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To calculate correctly the scattering of light by phonons or impurities in a crystal, the true asymptotic
scattering states of the coupled system of crystal plus light (polaritons) should be used. When the light
frequency is close to one exciton or optical-phonon frequency, the polariton is entirely excitonlike, and the
polariton scattering can, in the Born approximation, be related to exciton scattering properties. If the exciton
itself interacts strongly with an imperfection in the crystal, it is not permissible to treat either the exciton
scattering or the exciton-photon interaction as perturbations. This problem of resonant scattering of polari-
tons is solved for short-range exciton-impurity interactions. Radiative damping and spatial dispersion
appear in this solution in a natural fashion. Giant oscillator strengths of bound-exciton transitions are like-
wise automatically obtained. The proper inclusion of radiative damping and spatial dispersion keeps all cross
sections finite. The relation between the theory and experiments is briefly discussed.

I. INTRODUCTION

IGHT whose frequency is very near a strong ab-
sorption band in a solid (e.g., near an exciton or
optical-phonon resonance energy) couples strongly with
a crystal. The polariton, a mixed mode of light and
crystal polarization, is the true eigenmode of propaga-
tion in the crystal.! The Rayleigh, Raman, or Brillouin
scattering of light in a crystal is most physically de-
scribed as a scattering of a polariton by an impurity,
optical phonon, or acoustic phonon and is often so
described in theory.? For photon frequencies far away
from any resonance, polaritons chiefly resemble renor-
malized photons, and elementary points of view about
photon are useful. For photon frequencies near an
exciton resonance (for example) polaritons are chiefly
excitionlike, and it should be possible to use this feature
of polaritons to express polariton scattering in terms
of parameters relevant to the scattering of bare excitons
from impurities or phonons.

This study is motivated by the growing number of
experiments on the scattering of light near the funda-
mental exciton absorption resonance in semiconductors
and insulators.?®* Our results provide a simple method
of estimating cross sections and understanding energy
dependences in that energy region where the strong
coupling between light and matter makes the problem
appear most difficult. In the present work, spatial dis-
persion and radiative damping each enter the theory
in an elementary fashion. While the results of this
paper can be (and some have been) obtained from more
conventional points of view when the scattering is
weak,’ the conceptual simplification provided by the
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composite particle approach is considerable even in this
case, and is essential for resonant scattering near exciton
transitions.

In Sec. II, a model for the polariton with light very
near an exciton frequency is set up, and its application
is reviewed in a case in which the scattering can be
treated in the Born approximation. In Sec. III, the
model is applied to the case in which an impurity pro-
duces a resonant scattering (bound-exciton state). A
giant oscillator strength and a complicated energy de-
pendence of the cross section emerge. The results are
discussed in comparison with experiments and other
theories in Sec IV.

II. POLARITON SCATTERING IN THE
BORN APPROXIMATION

The dielectric medium in which the polariton propa-
gates is presumed to be characterized by a background
dielectric constant € and a single resonant freugency
wo. For light frequencies close to wo, the precise origin
of the background dielectric response is immaterial.
If the dielectric resonance frequency wo(k) is also al-
lowed to be wave-vector-dependent, the dielectric re-
sponse of the medium in the absence of a scattering
center is assumed to be of the form

4B

e(k,w) =ep+———. 1)
T gtk
It will further be assumed that, for small &,
woz(k) =w02+ﬁk2wo/m . (2)

This is not the most general form of small-k single-
resonance dielectric response, even for a cubic crystal.
For finite k, ¢ could have been a nondiagonal tensor,
and the degeneracy in wo(k) could be split for k>0. To
preserve algebraic and conceptual simplicity, such un-
necessary complications will be ignored. The dielectric
response then represents that due to an exciton or other
quasiparticle having a dispersion relation (in the absence
of a coupling to light)
Ek=ﬁow(k) (3)
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and mass 7. Such a model has been successfully used
for treating problems involving spatial dispersion.®

The polariton normal modes of wave propagation in
such a medium can be treated either quantum-mechani-
cally or classically. If we denote the quantum-mechani-
cal exciton creation (annihilation) operators by bx! (bx),
and the photon operators by ax' (ax), then the trans-
formation from exciton and photon operators to polari-
ton operators is!

ot =cnacrobit+cr30xtcradx,
(1 —w/w0)(ck/wotw/wo) (1+w/wo)
T D ke L (1= o) b e 2
—i(mB/ €)' "*(1+w/wo)
T (@ (= ) A T
crs=cn(ck/wo—w/wo)/ (ck/wotw/w0),
cu=c1(l1—w/wi)/(1+w/wy),

where ax! is a creation operator for a polariton wave
vector k. The frequency o of such a polariton is given
by a solution of

k2 4B/ €

w? 1—w?/we? )

(4)

O]

In these equations, ¢ is the renormalized velocity of
light 3)X10%/+/€y cm/sec.

Let E;, be the splitting between a longitudinal exciton
and its corresponding transverse exciton. This energy
can be expressed in terms of the already defined param-
eters by

EuE hwu=[(1+4’lr,8/€0)1/2—1]hwo% (27!',3/60)%0)0, (6)

and is often directly measurable. In CdS, a typical
seimconductor, this energy is about 0.002 eV for the
lowest-energy exciton. For NaCl, the corresponding
number is about 0.1 eV. Define a coupling energy

hch Ec = (honu)l/z . (7)

For photon energies #iw such that |#w—%w,| is some-
what less than E,, the transformation (4) becomes

ot = by, ®

In short, the polariton wave function in this energy
region is virtually all excitonlike, although its dispersion
relation need not be. We call this case the exciton limit.
A classical indication of why this is so is seen from

an examination of the polariton dispersion relation.
Letting the exciton mass be infinite for the moment,
one can write the polariton dispersion relation approxi-
mately as

c?k? 278

— ~

Wit '
ot = €o<1 f ) . )
w? 1—w/we Wo—w

For |wo—w|> 2wy, the index of refraction is not domi-

cu=0, c13=0, cu=0, 612":'417
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nated by the exciton. Yet the group velocity, approxi-

1
mately . . 1 e \ET
L A
dk/dw /e 2\wo—w

is dominated by the w,? term for all |w—wo| <w., show-
ing that the polariton is chiefly excitonlike. If is often
not appreciated that the energy at which it becomes
excitonlike (i.e., E,) is far enough from that of the
exciton resonance to be experimentally important.

Suppose some new perturbation is introduced into
the Hamiltonian. The simplest such perturbation might
be a weak, short-range electrostatic potential V(r). If
we ignore exciton-photon interactions, the differential
scattering cross section for an exciton (of isotropic mass)
scattering from state |k) to state |k’) can be evaluated
in the Born approximation,® and is given by

2

do'__l K170 (K k
—vele @l H;%E 2

) k1
=| (k| V(r)k’)]2——2——;, (11)

™ Vex

where the matrix element of V is taken between initial
and final states normalized to unit volume, and the
conservation of energy demands |k|=]k’|. The veloc-
ity of the exciton is vex=7k/m, and its energy is
E=h%k2/2m. Consider now the scattering of a polariton
for which |w—wo| <w, from the same impurity po-
tential. Because the polariton wave function is essen-
tially excitonlike, the matrix element is simply

(polariton k| V(r)|polariton k') =(k| V(r)|kK'). (12)

In the Born approximation (i.e., using Fermi’s transi-
tion-rate “Golden rule”),’ the differential scattering
cross section for polariton k scattering to k' is

(&) =Havome2
Vot v ’ wh? dE o
“ |V,

V52

(13)

where E is the polariton energy and v, is the polariton
group velocity. Thus

A o1 \dQ/ \1,/
where all cross sections and velocities are evaluated for
the same k. This gives an immediate method of evaluat-
ing the polariton scattering cross section (i.e., the
Rayleigh scattering of the impurity) for energies near
the excition resonance, in terms of the bare-exciton

scattering. Such a result is particularly useful when the
bare-exciton scattering cross section can be estimated

(14)

8 J. J. Hopfield and D. G. Thomas, Phys. Rev. 132, 563 (1963).
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from the appropriate magnitude and range of V(r), the
internal structure of the exciton, and the wave vector.

When w is not too near wy, Eq. (10) is an adequate
expression for v,, and the dominant frequency depen-
dence of the cross section is proportional to (w—wg)™
When o is very near wo, however, the k dependence of
the exciton energy must be taken into account in evalu-
ating the group velocity. Inspection of the polariton
dispersion relation including a finite positive exciton
mass (Fig. 1) shows that the group velocity of the
polariton is always greater than that of the exciton of
the same wave vector. When o approaches very close
to the exciton energy, (vex/v,)? only goes to a limit of
1.0, not infinity. In this description there is no non-
physical divergence? in the polariton scattering cross
section near the k=0 exciton energy.

Inelastic scattering cross sections for polaritons—for
example, near-resonance Raman scattering cross sec-
tions—can again be calculated in the Born approxima-
tion from the matrix elements for a similar pure exciton
scattering process. In this case, the pure exciton inelastic
process may often fail to conserve energy and therefore
occur only as a virtual process. The matrix element for
the the virtual process will still be well defined. If
|(k| M |K’',ph)| is the Born-approximation matrix ele-
ment for scattering a pure exciton from state k to state
kK’ with the excitation of a phonon of frequency wpn
(assumed k-independent) and wave vector k’—k, the
inelastic polariton differential scattering cross section is”

o | klati,p:
aQ  whivgo, P ’

(15)

where v, and v, are the group velocities of the polaritons
of wave vector k and K’, respectively. Conservation of
energy requires w(k)~4wph=w(k). For this inelastic
(Raman Stokes) scattering, the dominant frequency
dependence is (wo—w) 2(wo—wp—w)~2 Again, if w is
too near a singularity, the group velocity including

K ——

F1c. 1. Dispersion relation for bare excitons and bare light
(dashed lines) and for polaritons (solid lines). The right-hand
polarization curve has a greater slope for a given k than the bare-
exciton curve.

7L. I. Schiff, Quantum Mechanics (McGraw-Hill Book Co.,
New York, 1955), pp. 199-201 and 205-206.
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spatial dispersion only drops to the exciton velocity for
the same %, and there is no divergence of the calculated
cross section.

When two exciton transitions lie close together, en-
tirely similar methods can be applied once the polariton
wave function has been written down. While in principle
the general method can be extended to arbitrarily
complicated situations and to energies far from res-
onances, such extensions yield little understanding
beyond that available in terms of conventional nonlinear
polarizabilities.

III. RESONANT POLARITON SCATTERING

Consider the same single-exciton model of a polariton
for |w—wo| <w.. In this strong-coupling case, the polari-
ton is the particle whose scattering must be calculated,
as was done in the Born approximation in Sec. II. In
the present section we consider the Rayleigh scattering
of such a polariton from a strong, short-range potential.
Such a potential cannot, of course, be treated in the
Born approximation. Of particular interest is the case
in which the potential is so strong that the exciton, if
it were not coupled to light, would bind to the potential.
The fundamental theoretical problem is that two kinds
of coupling are simultaneously strong. Neither can be
calculated as a perturbation.

The most direct method of attacking this problem is
to construct a set of classical electromagnetic equations
which have all the desired properties, and to examine
their solution. Consider the classical field equations*

VXE=——, B=H, D=E+4rP,
¢ ot
16D
VXH=-—, (16)

¢ dt
1 92 V2 2U()

(L2220, Vo,
w02 a2 Mwo hwo

where U(r) is a “potential” of short range. If =0, there
is no coupling between the electromagnetic field and the
polarization field. The polarization field equation with
a harmonic time dependence ¢*** then becomes

( WiV

™ +U(r)>P(r) =%fmo<3-2;—1)P(r). (17)

W

If U(r) has a form such that, as a potential in the
Schrédinger equation, it yields a binding energy Esz, i.e.,

(—h2V2+U<r>>¢B=—EB¢B, o

2m

and if Ep<fiwo, then Eq. (17) will have the same solu-
tion ¥ for w=wo— Ep/%. Thus an appropriate choice of
U(r) will produce a shallow bound-state Schrodinger
equation for the exciton in the absence of_coupling
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between the exciton and light. (In the classical theory,
P plays a role rather like an exciton c.m. wave function.)
Once again, we have not inserted all the tensorial com-
plications possible, but have chosen the simplest set of
equations consistent with the objective of examining
a resonance situation. Because the photon and phonon
“particles” of these classical fields are bosons and the
basic equation is linear, second quantization of these
equations is unnecessary. '

B, H, and D can be immediately eliminated, and a
solution harmonic in time presumed, yielding

(grad div—V?)E= —w[E+47P],

w? kP 2V (r)
[ V2+(1+ >:IP=5P. (19b)

we?  mwo hw,

(192)

If light could be longitudinal as well as transverse, (19a)
would lack the “grad div” term. If the “grad div”’ term
were absent, the vector nature of Eq. (19) would be ir-
relevant, because both P and E would be constant
vectors times a scalar function of position. Because there
is much less algebra without the “grad div” term, we
shall omit it.

Since this appears extremely arbitrary, a digression to
explain the nature of the approximation is in order.
The basic physics problem under investigation is simple.
Two fields, 4, and B are linearly coupled, and have a
“level-crossing” form of dispersion relation like Fig. 1
for their composite normal mode. If, in the absence of
coupling between fields, the field 4 had a bound state
near the level-crossing energy, what will be the behavior
of the scattering of the composite particle near this
energy? This question is very similar whether the fields
A and B are vector fields or scalar fields. The algebra is
casier for the scalar-field case, while the exciton-photon
problem is the vector case. The important basic physics
is preserved on substituting the scalar problem for the
vector one.

A few obvious minor differences result from this sub-
stitution. First, the scattering cross section for the
simplest scalar problem is isotropic, while it is not for
the simplest vector case. Second, the total cross section
is too large by a factor of £, for our approximation adds
a nonexistent longitudinal photon mode to the two
transverse ones. Third, the approximation eliminates
the energy difference between longitudinal and trans-
verse excitons. It cannot, then, be expected to be useful
for wo—wSwi. (The usual models of excitons binding
to impurities also neglect this difference.)

The equations which will be used are

(4)2
VE——(B+4rP),

c
w?  hEV? 2V (r)
[ e
,w92 Mwo \ Tiwo

(20)
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where
V(r)=—V,, for r<a (Vo>0)
=0, for r>a.

This latter is an arbitrary but simple form for V(r).
Strong, short-range potentials normally exhibit long-
wavelength scattering which is characterized by a po-
tential depth and range,® and is independent of details
of the potential. The desired solution to (20) gives the
scattering cross section for an incoming polariton. If the
scattering center is sufficiently small, only the S-wave
scattering will be important. The S-wave part of the
angular momentum decomposition of (20) is

1d dE o?
— —2—=—(E+4xP),
r2dr dr ¢
(21)
w B 1d d 2V (r)
[—————~ ~ —72—+<1+ >]P —BE.
wo?  mwe 2 dr dr fiwo
The general solution to (21) for w<wo and r>a is
E=r"1(cosd sinkr—sind coskr)+(4de=*"+Be*)],
P=r""a(kw)(cosd sinkr—sind coskr)
+a(icw)(de+Be)], (22)

where k% and (ix)? are the positive and negative roots,
respectively, for k? in the dispersion relation
ck? 4B
T = €p lr (23)
w? 1 —w?/we®+hk?/mw,

appropriate to the external region where V' (r) vanishes.
The function a(k,w) is defined by

B8

. (24)
1 —w?/we 41k mw,

alk,w)=

In order that the wave function represent a scattering
wave function, B must be chosen zero. The asymptotic
solution for E for large 7 is then

r~1(cosd sinkr —siné coskr) . (25)

This asymptotic form corresponds to the scattering of
the polariton wave from the impurity, and 6 is the S-
wave phase shift. If all other phase shifts are negligible,
the differential cross section will be isotropic, and the
total cross section will be

Otot = (41r sin26)/k2 .
The simplicity of the form (25) is due to the fact that

w is below wp, and only one mode of real wave number

exists for such w.
The general solution to (21) for w<wp but r<a is

(26)

8 See, e.g.,, M. L. Goldberger and K. M. Watson, Collision
Theory (Wiley-Interscience, Inc., New York, 1964), pp. 286-294,
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given by
E=y"¢, sinkir+c3 coskir+ca sinkar-c4 coskar],
P=r"a,(k,w)(c1 sinkyr+c; coskyr)

+a,(kayw) (co sinkor~-cs coskor)], (27)
where now %; and k. are the roots of
c2k? w? Rk 2Vo\!
——eo+41rﬂ(1 ———-I————) ,. (28)
w w02 mwo flwo
and a,(k,w) is defined by
w?  hk? 2Vp\!
wlh=p(1—t——) @)
w02 mMwo hwo

The boundary condition that E, P and their first deriva-
tives are continuous at the origin necessitates setting
¢s and ¢4 equal to zero. For Vy large enough to bind a
particle, the two wave-number roots of (28) will both
be real.

The over-all solution to the problem (within a multi-
plicative constant) is found by picking ci, ¢s, 4, and &
such that P, E, and their first derivatives are continuous
at r=a. The four simultaneous equations which must
be solved for these variables (of which we are interested
only in &) are

¢1 sinkya—-c sinksa

=cosd sinka—sind coska+Ae*2, (30a)
c1ky coskia+-coks coskaa
=k cosd coska-}+k sind sinka—Axe=*2, (30b)

10, (k1,w) sinkia+coa,(ka,w) sinksa
=a(k,w)(cosd sinka —sind coska)+Aa(ikw)e*e,
(30c)
clklav(kl,w) COSkd+62k2av(k2,w)C05k2a
=a(k,w)(k cosd coska+k sind sinka) —kAa(ikw)e .
(30d)

The reader may write down the general solution for
sin2§ if he wishes. The author restricts himself to a solu-
tion of (30) in the exciton limit for a short-range
potential.

The effect of the deep short-range potential in (28)
is to virtually decouple the electric and polarization
fields within the potential well. This decoupling leads
to a,(k1,0)<Ka,(ke,w) on the left-hand side of (30c) and
(30d). (For definiteness, we presume k; corresponds to
the excitonlike mode, and k. to the lightlike mode.)
¢2 can now be neglected in (30c) and (30d), and ¢
eliminated between them, yielding
k1 coskia

sinkia
a(k,w)(k cosd coska-+k sind sinka) —kA e, (ikw)e™*

a(k,w)(cosd sinka—sind coska)+ A, (ix,w)e*e

€29)
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It is convenient (but not essential) to use a short-range
and deep potential, and to take ya<<1. In this case, the
« dependence of v can be neglected in the energy range
of interest. The binding energy of the exciton to the
impurity in the absence of coupling to light is then
Ep=%%y2/2m. The mode (2) is essentially lightlike, and
dominates the left-hand side of (30a) and (30b). When
setting ¢; to zero and eliminating ¢, in these equations,
it is convenient to realize that kia(ki,w)>ksa(ksw).
Thus

1k cosd coska-+Fk sind sinka— Ake—** 32)
a— cosd sinka —sind coska-+A4e*e )

Equations (31) and (32) can be solved for coté. Since
ak<ra<l, it is consistent to omit all higher powers of
ka and ke in expanding the solution. The result is

cotd= (33)
alkw) k
or
47 4
o=— sin?= . (39
k? k2 (k=) L (k) /e(kyw) J*

The approximate scattering cross section of Eq. (34)
can be more directly obtained in the exciton limit by
directly constructing the asymptotic scattering wave
function. When all waves have 1009 exciton component,
a polariton wave function for an S wave of energy E
can be written

dak ezkr
va(r)= / Bt —E ir

where E(k) is the (isotropic) polariton dispersion re-
lation. This wave function will satisfy the polariton
Schrodinger equation for r>a, where V(r) vanishes.
The solution obtained depends upon the path of
integration.

For a free particle, or an exciton not interacting with
light, having the dispersion relation

E2(k) =Eq+Eoh2k/m,

0 kdk(eikr —_ —ikr)

35
R —E (39

(36)
there are two roots to the dispersion relation, at

m E2— Ey?\1/2 2m 1/2
k=d:koE:i:<—— ) =:l:<———(E—Eo)> .
nt  E, X

The path of integration in Fig. 2(a) can be evaluated by
residues; this is done by closing the contour in the
upper- and lower-half plane for the factors e**” and
—ikr, respectively. This integration then yields

€
4k d -1
oo () T
dk /s

(37a)
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t ixo ’ix_‘,
T ko ko Ko
- -iKo

(a) (b)

F1G. 2. Paths of integration (dashed lines) for the two solutions
to the free-polariton or free-exciton equation.

The corresponding integration along path (b) yields

ko d B
eikor[(__ ] ,
r dk ko

the other solution to the free-particle wave equation.

The same procedure can be followed for the case in
which E(k) is the polariton dispersion relation. There
are now, however, two pairs of solutions to the dis-
persion relation, one being real, at 2=k, and one being
imagniary, at ==4x. The same integration can be carried
out, the residues now yield for path (a)

W( )ﬁ_: —ikor(—J )[(E) T
’ 7 — ’ dk /e

cowcti(2) T o

(37b)

dk
and for path (b)

¥() =477r { e"“""“’k")[(%)m:—l

sessal( ), T oo

For energies closer to the exciton energy than the cou-
pling energy but farther away from the exciton energy
than FEj;, the solutions for the two polariton modes
factor into the approximate dispersion relations

ck? 4B
kot — =€}

b
w? 1—w?/wy?

k: L(k)=hwo+h%k%/ 2m.

(39)

The derivative evaluated at k¢ can be written in terms
of the group velocity of conventional “light.” The two
solutions are then
=Y e hor ey m/koh) =1,
r~Y(ettor+-e*ro m/ kok) =ys.

The exterior solution to ¢ in the presence of a potential
near the origin is

Yext=C086 (Y1—y2)—sind 1+ys).

(40)
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A long distance from the origin, the wave function

becomes
r~Lsin(kyr—9),

and the polariton scattering cross section will be the
usual 4wk~2 sin?é.

As before, let a deep, short-range potential be capable
of binding an exciton in the absence of exciton-photon
coupling. In the presence of such coupling, the deep
potential decouples the exciton and photon parts within
the potential. Within the potential well, the wave func-
tion begins excitonlike; it reaches the boundary of
the potential with a slope/value ratio —v, which as
before is only weakly energy-dependent. The general
solution can be joined to this slope/value ratio for only
one value of cotd, namely,

coska—k sinka+(vym/ hk)e**(y —«)
cotd= ’
v sinka-+k coska

(41)

where we have replaced %o by the symbol k. By supposi-
tion, ke <ra<1. In this approximation,

4 sin2s 1

B R-(ogm/hk) (y—K)*
Using the approximation (39) for the dispersion rela-
tions, a(ikw) can be evaluated from its definition

[(24) and (23)]. For this complex wave vector, o is
huge. € in (23) can then be neglected, leaving

a(ik,w) = —(1/4m)c%2/w?. (43)

Since, for the mode %, if spatial dispersion is not yet
a major effect, @ can be written

1 nc h?
a(k>w) =TT,
4 wv, m

(42)

(44

the result (42) is equivalent to (34) in the vicinity of
the resonance. The requirements that xe¢ and ke be
small are not essential to the method, but greatly
shorten the algebra.

IV. DISCUSSION

A. “Theoretical” and “Experimental”
Cross Sections

The cross sections which have been computed in Secs.
IT and IIT have been calculated for a crystal of infinite
extent. The cross section is conceptually defined by
beginning with a propagating polariton wave packet in
the crystal, letting it scatter off an impurity, and
examining the asymptotic form of the outgoing wave
packet in the crystal. For frequencies below the first
excition energy in a direct band-gap insulator, there is
only one propagating (real wave-vector) polariton for
a given polarization, and the relations between incoming
and outgoing asymptotic forms are defined by a set of
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phase shifts. At higher energies, where several propagat-
ing polaritons can exist for a given energy, the relation
between the outgoing waves and an incoming wave is
much more complicated.

When light whose quantum energy is less than that of
the lowest-energy exciton is incident on a crystal, a re-
flected wave is produced outside the crystal, and surface
polaritons (which decay exponentially in space) and
a unique propagating polariton are produced inside
the crystal. When there is no damping, the energy which
goes into the one propagating polariton is the energy of
the externally incident light minus the energy of the re-
flected light. In a non-birefringent crystal, an externally
incident light beam of low frequency produces a unique
polariton beam. No complicated boundary problem need
be solved to obtain this correspondence. Similarly, a
polariton internally incident on a surface produces a
unique internally reflected polariton, surface polari-
tons, and a transmitted wave. Again, the reflectivity
determines the relation between the magnitudes of the
incident and transmitted beams.

When a few impurities are randomly placed in a
crystal whose dimensions are large compared with the
wavelength of light, most of the impurities will be
located in the interior of the crystal, where the surface
polaritons have neglibigle amplitude. These will scatter
the polaritons as described in Secs. II and III, and the
polaritons will reconvert to external photons at the
boundary. A few impurities will be in the thin surface
layer in which surface polaritons exist. These will have
different scattering properties, and will produce a sur-
face scattering. Since in typical scattering experiments
the surface-exciton penetration depth is perhaps 100 A
and the crystals are 10107 A in thickness, the surface-
impurity scattering is generally unimportant compared
to the volume scattering. For volume-scattering con-
siderations, it is unnecessary to solve the problem of
impurity scattering in a crystal of finite volume.

For photon energies above the lowest exciton energies,
the general considerations are more complicated because
of the existence of several propagating polariton modes.
Even in this case, for the consideration of volume-
scattering effects the theory of the reflectivity connec-
tion relations (boundary condition) and the internal
scattering problem can be separately solved. For this
higher-energy case, it is usually true in experimental
situations that one polariton is most nearly lightlike—
propagates fastest and has the longest mean free path—
and dominates the relation between internal and ex-
ternal waves for volume scattering.

B. Comparison with One-Level Model

The form of the scattering cross section in Eq. (34)
resulting from the (approximate) solution to the square-
well model has a scattering resonance at #iwes =#wo— Ep.
Very near this resonance, the » dependence of v and %
can be neglected, and the w dependence of « is ade-
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quately described by
K=’Y‘%"0("’ "WreS)/ Wres (45)
ko= (2mEp/h2)1/2, (46)

The scattering cross section as a function of frequency is

v\ 21 /710 —Fiores\ 2!
a=47r|:k2+l<02<-—-> —(————~—> :I “4n
hk/ 4 Ep
and has a resonance-energy half-width at half-maximum
of

T'=#2k2%ko/m?,. (48)
At resonance,
v,=ncEg?/2nB#%w0?,
so that
T=4nBntwt/c3, (49)

where # is the index of refraction at the resonant energy.
The physical interpretation of a resonant Rayleigh
cross section like (47) having such a width is that there
is a “state” of electronic excitation at wyes having an
optical decay rate of 2I'/%. Small level shifts have been
neglected; the resonance frequency wyes in our approxi-
mation is at the energy at which a real bound-exciton
state would occur if exciton-photon coupling were ne-
glected. The integrated absorption of the resonance is
proportional to ¢ multiplied by density of scatterers.
Define the oscillator strength per an intrinsic exciton

transition by
No —1
fex=<'I—/"> 4 | ei(w)dw,

where A is a normalizing constant, No/V is the number
of unit cells divided by the crystal volume, €;(w) is the
imaginary part of the dielectric function (neglecting
spatial dispersion), and the integration is carried out
over a single exciton line. The oscillator strength for a
weak impurity absorption line (due to Rayleigh scat-
tering) is

N -1 wn
f=(—-> A/ ei(w)dw=A— /U(w)dw» (51)
14 impurity line ¢

where N/V is the number of impurities divided by the
volume. The method of defining 4 depends somewhat
on how the local fields are defined, but it is irrelevant
for present purposes. Using (50) and (51), one obtains

the relation
f=fa8w(No/V)/k3. (52)

This result is equivalent to the gaint oscillator
strength result of Rashba and Gurgenishvili.® These
workers calculated this same ratio in the case in which
the photon-exciton coupling is weak. In the short-range-

?E. I. Rashba and G. E. Gurgenishvili, Fiz. Tverd. Tela 4,

1029 (1962) [English transl.: Soviet Phys.—Solid State 4, 759
(1962)].

(50)
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potential approximation, the bound-state wave func-
tion can, for the calculation of oscillator strength, be
approximated by

Y= (2x/4m) 2" [y, (53)

The fraction of £=0 exciton in this wave function is
8r/k¥V, in agreement with (52). The strong- and weak-
coupling models give the same result for the relation
between the exciton and the impurity integrated ab-
sorptions. The relation between the decay rate and the
integrated absorption contains in our solution the exci-
ton contribution to the index of refraction, which is
lacking in the weak-coupling model.

The most important difference between a one-level
model, in which only the bound-exciton excited state
is kept, and the present calculation occurs away from
the resonant frequency. At a general energy, the con-
tribution from continuum exciton intermediate states
is as important as the contribution from the bound state.
The method of Sec. III is equivalent to summing per-
turbation theory over all continuum states. The greatest
difference between the one-excited-state model and the
model assumed in Sec. III is that the former leads to a
cross section of the form o« (E—E.) "2 away from
resonance, while the latter leads to a form

g [(Eres+EB _E) /2 (EB)1/2]—2

away from resonance. There is a large difference between
these two forms for energies such that | E—Eyes| ~Es.

C. Comparison with Experiment

There is at present one experiment which can be
compared with the theory of Sec. III. Rayleigh scatter-
ing from spinless impurities in insulators has not been
experimentally observed. Spin-flip Raman scattering
from neutral donors in CdS has been observed.t If
valence bands other than the top valance band in CdS
are ignored, the spin-flip scattering is directly. related
to the Rayleigh cross section. By this means it is possi-
ble to obtain experimental results related to theory.

The binding energy of the exciton to a neutral donor
impurity is about 0.007 eV. If the exciton total mass is
presumed to be about one electron mass,® the decay
constant « for such a bound exciton is 4.5X10¢ cm™.
Since the exciton Bohr radius is 27 A, the idealizations

of the exciton as a point particle and the well as a very- -

short-range potential are not very good. Solving the
algebra of Eq. (41) for a well of finite width would better
describe this experiment. The exciton-photon coupling
strength for this lowest-energy exciton is 0.06 eV. The
two photon energies used in the experiment lay 0.012

10 J. J. Hopfield and D. G. Thomas, Phys. Rev. 123, 35 (1961).
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and 0.057 eV from the £=0 exciton energy. The exciton
limit should be good for the former energy, but less so
for the latter. Since the spin-orbit splitting of the
valence band is only about 0.07 eV, the neglect of the
other two nearby valence bands is an important omission
for the lower-energy one of the two Raman-scattering
experiments.

The absolute oscillator strength of the bound-exciton
transition should be 12.5 if the value of x calculated
above and the value of the oscillator strength are sub-
stituted into (52). The agreement with the experimental
value of 9, in view of the scale of the exciton, is fortui-
tous. The experimental absolute Raman-scattering cross
section is an order of magnitude larger than the theoreti-
cal one. Experimental error may be a major source of
this discrepancy error. Finally, the ratio between the
Raman cross sections for light 0.005 and 0.050 eV below
the bound-exciton transition is 1/130 in experiment,
1/100 for a one-level approximation, and 1/37 in Eq.
(34). A correction to include a compensating spin-orbit-
split band 0.070 eV to higher energies raises the esti-
mate for Eq. (34) to 1/85.

The available comparisons between theory and ex-
periment are not adequately precise. They could be
considerably sharpened experimentally by doing experi-
ments in a (preferably cubic) material of larger spin-
orbit coupling (e.g., CdTe) and at more laser frequencies.
On the theoretical side, it is possible to solve Eq. (30)
without the short-range approximation and without
the complete-exciton limit. The addition of a second
exciton mode would still represent a feasible amount
of algebra.!!

D. Approach through Equation (35)

The approach to resonant scattering through Eg.
(35) has the advantage of parametrizing an extrapola-
tion away from the resonance when the nature of the
binding of the exciton is complicated. Even when the
potential is not of zero range, the asymptotic form (40)
for the exciton wave function is valid well outside the
potential region. Other forms of disturbance will fall
off faster than e¢=*". Thus, if an appropriate radius @ is
chosen, (41) is valid when the potential is not of short
range, and even when the exciton may be distorted in
a complicated fashion inside the potential well. The only
additional complication is that when ¢ is finite, v also
depends on the energy. The general problem of the
variation of y with energy is well understood in con-
ventional scattering theory,® and the problem here is
completely analogous.

11 See E. Burstein, D. L. Mills, A. Pinczuk, and S. Ushioda,
Phys. Rev. Letters 22, 348 (1969).



