475
484

87.5
106.5
112
143
157
165
176

217.3

238.6
253
270
279

320
339
356
365

432
445
456.5

m
S
S

m
S

m
S

m
S
S

S

ri(ris)
r,
li

I i(I is)
r, (r„)
r,r„
r,
ris

r,
I iI'is
r, (r„)
r, (r„)
ri(ris)

riris
riris
I iI'is
1 i(I'is)
ri(ris)
I'iI'is
I i (I'is)
1 il"is
ri(ris)
r,

r,

Pi
PiP2
P2

P3
PiP2
PiP2

PiP~

PiP2

Pi (P2)
PiP2

P3
Pi
Pi
PiP)

PiP2
PiP2
Pi
P2

DATA
2TA(L)
2TA(& E)
2TA(W)
DA LA
2IA(-Z)
TO-TA(&- E)
TO-TA(L)

1TO(I')

1I,o(r)
LO+ TA(L)
TO+ TAg -E)
2LA(L)
2IIA(-Ã)
2LA(X)
LO+ LA(L)
To+ LA(L)
LO+ LA(X)
To+ LA(x)
2LO(L), 2LO(X)
TO+ Lo(L), TO+ LO(X)
2TO(~, r„A)
Os + 06 (hex)
To+ Lo(r)

2O(~)
2LO(r)

ri + ri2+ 2ri
r, +2r„+ r, s

ri+ ri2+ ris

ri+ rip+ ris
r, + r„+r„
ri + ri2+ 2r

r,
I, + r„+2r„
1 i+ ri)+ lis
ri+ ris
I'i+ 1"i + I'i
ri+ ri2
ri+ ris
ri2+ ris
ris

ri+ ris' ri+ ri2
~~s' ri2+ ris
ri + 2rf2 ri + ri2 + 2r

ri+ ri2+ ris

'From H,ef. 16.

Diatomic
linear chain
(this work)

OVSM b

A. a

To
Lo

TA
LA
TO
LO

TA
LA
To
Lo

ris
is

Xs
X3
Xs
x,
L3

Li

161

199

201

221
241

53
145
210
199

34
138
214
202

223
237

55
165
223
203

47
151
222
213

215
234

57
165
216
207

50
149
215
209

TABLE III. Theoretical determination of phonon fre-
quencies in InAs.

at X and L. For longitudinal phonons along the &

and A directions, the vibrations of atoms of the
same species are identical for planes perpendicu-
lar to the phonon wave vectors. The vibrations
at X and L deduced from group theory by Mont-
gomery" are pictured in Fig. 4. The planes of
the same species moving as a whole, leave us
with the problem of the linear diatomic chain.
'The dynamical matrix is very simple if we take
into account only interactions between nearest
planes.

Calculations at X were performed by Talwar and
Agrawal. " They used one force constant CX and
express ~(LA(X)) and ~(LO(X)) in terms of the
elastic constant C„:

e(LO(X)) = (8C„a/M2)
W,
W2

Ws

W4

Ws

W6

~ Prom Ref. 5.

69
71

136
186
211
215

"prom Ref. 6.

~(LA(X)3= (8C„a/M, )'~'

where a is the lattice parameter and ~, and ~,
the masses of the two kinds of atoms with M,
The linear relations between ~(LA, LO) and

[(C»a)/(M, ,)]'~' are well satisfied for the IV and
III-V compounds as shown in Fig. 5. The experi-
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FIG. 4. Symmetry of the longitudinal modes at X (a)
and L (b) from Ref. 14. Also sketched are the corres-
ponding diatomic linear models.

(2)

mental values used in these plots are listed in
Table IV; they correspond to 300 K. The least-
squares fit between the experimental points gives
a slope (2. 64) smaller than the theoretical one
(2~2 ). This can be due to the wave-vector depen-
dence of C~ and also to the fact that only inter-
actions between nearest planes were introduced
in the model. From Fig. 5, we obtain for InAs
at 300K:

m(LO(X})=199 cm ', +(LA(X)) =161 cm '.
In the & direction we introduce two force con-

stants C and C' (see Fig. 4). Indeed, although
the stretching between plane 1 and its two nearest
neighbors, labeled 2, is identical, we must take
into account the bending between plane 1 and one
set of plane 2 (the bending with the other set is
equal to zero). A straightforward resolution of
the dynamical matrix at L gives

In these expressions, p denotes the reduced mass.
If we suppose that C and C' are wave-vector in-
dependent, the resolution of the dynamical ma-
trix for the I' point gives C~ and C~ as a function
of the elastic constants C», Cy2, C44 and the lat-
tice parameter a:

a(4C„+ [4C„(3C„—2C„—4C„)]'~'}.
Ec,']

(3)

From Eqs. (2} and (3) we get the following rela-
tions:

8Czxa 't'
[~2(LO(L, )) + ~'(LA(J.))]"'=

j (4)

[(o(LO(L)ho(LA(I ))]'~'

16C„(C„+6C„+4C„)a')' ~'

MiM2

The plots of Figs. 6 and 7 show that the linearity
displayed by Eq. (4) is well satisfied for IV and
III-V compounds. Here too the theoretical slopes
(21I 2 and 2) are larger than the experimental ones.
'The same arguments as the ones invoked for the
X point can explain this discrepancy. From Figs.
6 and 7, we deduce for InAs at 300 K

(CI}a/MI 2) (crn ~)

FIG. 5. Frequencies of the longitudinal-acoustic and
-optical phonons at X for some diamond- and zinc-blende-
type semiconductors as a function of [C~~a)/M~ 2] ex-
pressed in cm"~. The full line is a least-squares fit
through the experimental points.
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FIG. 6. Plot of (oPLo+coL&)'~ at L for some diamond-
and zinc-blende-type semiconductors as a function of
f(Cffa)/pt' expressed in cm '. The full line is a least-
squares fit through the experimental points.

IV. ASSIGNMENTS OF THE RAMAN SPECTRA

The trends already observed for others III-V
compounds" appear in Figs. 2 and 3:

(i) Within the experimental uncertainties the

ry2 component is negligible compared to the I'»
and 1', components.

(ii) The 1', component dominates all the spectral
range [except around the TO(I") which is of I'»
symmetry].

(iii) The 1» component is very weak in the low-

e(LO(L))=201 cm ', v(LA(L)}=142 cm '.
The agreement between the valaes of the frequen-
cies for the longitudinal phonons at X and L cal-
culated with the linear model and those deduced
from full lattice-dynamics calculations is sstis-
factory (see Table ID). Nevertheless, one should
note that the values found with the simple linear
model are i.'n better agreement with the Raman
determination. The simple linear model gives
good results since it respects the symmetry of
the vibrations at X and L. Also the hypothesis
of interactions between nearest planes is not dras-
tic as dynamical properties are mainly governed
by short-. range interactions.

100 200
Il I

[Cg(CI} 2CI2 4',g)a IM}M2] (cm-}2 1/4

plG. 7. Plot of (~~+~~)'~' at L for some dxamond-

and zinc-blende-type semiconductors as a function of
[Cff (Cjj+2Cf2+4C44)a, /Mg M2] expressed in cm . The
full line is a least-squares fit through the experimental
points.

frequency region, which corresponds to overtones
of transver se-acoustic phonons, but contributes
significantly to combination processes (250-280
cm ' and 320-380 cm ').

We shall discuss successively the different fea-
tures of the spectra. We refer to Fig. 3 where
the spectra are enhanced by resonance effects. "

20 band. The two strong features at 220. 5 and
242 cm ' correspond to first-order TO(I') and
LO(I') peaks. The experimental geometry implies

. an allowed TO(1 ) and a forbidden LO(I") if one
uses the conventional selection rules for wave-
vector-independent scattering. Nevertheless,
the LO(I'} is allowed in the I", component if the
selection rules are derived for "forbidden scat-
tering. " The two kinds of selection rules were
checked within 5'%%u~. This supports the hypothesis
of true backscattering in the sample. It implies
also a correct orientation of the crystal and a
negligible depolarization ratio of the light.

20 band. The scattering between 400 and 490
cm ' is due to second-order optical processes.
The peak at 484 cm ' corresponds to the 2LO(I'}.
Although the density of states should be equal to
zero, this structure appears under resonance con-
ditions (see Figs. 2 and 3}. The peak at 437 cm '
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InSb
T=300K

I

A = 6471k, 2 TA(L)

Z T-300 K

&=5145k

LO(f )

has a frequency somewhat smaller than that of
twice the TO(I"). As its symmetry is mainly I',
it is attributed to overtones of transverse modes.
We label it 2TO(&, Z, &). This confirms the flat-
ness of the transverse-optical branches in these
directions given by the theoretical models of
Borcherds and Kunc. ' The strong feature below
the 2LO(I'), located at 456. 5 cm ' at 330 K, is
resolved in two components at 100 K and corre-
sponds to the TO+ LO(I'). The structure at 451
cm ', which contains also a large I'» component,
is consistent with the assignment of Koteles and
Datars. ' The feature at 405 cm ' mostly of I",
symmetry is a good candidate for the 2LO(L) or
the 2LO(X) as suggested by theoretical estima-
tions (Table III). These assignments conform
with the crossing of the longitudinal- and trans-
verse-optical branches deduced from arguments
related to ionicity. " The weak shoulder. at 425
cm ', which contains an appreciable amount of
I'» component, can be attributed to the TO+ LO(L)
and TO+ LO(X).

ZTA band. The low-frequency region between
80. and 160 cm ' mostly of I', symmetry is attribut-
ed to overtones of transverse-acoustic phonons.
The shape of the spectrum and the singularities
observed correspond fairly well with the ones
found for the IV compounds"" and other III-V
compounds. Figure 8 displays the similitude be-

tween the transverse-acoustic branches of InSb,
InP, and InAs. They are compared with the over-
tones of two-phonon density of states of Ref. 8.
For InSb and InP second-order Raman spec-
tra have already been investigated by other auth-
ors. ""Figure 8 suggests the simple sealing law
v(lnAs) = —,

' [&u(lnSb) + &u(inP)]. The results found in

this way for the TA(X), TA(L), and the IA(K) in
InAs are in good agreement with our Raman data
as shown in Table V. The structures at 88 and
157 cm ' are attributed to the 2TA(L) and 2IA(-K),
respectively. The strong peak at 108 cm ' is
labeled 2TA(& -Z) as it is due to the excitation
of TA-phonon overtones in a region extending
from half of the & direction to the K point of the
Brillouin zone. Its large intensity reflects es-
sentially the flatness of the transverse-acoustic
branches in these directions. The OVS model'
predicts well this flatness whereas the RI model'
is less satisfactory. Recent neutron measure-
ments on GaP" have shown that the transverse-
acoustic branches around the W point are flat and
higher in energy than the transverse-acoustic one
along & and Z. Consequently, the shoulder at
115 cm ' is attributed to the 2TA(+.

DAA (disorder-acti vated acoustic). Two broad
features are observed in the low-frequency region
at 54 +4 cm ' and 143+ 4 cm '. They are shaded
in Figs. 2 and 3. As shown by Caries et at. ,

"
they correspond to disorder-induced first-order
scattering. The structure at 54 cm ' was labeled
DATA (disorder-activated transverse-acoustic).
It coincides with the maximum of the density of
states of transverse-acoustic phonons, which
implies phonons around X. In the same manner,
the feature at 143 cm ' mirrors the density of
states of the longitudinal-acoustic phonons and
was labeled DALA (disorder-activated longitud-
inal-a. coustic). In this case the maximum of the
density of states corresponds to phonons around
L. One should notice that the assignment of the

Z',

X
InP
T= 300K
&= 4765K

2TA(X)

TABLE V. Characteristic phonon frequencies, in
cm, of the acoustic-phonon spectra of InSb, InP, and
InAs.

InSb I»
x=300 K' x=300 K'

InSb + InP
2

In As
T-330 K

TA(1 ) 32.7 + 1.7 55 + 0.6 43.9 + 1.2 43.8 + 0,5
TA(X) 37.4+ 1.7 68.4+ 3 52,9 + 2.4 53.2 +0.5
IA( K) 60.7 k 0.7 97 + 1 78.9 + 0.8 78.5 + 0.5

100 200

WAYE NUMBER (cm )
FIG. 8. Second-order acoustic Raman spectra of InSb,

InAs, and InP compared with the overtones of two-phonon
density of states calculated with the OVS model of Ref. 6.
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DATA band is compatible with that of the
2TA(& -K) already discussed.

TO-TA branch. 'The structures at 167 and 175
cm are attributed to difference combinations for
the following reasons: Their intensities decrease
rapidly with temperature, "the contribution of
T'» is important, and such structures appear in
the difference in the density of states calculated
by Borcherds and Kunc. ' These structures are
assigned to the TO-TA(&- K) and TO TA(L-},
respectively, in relatively good agreement with
our previous assignments.

0+ TA and 0+I' bands. The shoulder at 257
cm ' and the peak at 274 cm ' are attributed to ad-
ditive combinations. We interpret the last struc-
ture as the TO+TA(&-K). All the features be-
tween 340 and 390 cm ' contain an appreciable
component of l"» symmetry and are attributed to
additive combinations of optical and longitudinal-
acoustic phonons.

ZLA. band. The maximum of the band around
285 cm ' coincides with twice the calculated fre-
quency of the LA(L}; it has a large-I'q component
and we assign it to the 2LA(L). The shoulder at
306 cm ' corresponds to the 2IIA(-K) as suggested
by the OVS model. The frequency of the LA(X)
predicted by the linear chain model or the OVS
model brings the 2LA(X) in the deep around 325
cm '. The singularity of type P~ found experi-
mentally favors this assignment in accordance
with the one deduced theoretically. '

The assignments of the second-order Raman
spectra presented above are in good concordance
with those deduced from other experimental tech-
niques. The only discrepancy concerns the values
of the frequenciesof the TA(X) and the TA(L)
given by Stierwalt and Potter. '4 Because a strong
absorption band hides the structures below 160
cm ' in the experiments of Koteles and Datars, '
we believe that our values of the frequencies for
the TA(X) and TA(L) are more accurate.

The structures at 196, 233, and 257 cm ', which

lie in the strong 10 band, could not be well re-
solved. 'The features at 196 and 257 cm ' could
be due to As-As band as their frequencies are
equal to those of the 5g and A,g modes of crystal-
line arsenic. " The one at 257 cm ' corresponds
nevertheless to the LO+ TA(L) but this assignment
should be regarded as tentative. The peak at
233 cm ' is too narrow to be attributed to second-
order scattering or to a LO-plasmon mode. "
We could not assign the feature at 475 cm ', visible
in the 20 band when the spectra are recorded
with the 5145-A line (Fig. 2).

The frequencies proposed for InAs at F, L, ynd

X agree with the Brout-sum rule. Mitra and
Marshall" have shown that, for diamond and

zinc-blende structures, this sum is given by
6

S = Q (o2(q) = 24a/p)t, (5)

-4

E
LAo 3

GaSb
InAs

InSb g)

(2 j3 14

2c%X (105cm )

FIG. 9. Brout-sum rule inunits of 10 cm at p, X,
and L, for some zinc-blende-type semiconductors as a
function of 24g/px given also in units of 10 cxn . The
full line is the theoretical plot [Kq. {5}].

where a is the lattice parameter, p is the re-
duced mass, and p is the compressibility;
X=[3/(C„+2C»)J. Relation (5) has been checked
for some zinc-blende materials. As shown in

Fig. 9 it is well satisfied for the L point. A

systemhtic trend is noted: S(X)& S(L) & S(l'). We

point out that the same ordering was found by
Rosenstock" in diamond and was attributed to
"trace-var iable" forces.

The frequencies of the phonons located at F, X,
L, and around K found in this Raman work are
plotted in Fig. 1. Among the two models pro-
posed by Borcherds and Kunc' the one labeled B
(GaAs-like) gives the best agreement. We com-
pare in Fig. 10 the one-phonon density of states,
calculated at 300 K by Borcherds and Kunc' using
model B, with the F, +47„spectrum recorded
at 330 K using the 5145-A line to avoid resonance
effects. As mentioned before 1 » is negligible;
the experimental spectrum reflects then the I',
component. The histogram reproduces the quan-
tity C(&u)g(&o/2)[i(~/2) + 1]', where g is the cal-
culated one-photon density of states, n is the
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InAs

C).4f)2

'A= 5145A

T% 330 K

2 TA(h~K)

1LO(f ) Q c{&)g{&~)[n{~2)+1]

V)
X
LUI—
2-'

X
E
E

2 LA(L)|
21'0

/

/

2LO(I-)

COO 5000 100 200 300

WAVE NUMBER (crn")

F&G. 10. pi+ 4P&2 second-order spectrum of InAs observed at 330 K with ~= 5145 A compared with the overtone of
two-phonon density of states calculated in Ref. 6 and weighted by the C(&) [n (2 &)+ 11 g(2 ~) (see text).

'i

Bose-Einstein factor, and C(u&) is a correction
factor to account for the optical properties" of
the sample and the spectral response of the setup

)
1 —R((d, ) (d,

(
~

)
a((o,.) + o.((u, ) n((u, )

A, .n, and n are the reflection coefficient, the
absorption coefficient, and the index of refrac-
tion, ~,. and co, refer to the incident and scattered
light with m, = m,. + m, e, is the polarization vec-
tor, and f(&u„e,) is the response function of the
system.

For clarity, we did not include in the histo-
gram the combined two-phonon sum and two-phonon
difference in the density of states. As a con-
sequence the structures around 170 and 330-380

cm ', which where attributed to combinations, are
not reproduced although they appear in the cal-
culations of Ref. 6. Of course, the 1LO(I') and
the TO+ LO(T') peaks which correspond to for-
bidden processes cannot be accounted for. Apart
from these points, there is a general correspond-
ence between I', and the overtones of the density
of states showing that all the modes of I", sym-
metry contribute equally to the corresponding
Raman tensor. A better agreement could be
achieved, in particular in the acoustic region,
by shifting to lower energies the calculated den-
sity of states. The main discrepancy concerns
the density of states for the longitudinal-acoustic
branch near L. Such a large experimental con-
tribution was a1.so found in the Raman spectra of
the InAs„P, „alloys system. "
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