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We show that the contributions of intrinsic and impurity-induced forbidden LO-phonon Raman
scattering in GaAs can be quantitatively separated by investigating interference effects between al-
lowed and forbidden LO-phonon scattering. We perform a new calculation of impurity-induced
scattering and determine the resonance profile for GaAs near the Ey+Aj gap. Comparison with ex-
periment shows that impurity-induced scattering plays a dominant role. Absolute values of the Ra-
man efficiencies are estimated and compared with experiment.

I. INTRODUCTION

Since the first observations"? of dipole-forbidden Ra-
man scattering by LO phonons, this phenomenon has been
reported for a number of semiconducting materials. (For
reviews, see Refs. 3 and 4.) “Forbidden” scattering by ir-
active LO phonons can be seen for photon energies near
electronic transitions with incident (€; ) and scattered (€g)
polarizations parallel to each other. This scattering does
not follow the selection rules imposed on the Raman ten-
sor by the symmetry of the I'-point phonons. Different
mechanisms have been proposed. Pinczuk and Burstein?
showed that when the scattering volume is close to the
sample surface, electric fields due to band bending can
produce forbidden LO-phonon scattering.

In the case where surface electric fields can be ignored
because the scattering occurs in the bulk, it was shown®
that forbidden LO-phonon scattering may arise from in-
traband matrix elements of the Frohlich electron-phonon
interaction if the dependence of these matrix elements on
the phonon wave vector q is taken into account. For a
small-g (¢= | q|) intraband transition, the symmetry of
the two electronic states connected by the Frohlich Ham-
iltonian remains unchanged. Thus, the Raman tensor has
the same symmetry as the dielectric tensor, i.e., it is diago-
nal for transitions near k=0 in cubic semiconductors. A
diagonal Raman tensor can explain the observed selection
rule €, |[€s. However, in the dipole approximation (the
limit in which the phonon wave vector q vanishes), the
electron and hole contributions cancel exactly, and the in-
traband Frohlich matrix elements do not produce Raman
scattering.

The phonon wave vector q is actually very small in a
first-order Raman process, because crystal-momentum
conservation implies q=k; —kg, where k; (kg) is the
wave vector of the incident (scattered) photon. Neverthe-
less, it is not exactly zero. Hamilton® and Martin and Da-
men® showed that for g#0 one obtains a strongly
resonant Raman efficiency proportional to g2. On the
other hand, if the intermediate electronic states are exci-
tons bound to impun’ties»,7 one also has nonzero matrix
elements of the Frohlich interaction for all phonon q vec-
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tors, leading to a forbidden Raman efficiency which, in
contrast to the previous case, does not depend explicitly
on the scattering wave vector q.

An additional scattering mechanism involving impuri-
ties was proposed by Gogolin and Rashba.?! Here, a
higher-order process is considered, in which a free exci-
ton® scatters twice: once due to the electron-phonon in-
teraction and again due to the electron-impurity interac-
tion. The large momentum transfers which take place in
the impurity-scattering process enhance the scattering
cross sections despite the high order of perturbation
theory (fourth) involved.

Efforts to separate intrinsic from extrinsic (impurity-
related) contributions to the forbidden scattering have
been based on calculations of the efficiencies for the dif-
ferent mechanisms proposed,'®!! or in an experimental
search for the explicit g dependence of the Raman polari-
zability predicted in Martin’s theory.%!® This g depen-
dence has been qualitatively found for very pure CdS sam-
ples by Permogorov and Reznitsky,'? who showed that the
forbidden Raman signal for backscattering (large q
transfer) is stronger than for forward scattering (small q
transfer). The situation is much less clear in III-
V—compound semiconductors. Most of the experiments
were performed at gaps higher than the fundamental one,
where forward scattering is impossible and the method of
Ref. 12 cannot be applied. The only estimation of abso-
lute efficiencies has been made by Trommer and Cardona
for GaAs.!! These authors show that the intrinsic mecha-
nism is important, but their calculation is based on the
quasistatic approximation and is not conclusive.

In this paper we show how recent work!® on interfer-
ence between allowed and forbidden LO-phonon scatter-
ing can be used to separate different sources of forbidden
scattering. The effect is demonstrated at the Eq+ A, gap
of GaAs, nearly 1.85 eV at 100 K. At this frequency the
penetration depth of the light is greater than 3500 A, and
we can neglect surface-electric-field effects like those dis-
cussed by Pinczuk and Burstein.! Moreover, no bound-
exciton states exist near the Eq+ Ay gap, so we are left
with only two possible mechanisms for forbidden LO-
phonon scattering: the intrinsic intraband process pro-
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posed by Martin,®!® possibly with some excitonic

enhancement, and the impurity-assisted scattering of the
type discussed by Gogolin and Rashba.®

Our procedure is based on the fact that the Raman ten-
sors for allowed scattering and for intrinsic (g-induced)
forbidden scattering must be added before squaring for
calculating the Raman efficiency, whereas the tensor for
(extrinsic) impurity-induced forbidden scattering must be
added to the allowed contribution after squaring. This
follows from the fact that the final states (LO phonons)
for allowed and for g-induced forbidden scattering are the
same, while in the case of impurity-induced scattering dif-
ferent final states, corresponding to a broad distribution
of q vectors, are obtained.

Under these conditions, in the backscattering configura-
tion on the (001) face, theory predicts that the Raman ef-
ficiency for %¢_|[€s||/[110] is different than for
e, |[€s||[110] whenever intrinsic forbidden scattering is
present, but takes the same value for both polarizations
when the observed forbidden scattering is entirely induced
by impurities. We fit the scattering efficiencies measured
as a function of laser frequency with expressions which
allow a determination of the relative strength of the two
forbidden mechanisms. The results show that intrinsic
forbidden scattering only plays a significant role in high-
purity samples, and suggest that most of the forbidden
scattering seen in commercial semiconductors is induced
by impurities. Knowing the proportion of intrinsic
scattering, we can compare the measured absolute effi-
ciencies with the theoretical calculation. The agreement is
rather good.

The remainder of the paper is organized as follows: In
Sec. II we discuss the experimental setup and the pro-
cedure to determine the sample orientation. The experi-
mental results are presented in Sec. III. In Sec. IV we re-
view the theory of first-order Raman scattering and give
expressions for the Raman polarizabilities, including signs
that are relevant to this work. A new calculation of
impurity-induced scattering is introduced, the details of
which are relegated to the Appendix. Finally, in Sec. V,
we evaluate the theoretical resonant profiles and compare
them to experiment.

II. EXPERIMENTAL SETUP AND PROCEDURE
Two samples were used in our experiments:

(a) An n-type 50-um-thick layer grown by liquid-phase
epitaxy on a GaAs(001) substrate.!* Electrical measure-
ments at 77 K yield p=8.7 Q cm, u=100.000 cm?/V sec,
and Np —N 4=10"3 cm~3. The estimated amount of im-
purities is N4 +Np ~6X 10" cm 3.

(b) Czochralski-grown (Wacker Chemitronics GmbH,
D-8000 Miinchen, Federal Republic of Germany) with
Np+N,4~10"%cm—3.

We call x, y, and z the [100], [010], and [001] directions,
respectively. x' denotes [110] and y' denotes [110]. The
[110] and [110] directions are physically inequivalent, al-
though the labeling [110] and [110] depends on the choice
of coordinates.

(1003
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FIG. 1. Cubic cell of GaAs showing the choice of coordinates
used in the present work. The unit vector @ characterizes the
relative atomic displacements in the LO-phonon mode measured
in Raman scattering.

In this paper we choose (Fig. 1) the Ga atom to be at
the origin, and the As atom at (ay/4)(1,1,1). With this
convention the (111) plane (parallel to [110]) is Ga-
terminated. Preferential etching of the (001) face with
HNO; or CrO;/HF produces rectangular pyramidal
structures whose faces have been shown to be {111}
planes.’® Because Ga is less reactive than As, Ga-
terminated (111) faces develop more easily than As-
terminated ones. This means that the longest sides of the
pyramids are parallel to [110], allowing an inequivocal
orientation of the sample.

For backscattering at the (001) face, the allowed LO-
phonon Raman scattering tensor for a zinc-blende materi-
al is given (via a deformation-potential interaction) by

0 app O
Rpp=|app 0 0. (1)
0 0 O '

In addition, the forbidden LO-phonon Raman scattering
tensor is given (via the Frohlich interaction) by

ar 0 O
Rp=1{0 ar 0. )
0 0 tZF

The scattering efficiency is therefore proportional to

das
aQ

| @p+app|? for the z(x',x')Z configuration , (3a)
o {|ap—app|? for the z(y',y')Z configuration , (3b)

|ap|? for the z(x,x)Z configuration . 3c)

The difference between z(x’,x’)z and z(y’,y’)Z configura-

tions arises from the fact that we have added ﬁDP and ﬁp
before squaring. This corresponds to the case of intrinsic
forbidden LO-phonon Raman scattering. If the forbidden
LO-phonon Raman scattering tensor is induced by impur-
ities, we must add the allowed and forbidden contribu-
tions after squaring. Thus we obtain the same result for
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z(x',x')z and z(y’,p')z. To check this experimentally, we
cut three rectangular slabs from each sample and glued
them with silver paste to a cold finger placed in an evacu-
ated Dewar and maintained in contact with liquid nitro-
gen. The vertical axes corresponded to the [110], [110],
and [100] directions, respectively, so that we could mea-
sure the z(x',x")z, z(y',y')Z, and z(x,x)Z configurations
by simply shifting the Dewar horizontally.

A jet-stream dye laser operated with DCM (Ref. 13)
(Spectra-Physics) was used to excite the spectra. The dye
was pumped with all the lines of a cw Ar™ laser (5 W).
We worked in the frequency range 1.8—2.0 eV, close to
the Eq+ A gap of GaAs. This gap, between the second-
highest valence band I'; and the lowest conduction band
I's, is the spin-orbit partner of the fundamental gap E|.
The light was focused onto the sample by means of a
cylindrical lens, keeping the power density below 100
W/cm?. The scattered light was analyzed with a Jarrell-
Ash 1-m double monochromator equipped with holo-
graphic gratings, and detected with an RCA 31034 pho-
tomultiplier by photon counting.

In Raman experiments using photon-counting electron-
ics, one measures the scattered-photon rate Rg, which, in-
side the scattering medium, is related to the scattering
cross section by!®

dRs I; do
dQ  fiw, dQ’

4)

where w; is the incident-photon frequency and I is the
laser irradiance (power per area). For solids, the cross sec-
tion do/d(Q is proportional to the scattering volume V.
Hence it is customary to define a scattering efficiency per
unit length and unit solid angle such that

dS 1 do
dQ v da
fofva # n

S A HA
ct 2w .M*Q, ng 85" R&, [’[1+n(Qp)] ,
e P

(5)

where wg is the scattered-photon frequency, c¢ the speed of
light in vacuum, v, the volume of the primitive cell,
M*=(Mg! +M7z1)~", the reduced mass of the unit cell,
Q,;, the phonon frequency, n () the phonon occupation
factor, n; (ng) the refractive index, and €; (€5) the po-
larization vector for the incident (scattered) light. Equa-
tion (5) defines the Raman tensor ﬁ, whose independent
components are called “Raman polarizabilities.”

The final expression for the measured scattering rate
outside the crystal is given by!®

| TsTLPLa3[n (@) +1] | AQY e
2c* s

R} Re, 1%, ®

B 73 +as)nsnLM*.Qphvc

where P; is the incident laser power, Ts and T, the
power-transmission coefficients (T =1—r, where 7 is the
reflectivity), and AQ' the collection solid angle outside the
crystal. a; (ag) are the absorption coefficients at the in-
cident (scattered) frequency.

Equation (6) must be used to obtain absolute values of

the Raman tensor by the sample-substitution method.>
We have used silicon as a reference. For the Raman po-
larizability (the independent component of ﬁ), we use
|a| ~40 A? for #w;,=1.85 eV.!” The experimental
scattering rates Rg are obtained from the area of the mea-
sured Raman peaks. Comparing the results for Si and
GaAs, the Raman polarizability of GaAs can be deduced
by applying the term in curly brackets in Eq. (6) as a
correction factor. We used =3.0%10* cm~! for GaAs
(Refs. 18 and 19) and a=1.4x10* cm ™! for Si (Ref. 20).
Additional data were taken from Aspnes and Studna.?!

III. RESULTS

Figures 2 and 3 show the results obtained for both sam-
ples measured. We give the values of the square of the
Raman tensor contracted with the polarization vectors.
These values are different for the z(x',x’)z and z(y’,y")z
configurations, thus confirming that at least part of the
forbidden scattering indeed interferes with the allowed
contribution. However, the interference is weaker for the
bulk commercial sample (Fig. 3), which has a larger
amount of impurities. Notice also in this case that the
forbidden scattering is much stronger (by approximately a
factor of 5).

IV. THEORY

A. First-order Raman scattering by phonons

The most strongly resonant of the six diagrams contri-
buting to Stokes first-order Raman scattering is shown in
Fig. 4(a). A virtual exciton (electron-hole pair) is created
by annihilation of the incoming photon #w;. The exciton
is scattered via electron-phonon interaction, creating
(Stokes case, Fig. 4) or absorbing a phonon #Q;;. The
scattered photon is produced by recombination of the vir-
tual exciton.

The electron-phonon interaction can be separated into a
long- and a short-range part:*

H, =Hr+Hpp . (7)

LPE-GaAs (00)  __4; (ixi3

100K AN eziyy0E |

T

——-aZ(x,x)Z

1.8 1.9
LASER ENERGY (eV)
FIG. 2. Measured Raman polarizability for three scattering
configurations near the E,+A, gap of liquid-phase-epitaxy
GaAs. The lines represent the fit using Eqgs. (20) and (21).
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FIG. 3. Same as Fig. 2 for a commercial GaAs sample
(n~10'" cm™3). The lines are drawn as a guide to the eye.

The long-range part Hy is the Frohlich interaction, which
is induced by the electric field created by longitudinal
phonons in polar materials. It is zero in covalent semi-
conductors such as Si and Ge. For LO phonons near the
center of the Brillouin zone (those which participate in the
Raman process), H is given by??
iCp t -
Hp=———7>(q®0)a_q+agle’". (8)
qvV
Here, V is the crystal volume, and Cp is the Frohlich con-
stant given by
87T29 ZﬁQLO 172
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where e is the transverse dynamical charge of the cation,
#iQd1 o the LO-phonon energy, e the free-electron charge,
and €, the high-frequency dielectric constant, related to
et by
4med €
€w=€———— (9b)
M*v Q1o €x
where €, is the low-frequency dielectric constant. Note
that according to Eq. (9) the sign of Cr is determined by

(0;S,1| Heg(es) | M) (A | Hop | M)Ay | Heg(e)|0;L,0)

(a)
r—-«»Q,Q
wi KL HeL We l:s
Her Her
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Es = RL' q
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Her Her
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FIG. 4. Typical diagrams for Raman scattering by phonons.
H.g (H,) is the electron-radiation (-phonon) interaction. (a)
First-order Raman scattering. (b) Impurity-induced Raman
scattering. H,; is the electron-impurity Hamiltonian.

the sign of er.

The unit vector €, in Eq. (8) is related to the relative
sublattice displacement u,, by
_
2Q; o NM*
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T iq-
Ure) =Ups— UG, = (a —q +aq)e‘q l-,éLO ’

(10)

where N is the number of primitive cells in the crystal, al
(a) are phonon creation (destruction) operators, and €; g is
a unit polarization vector.

The short-range part of the electron-phonon interaction
is the deformation-potential interaction, given by?

HDP:v(r)'urel s (1n

where (n,k|V(r)|nk) is the shift of the band state
| n,k) per unit relative displacement of the sublattices.

The relevant quantity in the microscopic evaluation of
the Raman tensor is given by the matrix element W;:

Wa= 3

ApAy (Er,—Eo,i)(Ex,—Eo,)

, (12)

where |0,L,0) is the ground electronic state with a photon in the incident state L and zero phonons, etc., and A;,A, run
over all intermediate states. In terms of W/;, the Raman tensor is given by

IM*Q oV, |

h3

1 nsnp
w; 2

’és ’ﬁ"éL = Wﬂ- .

(13)

For Si and Ge, H,; becomes Hpp, and the Raman tensor has only one independent component. Its expression is given in
Eq. (1) for backscattering at the (001) face (x||[100], y||[010]). The frequency dependence of app has been studied in
great detail.® For GaAs, an approximate expression for this Raman polarizability (deformation-potential contribution)
has been given in Ref. 24 (also see Ref. 3) in terms of critical points:

3/2

S (xos)

E,
Ey+ Ay

4E,
—g(x9)+ _Ko—

aDp=A1 +A2 2 +A3 . (14)

2
1 E, 1
l——xls

1—x2 + [E1+A1

f(xo)— [
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The meaning of the symbols is the same as in Ref. 24. -
Note that @pp resonates strongly at the E, gap, whereas it
has a weak singularity at Eg+Ay. At this gap the reso-
nance is weak because Hpp has no diagonal matrix ele-
ments at I'q and I';. The real and imaginary parts of zpp
near Eg+ A are shown in Fig. 3 of Ref. 13.

The sign of app, relevant for this work, depends on the
definition adopted for ;. For phonon vibrations along
the z axis, € may be chosen as either (0,0,1) or
(0,0,—1). Both conventions are permitted, but one must
use the same definition in Hpp and in Hr. With the con-
vention of Fig. 1, the real and imaginary parts of «pp are
positive>? near the Eq+ Ao gap of GaAs.

In the case of polar semiconductors, the contribution of
Hp must be considered together with that of Hpp to cal-
J

ZCF

7iQ LO

172
e

mti

q

“F=Tom g

2
'wL

Here, ¢ and m are the free-electron charge and mass,
respectively, p~l=m;'+myi, s.p=mg,/(m,+my),
where m, and m, are the effective electron and hole
masses, respectively, and P is the momentum matrix ele-
ment defined as (X | P, |S )= —iP. The function F(wy)
is

. 122

fiwoy —Eg, +in

|

17213

.@EE_E_‘in_ (16)

Q10

with the convention that the imaginary parts of the square
roots are positive. E, is the gap energy, in our case
Ey+Ap.

The function F(w, ) is plotted in Fig. 5 and | F(w;) |2
is plotted in Fig. 6 (dashed line). Note that because
Se —Sp <0, both components of «p are positive near the
maximum of | & |2 which occurs at E, +#Q;0/2. The
prefactors in Eq. (15) are somewhat different from other
published expressions for the forbidden Raman tensor,
which can be defined in many different ways. In Ref. 3, a
Raman susceptibility X; 4, is used, which is related to af
by (cgs units)

172

20, VM*QLO ,
e 7 TS Xiaar -

#

ap=

Note that in Ref. 3 the Frohlich constant Cr is defined
with the factor ¥!/? in the denominator. The factor +
multiplying P? appears after summing over all bands at
the Ey+A; gap. The unimportant replacement of
1/wpos by (1/0} N ws/w;)""? comes from the slightly
different definition of the scattering efficiency in Eq. (5).
Equation 2.222 of Ref. 3 is valid, provided that one uses
our definition of Cr [Eq. (9)] divided by V72 and multi-
plies by 2 to correct a computational error. Note that the
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(4v, uM*)\/2

(17)

culate the scattering efficiency. Two different terms arise:
The interband matrix elements of Hp, the so-called
electro-optic contribution,® leads to a Raman tensor which
is isomorphic with the deformation-potential tensor, Eq.
(1). On the other hand, in the approximation of vanishing
phonon wave vector (dipole approximation), the intraband
matrix elements of Hr do not contribute to the scattering
efficiency. However, for the real case of small but finite
phonon wave vector, the intraband matrix elements pro-
duce Raman scattering which resonates very strongly near
critical points. For the Ey+ A, gap of GaAs, this “for-
bidden” tensor is diagonal [Eq. (2)]. The calculation of
the 5 used in Eq. (2) is quite straightforward.!®?¢ The
result is, choosing € as in Fig. 1,

2p?

3 (Se-——Sh)F(COL) .

(15)

difference between the heuristic and exact calculations of
Ref. 3 is reduced to a factor of 3.

B. Impurity-induced LO-phonon Raman scattering

In addition to the “intrinsic” intraband Frohlich mech-
anism, Gogolin and Rashba® have proposed another
source of forbidden LO-phonon Raman scattering which
involves exciton-impurity interaction. A typical diagram
is shown in Fig. 4(b). Here the exciton scatters twice, due
to the electron-phonon and electron-impurity interaction,
respectively. Hence we have a fourth-order process, and
the question arises as to why should this scattering mech-
anism be of comparable intensity with the intrinsic forbid-
den scattering, which is a third-order process. The
reasons are twofold. First, as can be seen in Eq. (15), for-
bidden scattering through the intraband Frohlich mecha-
nism is proportional to the phonon wave vector q. In the
case of intrinsic scattering the phonon wave vector is

0.6 : , r l

0.4~ ImF(w) ReFlw) A

L \ / 4

e\ [

-0.2r -1
0.4} N A -
Eotdg~ " EgtAg+hQyg 7
_06 1 1 1 1
1.8 1.9

FIG. 5. Function F(w.) [Eq. (16)], which gives the frequen-
cy dependence of the Raman polarizability for intrinsic forbid-
den scattering. E;=1.844 eV, =8 meV, and #Q;0=236.6
meV. :
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FIG. 6. Forbidden LO-phonon Raman scattering at the
Eo+Ao gap of GaAs. Dashed line: intrinsic forbidden LO-
phonon Raman scattering [« |F(wy)|?]. Solid line:
impurity-induced forbidden LO-phonon Raman scattering [Eq.
(A1)]. Parameters from Table I. The relative scale is arbitrary.

determined by wave-vector conservation and is very small.
In the impurity-induced process, however, the quasi-
momentum-conservation is relaxed and phonons with
larger q vectors can participate in the Raman scattering.
These larger q vectors greatly enhance the intraband
Frohlich contribution. On the other hand, whenever the
phonon wave vector is not fixed by kinematics, double-
resonance effects appear,”’ which again produce an
enhancement of the Raman efficiency.

The first calculation of this impurity-induced process
has been made by Gogolin and Rashba.! They calculate
diagram 4(b) by considering only the ground state of the
exciton,’ and obtain the Raman tensor for #iw; >E, by
making some additional approximations to perform a fi-
nal integral over the phonon wave vector. Their result
does not allow us to elucidate the important issue of the
position of the resonance maximum as a function of the
laser frequency. Moreover, in the present case (GaAs at
Ey+Ay) we have a continuum of intermediate states
which cannot be represented by a single level as in Ref. 8.

In view of the shortcomings of the early calculation, we
have performed a new one by exploiting the similarities
between impurity-induced and two-LO-phonon scatter-
ing.?® The diagrams for this last process are very similar
to Fig. 4(b), with the vertex H,; replaced by H,; and a
second phonon being created. Several calculations of
two-phonon scattering have been published,?”"?° 3! that of
Zeyher® being the easiest to adapt to the impurity case.

Two important approximations have been made at the
outset: We assume the validity of the Born approxima-
tion and neglect multiple-impurity interference effects.
This second assumption has been shown to lead to good
results in the calculation of mobilities.>> The Born ap-
proximation is not expected, in principle, to be appropri-
ate for mobility calculations; nevertheless good agreement
with experiments is often obtained.

It was realized after performing the calculation that the
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position of the resonance maximum occurs for photon fre-
quencies near the outgoing resonance, i.e., fiw; ~E;
+#Q; 0. We also found that the absolute values of the
calculated Raman polarizability were not very different in
the two cases studied: Scattering by neutral (hydrogenic)
impurities and scattering via ionized impurities with a po-
tential of the form

V(q)=4me?/[enq’+qF)],

where gr=2/A, A being the mean distance between im-
purities. For impurity concentrations of the order
10—10" cm ™3, A~2000 A. Owing to double-resonance
effects, the phonons which most contribute to the scatter-
ing efficiency have wave vectors ¢,.x=0.2/a,, where a,
is the lattice constant. This means g, >>qr. Hence the
final result is not very much affected by the parameter g,
which only serves to eliminate unphysical divergences in
the integration over q. Moreover, for that value of g,
a hydrogenic impurity with Bohr radius ap~ 100
A behaves almost like an ionized impurity, because the
screening of the electron is reduced to 10% of the nuclear
charge.>* Therefore, one would not expect strong differ-
ences between the two model potentials used.

Details of the calculation are given in the Appendix.
One obtains a diagonal tensor

100
010|ag. (18)
001

>
Rp=

The final result for | zy; | 2 is plotted in Fig. 6 (solid line).
Of particular relevance for this work is the fact that im-
purity induced LO-phonon scattering resonates at higher
energies than the intrinsic intraband Frohlich scattering.
The resonance peak is near fiw; =Ey+Ag+7#;o, i€,
fiog~Ey+ Ay (outgoing resonance), whereas in the intrin-
sic case it is exactly at Eg+Ag+#Q;o/2 (halfway be-
tween incoming and outgoing resonance).

C. Intrinsic versus extrinsic forbidden LO-phonon
Raman scattering: Interference effects in both cases

Two possible sources of forbidden LO-phonon Raman
scattering have been discussed in the preceding subsec-
tions. We would like to determine which of the two
mechanisms prevails. We mentioned in Sec. I a possible
procedure which has been successfully applied to CdS,!?
exploiting the | ¢ | dependence of the Raman polarizabil-
ity [Eq. (15)]. In the case of III-V compounds, the prob-
lem of distinguishing between both scattering mechanisms
has only been addressed by Trommer and Cardona,'! who
estimated the Raman efficiency for the intrinsic process.

Here we want to show how interference effects between
allowed and intrinsic forbidden scattering lead to a deter-
mination of the proportion of intrinsic intraband Frohlich
scattering.

Since the Hamiltonians Hyr and Hpp must be summed,
we also must add the Raman tensors for intrinsic allowed
and forbidden scattering before squaring in order to calcu-
late the Raman efficiency. Adding Eq. (1) to Eq. (2), the
tensor for backscattering at the (001) surface becomes
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arp app O

ﬁ: app afp 0 - (19)

0 0 arp

Consequently, the Raman efficiency is proportional to the
expressions given in Eqs. (3), and the interference between
allowed and intrinsic forbidden scattering leads to dif-
ferent results for the configurations z(x’,x')Z and
z(y',y' )z

Let us now examine the case of extrinsic scattering in-
duced by impurities. One would be tempted to add the
corresponding tensor [Eq. (18)] to Eq. (19) before squar-
ing. This would be incorrect in this case because the final
states are different: Whereas in the intrinsic case one
creates a single phonon with ¢ = |k; —kg | =0.04/a,,
the impurity-induced scattering is dominated by phonons
with a much larger q (¢ ~0.2/a,). The Raman efficien-
cy is then proportional to

| @p+app |+ | api |* for the z(x',x")Z configuration ,

(20a)
|ap—app | *+ | @p |* for the z(y’,y’')Z configuration ,

(20b) -
|ap|?+ |ap |? for the z(x,x)Z configuration . (20c)

From a comparison of Eq. (20) with experiment, one can
deduce the relative strengths of both forbidden mecha-
nisms and compare them with the theoretical predictions
of Egs. (15) and (A1).

V. COMPARISON WITH EXPERIMENT

The results displayed in Fig. 2 show a difference be-
tween measurements in the z(x’,x’)z and z(y’,y")Z config-
urations. As we have seen, this can only occur if we have
“intrinsic” forbidden LO-phonon Raman scattering.
Hence we first try to explain our results with Egs. (3). -To
that end we need an expression for the allowed polariza-
bility zpp. We use Eq. (14), adjusting the coefficients A4,
A,, and A3 to fit an independent measurement of the al-
lowed LO-phonon Raman scattering in the configuration
z(x,y)z. We use A{/A3=—1.4, Ay/A3=-5.0

Having determined pp, we now fit our forbidden LO-
phonon Raman scattering [configuration z (x,x)Z] with an
expression proportional to the function | F(w;)|? in Eq.
(16). With the two tensors «pp and «p, we can next cal-
culate the interference effects according to Eq. (3). The
results are shown in Fig. 7. See that, because s, —s;, <0,
the real and imaginary parts of «p are positive near the
resonance maximum. The allowed Raman scattering ten-
sor is also positive, i.e., the interference is constructive for
the z(x',x')Z configuration, and destructive for the
z(y',y")Z configuration, in agreement with experiment. It
should be mentioned here that the sign of the interfer-
ences depends on the sign of ey, which has been assumed
to be positive on the cation. These experiments may thus
be viewed as confirming this sign of er.

The curves shown in Fig. 7 reproduce qualitatively the
experimental ones. There are, however, some important
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quantitative differences:

(a) the observed interference is weaker than the calculat-
ed one;

(b) the point of maximum interference effect in the ex-
perimental curve is shifted towards lower energies with
respect to the maximum of the forbidden Raman scatter-
ing, a fact that is not reproduced in Fig. 7;

(c) to fit the forbidden LO-phonon resonance with Eq.
(3), one has to use =20 meV in Eq. (18). This value is
too large. Aspnes and Studna®® measured n=(6+2) meV
at T=4.2 K, and Trommer and Cardona!! obtained a
good fit of the two-LO-phonon resonance with n=14
meV.

Most of the discrepancies can be removed by assuming
that impurity-induced scattering is also present. This
means that part of the forbidden scattering observed does
not interfere with «pp. Moreover, due to the shift of the
impurity-induced resonance to higher energies (Fig. 6), we
observe a larger apparent broadening of the forbidden res-
onance and a relative shift between its maximum and the
point of maximum interference which is only determined
by the “intrinsic” mechanism. We then try to fit the ex-
perimental curve with Eq. (20), taking the relative
strength | @p/ap; | * as a parameter. The best fit (Fig. 2)
is obtained with =8 meV, and

| @F | max=0.4| @g; | max » @1

where the subscript “max” indicates that both quantities
are evaluated at the frequencies for which they are max-
imum. The result means that only 30% of the total for-
bidden Raman scattering signal is due to the intrinsic in-
traband Frohlich mechanism. Note that, as expected, the
results for the commercial GaAs sample show a stronger
forbidden LO-phonon Raman scattering together with a
much weaker interference effect, as one would expect for
a sample with a higher impurity concentration.

In the fit to Fig. 2 we have multiplied our theoretical
curves by a scaling factor. However, once we have deter-
mined the proportion of intrinsic and extrinsic forbidden
scattering, we can compare our absolute measurements
with the predictions of Egs. (15) and (A1). The GaAs pa-
rameters needed for the theoretical evaluation are listed in
Table 1.3® Theoretical and experimental results for the

r GaAs (001) 1

| ésﬁ 'éle (arb. units)

FIG. 7. Theoretical calculation of the interference profiles
for Raman scattering after Eq. (3). See text for discussion.
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TABLE 1. Parameters used to evaluate the theoretical ex-
pressions of the Raman polarizability at the Eo+Ao gap of
GaAs.

E;=1.844 ev? m,=0.0667m°*
7=0.008 eV® my=0.16m°
2
Quo=294 cm~!¢ 2P7 _13.9 evd
3m

le

g=7.25x10"% A~
xp=0.06f

M*=6.58%10* m®
ap=5.6534 A°

2 Reference 37.

®See Sec. V.

¢ Reference 38.

dReference 36.

¢q =(n o +nsw;s)/c.

See definition in Appendix.

Raman polarizability are compared in Table II. The abso-
lute theoretical values for the intrinsic forbidden scatter-
ing as well as the general shape of the interference are in
quite good agreement with experiment. It is necessary to
emphasize that in our calculation we neglect excitonic ef-
fects which are known to enhance dramatically the abso-
lute values and to change the frequency dependence of the
Raman polarizability.?® Our results confirm that the exci-
tonic interaction is not important near Ep+ A, at 100 K,
although some residual effect could explain the somewhat
lower theoretical values and the maximum in the configu-
ration z(y’,y')Z at 1.88 eV (Fig. 2), which is not fully
reproduced in our theory.

The fact that our purest sample presents 70% of
impurity-induced scattering suggests that most of previ-
ous measurements on commercial samples are dominated
by impurity effects. The theoretical absolute value ob-
tained for the impurity-induced scattering, however, is
smaller than the experimental one. This fact may be due
to the approximations discussed in Sec. III, to the uncer-
tainty in the number of impurities present, and/or to the
strong dependence of this Raman polarizability on the

. broadening parameter 77. This dependence is typical for
second-order processes,”” but is unimportant for first-
order Raman scattering whenever 1 < #i€); o, as is the case
in GaAs near the Eg+Aq gap. Our conclusion concern-
ing the relative importance of the impurity-scattering

mechanism can also be applied to the CdS case. The
|
3 4 2M*Q 2

A 82 ar, 05 #i m

© dx
% ___ex
f() (x2+x%)2
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TABLE II. Theoretical and experimental values of the Ra-
man polarizability for intrinsic («r) and impurity-induced for-
bidden LO-phonon Raman scattering (2 ), evaluated at the res-
onance maximum.

Theory Experiment
lar| (A% SO 199
|am| (A% 4.1%¢ 294

2 Equation (15).
®Equation (A1).

scattering efficiency measured in Ref. 12 for forward and
backward scattering differs only by a factor of 2 and not
by orders of magnitude as would be the case if only intrin-
sic g-dependent scattering were present.
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APPENDIX

With the approximations discussed in Sec. IV, the cal-
culation of impurity-induced LO-phonon Raman scatter-
ing becomes formally similar to the two-phonon scatter-
ing problem. In the case of LO phonons, the dominant
contribution is given by an iteration of the Frohlich Ham-
iltonian, Eq. (8). Zeyher?® has calculated this effect by as-
suming free—electron-hole pairs and using a Green’s-
function technique to sum over the intermediate states.
The impurity calculation is similar to that of Ref. 29, but
one has to replace in a vertex the electron-phonon by the
electron-impurity Hamiltonian, i.e., we have a factor
(Cr/q)? in the two-phonon scattering which becomes

Cr
q

4re?

€olq>+q7)

in the impurity case. On the other hand, terms arising
from the permutation of the two Hamiltonians are dif-
ferent in the impurity calculation. The equivalent permu-
tation merely leads to a factor of 2 in the two-phonon pro-
cess. Using our definition of the Raman polarizability,

the final result is
2 2
2P |\ Cr 1
3 € ee (ﬁQL0)6(G*)3

[ A($eXy —SeX,X1,X2,X3) + A (SpX, —SpX,X1,%X2,X3)

— A (5.X,8p%,X 1,X2,X3) — A (SpX,80X,%1,%X2,X3)

+ A (X, —85e%,%1,%5,X3) + A (SpX, —SpX,X1,X5,%3)

— A (5,%,5p%,%1,X2,X3) — A (5pX,5.%,%1,%3,X3) | 2,

(A1)
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with a* =#/[2u(#Q16)], x; =a*k;, xp=a*qF, and
172

ky= zﬁ"j— (Fiw+in—Ey—#Q0)"? , Imk;>0 (A2)
172 5 12 172

f_ |2 #w+in—E _ _#Fx/a®)" Imk, >0 A3

k2 (ﬁl T e S my ) | 2> (A3)

n, is the impurity concentration. All other quantities have the same definition as in Ref. 29.
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