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high carrier concentrations due to deviations from
stoichiometry.

For the Pbi_.Sn.Te alloys, the change in band
structure with composition has been attributed to the
influence of relativistic effects on the energies of the
conduction and valence bands.! It is probable that the
changes in Pby_,Sn,Se band structure are also due
principally to the difference between the relativistic
energy shifts of the Pb and Sn atomic valence states.
Approximate calculations* indicate that the rate of
decrease in E, from this source would be 0.7 eV/100
mole 9, SnSe, compared with the observed rate of
about 0.9 €V/100 mole 9, SnSe.

In Fig. 1, negative values of E, have been assigned
to those sample compositions and temperatures for
which the energy bands are inverted from those in
PbSe. Adopting this convention makes it possible to
represent the data by straight lines satisfying the
equation E;=0.13+(4.5X10~* deg™) T—0.89x eV.

1 7, 0. Dimmock (private communication).
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According to this equation, band inversion occurs
at 77°, 195°, and 300°K for x=0.19, 0.25, and 0.30,
respectively. The deviations from the straight line at
77°K for samples with £=0.21, 0.23, and 0.25 may be
due to the presence of hole concentrations large enough
to place the Fermi level inside the valence band and
therefore to shift the absorption edge to shorter wave-
lengths (Burstein effect!). The relatively large devia-
tions at 77°K for 2 samples with x=0.32 have the wrong
sign to be explained in this way.

ACKNOWLEDGMENTS

The author is particularly indebted to Muriel C.
Plonko, who prepared the epitaxial films and made the
transmission measurements. He is also grateful to T. G.
Barnett, Mary C. Finn, H. H. Ehlers, A. E. Paladino,
and J. W. Sanchez for technical assistance and to E. G.
Bylander, J. F. Butler, J. O. Dimmock, T. C. Harman,
and I. Melngailis for helpful discussions.

15 E. Burstein, Phys. Rev. 93, 632 (1954).

PHYSICAL REVIEW

VOLUME 157,

NUMBER 3 15 MAY 1967

Raman Scattering by Coupled Plasmon-Longitudinal-Optical-Phonon
Modes in Zincblende-Type Crystals™

E. BURSTEIN, A. Pinczuk, AND S. Iwasaf

Laboratory for Research on the Structure of Matter, and Physics Department,
University of Pennsylvania, Philadelphia, Pennsylvania

(Received 5 December 1966)

A phenomenological theory of Raman scattering by the ¢=~0 coupled plasmon~-(LO) longitudinal-optical-
phonon modes, which takes into account the electro-optic effect of the longitudinal electric fields associated
with the coupled modes, is presented. Estimates of the scattering efficiency of the plasmon-like mode at
high carrier densities, for which the major contribution comes from the electro-optic effect, are obtained
using values of the electro-optic coefficient derived from second-harmonic light-generation data. For n-type
GaAs with a carrier density of 3X10!8/cm?, the scattering efficiency of the plasmon-like mode is found to be
1X1075. The theoretical treatment is also applicable to Raman scattering by the collective cyclotron ex-
citation modes of free carriers in a magnetic field and by their coupled modes with LO phonons.

HERE has been considerable interest in recent
years in the scattering of electromagnetic (EM)
radiation by plasmas in semiconductors, and theoretical
expressions have been derived for the contributions to
the scattering cross section arising from intraband
processes™? and from interband processes.® In the case
of polar semiconductors which lack a center of sym-
metry, such as those with ZnS-type structures, it was
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2 P. M. Platzman, Phys. Rev. 139, A379 (1965).

3 P. A. Wolf, Phys. Rev. Letters 16, 225 (1966).

suggested? that the two ¢=0 coupled plasmon-(LO)
longitudinal-optical-phonon collective modes would
participate in first-order Raman scattering via mecha-
nisms analogous to those involved in scattering by the
g¢=~0 LO phonons in the absence of free carriers. The
first-order Raman scattering of EM radiation by the
¢=0 coupled plasmon-LO-phonon modes in GaAs was
recently reported by Mooradian and Wright.5 Their
spectra, which were obtained for samples with different
carrier densities, clearly exhibit two Raman lines due to
the coupled plasmon-LO-phonon modes as well as the
Raman line due to the ¢=0 transverse-optical (TO)
phonons. In their discussion of the relative intensities of

4 E. Burstein, J. Phys. (Paris) 11, 688 (1965).
( 5 A. Mooradian and G. B. Wright, Phys. Rev. Letters 16, 999
1966).
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the lines due to the coupled modes, Mooradian and
Wright noted that the scattering cross section of a given
line should be proportional to the phonon or plasmon
content of the mode at that frequency. However, there
is an important additional contribution to the scattering
cross section, which they and previous investigators did
not consider, namely, that arising from the electro-optic
effect of the longitudinal electric fields associated with
the coupled modes.* In fact, at high carrier densities,
the Raman scattering by the “high-frequency” pre-
dominantly plasmon-like mode will be due largely to
the electro-optic effect. We present here a phenomeno-
logical theory of the Raman scattering by the coupled
plasmon-LO-phonon modes in ZnS-type semicon-
ductors, which includes the change in the electronic
polarizability induced by the longitudinal electric fields
of the coupled modes.*=8 We also present estimates of
the scattering efficiency of the predominatly plasmon-
like modes at high carrier densities based on values for
the electro-optic coefficients derived from second-
harmonic light-generation data. In the case of n-type
GaAs with a free-carrier density of 3X10'¥/cm?, the
Raman-scattering efficiency (per unit length of crystal
per unit solid angle) of the plasmon-like coupled mode
(plasma strength =0.92, phonon strength =0.03) is
found to be 1X1075.

The Stokes-Raman scattering efficiency per unit
length of crystal per unit solid angle for Raman-active
optical phonons is given by’

S= (0¥ /2c*)[0(wo)ko)X; V&: (we k) P(24-1), (1)

where & (wo,ko) and &(wsk;) are, respectively, the
polarization vectors of the incident and scattered radia-
tion whose frequencies and wave vectors are wo, ko and
ws, k;, respectively; X;@ is the first-order change in the
electric susceptibility (electronic polarizability per unit
volume) resulting from the creation of a phonon of
type j having frequency w; and wave vector q;; V is the
scattering volume of the crystal; and 7; is the phonon
occupation number. The requirements of energy and
momentum conservation take the form wo=ws+w; and
ko=k,+q;, where |ko| = | k;| =0 and therefore |g;| =0.

In a polar semiconductor, the LO phonons and the
plasmons (i.e., the longitudinal collective excitations
of the carriers) are coupled by the macroscopic longi-
tudinal electric field which is set up by the relative
longitudinal displacement of the positive and negative
ions, ur(w), and by the longitudinal displacements of
the free carriers relative to the static charges of opposite

6 H. Poulet, Compt. Rend. Acad. Sci. 238, 70 (1954); Ann.
Phys. (Paris) 10, 908 (1955).
7R. Loudon, Proc. Roy. Soc. (London) A265, 218 (1963).
( 8 J. L. Birman and A. K. Ganguly, Phys. Rev. Letters 17, 647
1966).
9 R. Loudon, Advan. Phys. 13, 423 (1964).
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sign, x1,(w).1%1* The longitudinal electric field is given by
EL(w)=— {@dnrNe*/e)ur(w)— (drne/ €)X (@), (2)

where N is the number of unit cells per unit volume, e*
is the absolute value of the effective charge of the ions,
€ is the high-frequency dielectric constant, % is the
density of free carriers, and e is the charge of the carriers.

The ¢=0 frequencies of the two coupled plasmon-LO-
phonon collective modes are given by'®

zwi2=wL2+wP2:{:I:(wL2+wP2)2_4wP2wT2:II/2 , (3)

where wp?=4mne/m*e,, m* is the effective mass of the
carriers, wy, is the frequency of the ¢=0 LO phonons,
and wr is the frequency of the g=0 TO phonons. In the
high-frequency (w=w,) mode, the contributions to the
longitudinal field from the displacements of the ions
and from the displacements of the carriers have the
same sign, whereas in the low-frequency (w=w_) mode
the two contributions have opposite signs.

The first-order change in electronic polarizability
per unit volume induced by the ¢g=~0 coupled modes,
XM, is given in component form by

X0 =3 [(M)X,E*duu(wi)

4 6141,0 (wi)
( Xy, (wo)

dea (w )
axL., (wi)>u,1;* *

+(;;:—t%> dE*L,@i)], @

where Xy, (wo)=Nax,(wo) is the A» component of the
electric susceptibility at w=wo; ar,(wo) is the Ay com-
ponent of the electronic polarizability per unit cell;
dur.(wy) and dxr.(wy) are the o components of the
longitudinal displacements of the ions and of the car-
riers, respectively, produced by the creation of one
coupled-mode quantum; and dE*;,(w,) is the ¢ com-
ponent of the associated change in the effective longi-
tudinal electric field. The second term in the expression
for XM, represents the change in the electronic
polarizability per unit volume induced by the displace-
ments of the carriers at constant uz and E*;. It will, in
general, be very small compared to the other two terms,
particularly in ZnS-type semiconductors where the
carriers are characterized by nearly-free-electron-type
wave functions. We will therefore neglect it for present
purposes. The coefficients (9X»,/0%Ls)g+=ar,, and
(8%r,/0E*Ls)u=0bro are third-rank tensors which, in
the case of ZnS-type crystals, are equal to |ex|a and
|exe|b, respectively, where ¢ and b are the single
independent components of the corresponding tensors,

0B, Varga, Phys. Rev. 137, A1896 (1965).
18, Iwasa, E. Burstein, Y. Sawada, and E. Palik, J. Phys.
Soc. Japan 21 (Suppl.), 742 (1966).
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and exs is the Levi-Civita function.? In the two-sub-
script notation, |exs|@=a4 and |er,.|b="b4.

Since the electronic wave functions in III-V and
II-VI ZnS-type semiconductors are nonlocalized, the
effective longitudinal electric field can, to a good approxi-

mation, be assumed to be equal to the macroscopic
longitudinal electric field.'>*® Thus,

dE*L% dEL(w)

dE(w) 0EL(w)
= dur(w L\w
<6uL(w)>,L d )+( axL(w)>ude ©
47Ne* drne
= duy(w)——dx1(w). )

Following Varga,' the quantitiesdu(w.) anddxr(w..)
can be expressed in terms of the phonon strength
Su(wy) and the plasmon strength 8,(w.), respectively,
of the coupled plasmon-LO-phonon modes. These are
defined by

dur(wi)=8u(wr)du(w?) = 8u(wy) (h/2MNVewy),
dxp(0s)?= 82(wy)dx 0 (wp)?= 8. (wy) (B/2m*nVwp),

where M is the reduced mass of the two ions in the
unit cell; du®(wz) is the relative displacement of the
ions resulting from the excitation of a g=0 LO phonon;
and dx;°(wy) is the displacement of the carriers resulting
from the excitation of a ¢=0 plasmon.”-*

Upon introducing the expressions for dur(w.) and
dx(wy) into Eq. (5) for dE1(wy), we obtain

B (0g) = — 2R/ V)L (Su(wr) Qs /wr)'?
=+ (8z(wwp) ?Jdy(wy), (7)

where d_(wy) is the polarization vector of the coupled
modes, and Q2=w;2—wr?*=4rNe*2/M e,. The £ sign
of the second term within the brackets arises from the
fact that e*dur(w,) and edxy(w,) have the same sign
in the high-frequency (w=w,) mode and opposite
signs in the low-frequency (w=w-) mode. The corre-
sponding expression for X, is given in component
form by

®a=3 Jo l(hs"(“’i) )”2 b I(M)m
X = Ao |\ ——— —0|erpg||\ ——
S 2UINVor I\ eV

©)

><[(smi)&—)iz)i(sa;(wi)wp)lﬂ]}éﬂw. ®)

wr

2 E. Burstein, J. Phys. Chem. Solids Suppl. 26, 315 (1965).

1 The effective electric field which determines the displacement
force on the ions does contain a dipolar (Lorentz) contribution of
+4x/3P;, where P; is the contribution to the polarization from
the relative displacement of the ions. The dipolar field leads to a
modification of the frequencies of the TO and LO phonons. For
present purposes we consider these frequencies to be phenomeno-
logical parameters.

U R, E. Peierls, Quanium Theory of Solids (Clarendon Press,
Oxford, England, 1955), Chap. III.
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The expression for the first-order change in the A»
component of the electric susceptibility induced by
¢~0 LO phonons in the absence of free carriers is the
same as that for X®,,, with 8,(wy)=1 and 8,(w,)=0.

Since there is no macroscopic electric field associated
with TO phonons, the Raman scattering by ¢=~0 TO
phonons arises only from the first-order change in the
electric susceptibility produced by the relative displace-
ment of the positive and negative ions. The expression
for X® 7, assuming Er*~Er=0, is given by

XMy, =" (M)

JMTV (w T)
e \Our,(wr)

E*
1/2

=Z al e)\,,,l < dATa (wT) ) (9)

2M N chT>

where we have set (3Xy, (wo)/dur,(wr))=a|exn.|, since
the dependence of XV; on phonon frequency is negligible
over the frequency range wr to wy.

As shown by Varga,' the phonon strength of the
coupled modes is given by

Wy WP fwr? 2
Sulwe)t=—] 1—— ——1) |.
wr, wL2 w:tz

The corresponding expression for the plasmon strength
of the coupled modes, which is derived by a similar
procedure to that used by Varga for the phonon strength,
is given by

Wy wpQz?
Sz (wi)"1=-—l:1+—-————~—:| .

wp (wiz—wL2)2

(10)

(11

Curves of $,(wy) and 8,(w) versus carrier density
for GaAs, based on wr=291 cm™, wr=268 cm™,
m*=0.07 m, e,=11.3, and e,=13.3, are shown in Fig. 1.
The corresponding curves of dEr(wy) versus carrier

Julws) and Jx(ws)

Lo bl

[ N L
10" 10"

CARRIER DENSITY (cm™)

F1c. 1. The phonon strength 8$.(w,) and the plasmon strength
8, (wy) of the coupled modes in GaAs. The full curves are for the
high-frequency (w;) mode and the dashed curves are for the
low-frequency (w-) mode.
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LONGITUDINAL ELECTRIC FIELD (107 esu)

L] Lol

Lol 1
lo|7 IOIG '0I9

CARRIER DENSITY (cm™)

L L

F16. 2. The longitudinal electric fields in GaAs accompanying
the excitation of one coupled-mode quantum: The ionic contribu-
tions dEL,(w,) are indicated by the dashed line, the electronic
contributions dE1r,(w.) by the dotted line, and the total field
dEL(w,) by the straight line. The sign of the field is specified
relative to the positive-ion displacements. The field set up by the
excitation of a ¢=~0 LO phonon in a unit volume is 0.97 X1077 esu.

density are given in Fig. 2. We note that for wp<wy,
the low-frequency mode is a plasmon-like mode with
w ?=~w,(e,/ €0), in which the displacements of the
carriers is partly screened by ion displacements; and
that for w,>w;, the low-frequency mode is a phonon-
like mode, with w_2~wr*=w;?(e,/€), in which the
displacements of the ions are completely screened by the
electron displacements, i.e., dEz(w_)=0. On the other
hand, for wp<Kw_, the high-frequency mode is essentially
pure phonon in character with w; =~wy, and for wp>wr,
the high-frequency mode is essentially pure plasmon in
character with w;=~wp.

Estimates of the magnitudes of the electro-optic
contributions to X;® and X, @ can be obtained by using
values for the electro-optic coefficient |bs| derived
from data on the second-harmonic generation (SHG)
of light. The SHG of light is determined by the non-
linear susceptibility da,., which can be expressed phe-
nomenologically in the form!%16

(20 (20 o0

=2|e>\,,,,|d(2w) 5

(12)

where Er is the macroscopic transverse electric field

18 P, A. Franken and J. F. Ward, Rev. Mod. Phys. 35, 23 (1963).
18D, A. Kleinman, Phys. Rev. 126, 1977 (1962).
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and uy is the transverse relative displacement of the
ions induced by Er, _
(e*/M)Er(w)

" L (wr/ay—1]

For w>wr, the contribution to |dy4| from the relative
displacement of the ions can be neglected. Thus, to a
good approximation,

2] erve| d(20) =2d11(20) = (0%, (@) /O Ers (@))u.  (14)

We note further that, under these circumstances,
2|ds| and |ba| (the electro-optic coefficient which is
involved in Raman scattering) will not differ appreciably
from one another except at frequencies close to elec-
tronic-resonance transitions. We may therefore set
|bs1| ~2|dy| and use the values of 2|da| obtained
from SHG measurements, (at frequencies such that
wr<w<wg) to calculate the magnitude of the electro-
optic contributions to the Raman scattering by LO
phonons and by the coupled plasmon-LO-phonon
modes. For an #n-type GaAs sample with a carrier
density of 3XX10'8/cm?, the electro-optic contribution
to the scattering efficiency of the high-frequency
plasmon-like mode (8,(wy)=0.92 and $8,(w;)=0.03),
on the basis of the experimental value of 0.9X10-¢ esu
for |dy4| at 943 cm™.'7 is estimated to be 1)X10~5, The
corresponding electro-optic contribution to the scat-
tering efficiency of LO phonons in the absence of a free
carrier is 1X10-6.18

After one takes into account polarization effects, the
data on the ratio of the scattering efficiencies of the
coupled modes relative to one another and relative to
the TO phonons, should in principle enable one to obtain
the sign as well as the magnitudes of a4 and 4. How-
ever, in reporting their Raman data for GaAs, Moora-
dian and Wright specified neither the polarization nor
the directions of the incident and scattered radiation.
It is therefore not possible to make even a qualitative
interpretation of the relative intensities of the wy, w_,
and wr lines in the spectra.

In conclusion, we wish to point out that the theoreti-
cal treatment presented here is also applicable to the
Raman scattering by the collective cyclotron excitation
of free carriers in a magnetic field, and by the coupled
modes involving the collective cyclotron excitations and
LO phonons.! As in the case of the collective modes in
the absence of a magnetic field, there will be an impor-
tant contribution to the scattering efficiency from the
electro-optic effect of the macroscopic longitudinal
electric fields which are associated with the collective
modes. This will be treated in a future paper.
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17 C. K. N. Patel, Phys. Rev. Letters 16, 613 (1966).

18 In calculating the scattering efficiency we have taken the case
in which unpolarized incident radiation is directed along [1007],

and the scattered radiation propagating along [010] is measured
without a polarizer.

(13)

ur(w



