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In the present work, a polariton approach is employed to derive cross sections for resonant

Raman scattering mediated by dipole-forbidden and quadrupole-allowed excitons.
are contrasted with those in the dipole-allowed case.

The results
We investigate differences in polariton

dispersion and in the nature of the discrete-state and continuum contributions in the various
cases, and demonstrate how these influence the resonance properties of the cross section.
We find that, in general, continuum effects dominate in forbidden scattering, while continuum-

discrete interference is strongest in allowed scattering.

Considerably sharper onsets to res-

onance are predicted for the quadrupole case, as compared to the dipole. Resonance proper-
ties are shown to depend as well, often strongly, on the values of various crystalline param-
eters, such as the exciton effective mass and the frequency of the phonons involved in the
scattering. The predictions are illustrated via detailed numerical computations for a hydro-
genic exciton model, and parameters appropriate to insulators such as CdS.

I. INTRODUCTION

At optical frequencies, Raman scattering!™® (RS)
in insulators and semiconductors proceeds via
the scattering of photon-exciton polaritons®* (com-
posite quasiparticles) by phonons (cf. Fig. 1).

As will be demonstrated here, the properties of
the cross section depend strongly on the properties
of the crystalline states mediating the scattering.
We note that dependences of this nature have in
fact been investigated in considerable detail for a
variety of other effects, such as optical absorption
in semiconductors, ° for example.

The theory of RS by LO phonons has been recently
advanced ina number of places. '~3'® The most de-
tailed discussions’ of the frequency dependence of
the cross section seem to have been limited to
first-order RS (RS1) mediated by dipole-allowed
free-exciton transitions. For example, numerical
computations for the latter case, 3 within a hydro-
genic model, have been presented for the A-exciton
in CdS. The purpose of the present paper is the
extension and application of the polariton theory of
RS1 to an investigation of the dependence of the
cross section on the character of the Bloch func-
tions and exciton wave functions® involved in the
scattering process. Evidently, the variety of such
dependences is quite extensive; we here limit our
attention to a number of particular cases which,
we feel, are of special interest. Among these are
(a) dependence of the cross section on the relative
sizes of the exciton effective mass, the background
dielectric constant, the exciton bandwidth, the
phonon frequency, and the ratio of continuum-to-
discrete coupling strengths; (b) differences in
frequency dependence for “dipole-allowed, ” “dipole-
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forbidden, ” and “quadrupole” transitions.

In our nomenclature, a “dipole” transition pro-
ceeds whenever the dipole matrix element ()
is large enough compared to the quadrupole one
(T - D)o such that the latter’s contribution is neg-
ligible; should the reverse be true, e.g., should
(®)no vanish and (r .p)no not, we then speak of a
“quadrupole” transition. “Allowed” and “forbid-
den” transitions® depend also on exciton symmetry
properties: Allowed transitions correspond to ex-
citon relative-motion wave function U(E: 0) #0,
where B is the relative-motion coordinate; (first)
forbidden transitions correspond to U(0)= 0, while
(8U(8)/38]),#0. For a more detailed theoretical
account of the various possible transitions under
discussion here the reader is directed to Ref. 10.
We note in passing some isolated actual examples!!
in Cu0: The “1s yellow” line is believed to be a
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FIG. 1. Schematic of Stokes RS1 scattering by polari-
tons. An incident photon with (wave vector, frequency)
=(w/c, w), represented by a straight line, excites apolari-
ton (k, w) in the crystal, represented by a wavy line. The
polariton scatters via the interaction V, producing a pho-
non (k—-k’, w—w’), represented by a dashed line. The
scattered polariton (', w’) finally emerges as the photon
(w'/e, w’).
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quadrupole transition, while an entire “green”
series is considered to arise via forbidden transi-
tions.

We here adopt the formulation of RS theory de-
tailed in previous papers in this series (Refs. 2
and 3, henceforth referred to as I and II, respec-
tively). We proceed to summarize various re-
sults for RS1 obtained there, adopting these re-
sults (with appropriate modifications) to specific
cases of interest here.

II. FIRST-ORDER RAMAN CROSS SECTION

In this section, we review certain fundamentals
of polariton RS, and specify various details of the
model to be employed in computations throughout
this paper.

Following I and II, the differential cross section
for first-order Stokes RS at 0 °K of a polariton
(@w) to a polariton (q’w’) with the production of a
phonon wy=w - w’ is given by (%7, c=1):

do 3) =

26 = @N2¢ 07 @) v @ ) |2 gm@a’)
~

X [Xa @@) X @ @) + DX @w) ¢, @ @] |5 (1)

where the ¢’s are wave vectors and w’s frequencies,
and where, for dispersionless dipole excitons,
e.g.,
Xn= (w - En)-lg: q-llzv:la(aw)r
(2)

-1/2,.1/2
Vg

¢n:" (w+En)-1gnq (aw),

where E, and g, are the exciton energies and (bi-
linear) couplings to light, v,(qw)=9w(q)/3q is the
polariton group velocity, and g& is the trilinear
phonon-exciton coupling function® for scattering of
excitonn ton’. In general, the sums run over
both discrete and continuous indices characterizing
the excitons involved. The (x, ¢) are polariton
transformation coefficients!™ relating polaritons
to bare excitons. This result is appropriate for
the case where a single polariton dominates in
both the incoming and outgoing channels. The re-
lationship between q and w is given via the dielec-
tric function € (@w) as

€@w)=q*/wi=€o+2,4|g,|2E; B2- 0¥, (3)

where €, is the background dielectric constant.

The Stokes and anti-Stokes (RS1) cross sections
for T >0 °K are given by expressions of the form
in Eq. (1) multiplied by appropriate phonon oc-
cupancy factors. For simplicity we therefore
may restrict our considerations to the 7=0 °K
Stokes result alone.

The results given above have entirely neglected
polariton damping'? in both the incoming and out-
going channels. It is useful to distinguish between

two interrelated effects of such damping. First,
whendampingis present, one expects a distribu-
tion of scattered frequencies, **!® rather than just
energy-conserving scattering restricted to w - w’
= w, (for Stokes RS1). The theory of the associ-
ated line shape is discussed in some detail in II.
We note, however, that although the cross section
adopted above is appropriate only in the energy-
conserving limit, it nevertheless does encompass
the full range of resonance behavior which is of
interest in the present treatment.

A second effect of damping is the broadening
of the exciton levels of the system, which causes
the incoming and outgoing polaritons to be damped
quasiparticles. As demonstrated in the Appendix,
even in the limit of energy-conserving transitions,
damping effects are non-negligible in a small fre-
quency region (of width of the order of the damping
function I') about the various exciton-induced reso-
nances and antiresonances. In the Appendix, we
demonstrate how a phenomenological approach
may be employed to investigate this latter effect
of damping on the scattering cross section.

In order to facilitate actual calculations, we
now introduce various specializations in parallel
with II: (a) We take 230, 3')= 6, 2>, where g®
is an appropriate constant; and (b) we consider
the approximation of nearly dispersionless levels
E,,(a)=E,,. These limitations are useful in reducing
the present problem to a form best suited for nu-
merical computation, especially when both dis-
crete and continuum levels are included. How-
ever, since neither spatial dispersion® nor polar-
iton damping have been included, special care
must be taken in interpreting the predictions of the
theory in the resonance regime. Specifically,
as discussed in the Appendix, the presence of
damping is expected to remove singular behavior
and regions of perfect reflection (where an absence
of scattering would be predicted) from the cross
section,

We will employ a hydrogenic series of levels
composed of discrete states E,(n=1,2,...,*), and
a continuum E, from the energy gap E, up to the
maximum energy'® E,; we then have

E,=E,-R/n®*, R=e'/2a ¢,

L @)
En =E' +2Q Rn ’
where R is the exciton Rydberg, ay is the inverse
electron-hole reduced mass (m;' +m;!), and 7 is
the relative-motion wave vector. As mentioned
above, we omit the c.m. term %aqa, an approxi-
mation best suited for the case a™'=(n,+m,)> ojl,
For a hydrogenic series, dipole-allowed transi-
tions are described by® (a, = exciton Bohr radius)

8&n=81 /n3/2’

5
&q=81m(2a3)"?v}/* [1 - exp(= 2mvy/3) V2, ®
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where
Ya= 2R/ agnt . ©6)
Employing Egs. (1) and (2) and the above ap-
proximations, one obtaing the RS1 cross section
for dipole-mediated scattering as

<d9) = (2")'a< ql> |Tp+Tc|?g™ % (7)

where Tp is the discrete-state sum
Tp=2in4 g, P (@0’ + E})(W* - B (w2~ B},  (8)

and where T has the same form as 7Tp, but where
the sum runs instead over the continuum states 7.
As discussed in detail in II, both the frequency
variations of ¢’/q and | T+ T¢l significantly in-
fluence the frequency dependence of do/dR; in par-
ticular, one finds that interference between Tp

and T exerts an important influence on the resc-
nance behavior. These properties will be evident
in the various computations to be presented in
Secs. III-V.

III. QUADRUPOLE-TRANSITION RAMAN SCATTERING

In this section, we investigate the frequency de-
pendence of the RS cross section in the quadrupole
case, for a hypothetical model of a full series
(discrete plus continuous) of exciton levels. The
quadrupole case obtains when the first nonvanishing
terms in the matrix elements are linear in the
wave vector, i.e.,

&, (a)=qfn.ﬁgl ’ (9)

where, e.g., f,=n"¥2 for allowed transitions, etc.
The dielectric function is obtained upon substituting
the above £, 4(q) into Eq. (3). One then finds the
polariton dispersion relation w= w(ﬁ) has a shape
nearly similar to the corresponding dipole result
(cf. Ref. 4), differing only in the disposition of the
splittings near the discrete exciton frequencies.
This is illustrated for a single discrete level, for
the parameters indicated, in Fig. 2. The results
are meaningful everywhere except for a very small
region about the E, where ¢ becomes very large,
and Eq. (9) is inaccurate. A central distinguishing
characteristic of the quadrupole dispersion is seen
to be a shift downward of the large-g asymptote as
compared with the dipole case.

Obtaining the polariton coefficients (x, ¢) via the
methods of II, one has, after some algebra,

Xmi= (@=E, ) gk:q7 V2 v 2{w) e 2 Qu), (10)

Oni== (@+Ep:) " g0,307 0} qu) €2 @Gu).
Incorporating these results, and the previously

specified approximations, one obtains the quadru-
pole RS1 cross section as

(%) = (@ Vz( )|To+Tc| le® |2 F@,q), (1)

where T, and T were defined in Sec. II, and where

F(g,4')=¢%¢"? €@w)e@'w"). (12)
Comparison with Eqs. (7) and (8) indicates that

(do/dQ), is related to a hypothetical dipole cross

section (do/df), of strength g, [=2,(q)/q] as

When ¢ and ¢’ lie outside the resonance regime,
F(q,9')~q%" and (do/d)q reduces, as expected,
to the form which would be obtained in the bare
exciton approach®!® by just replacing g - gxq
directly into the dipole cross section. However,
the present polariton analysis indicates that the
actual variation in the resonance regime is ~ g% "*
X (dipole result). Consequently, damping effects
being sufficiently small, one expects quadrupole
resonances to be much sharper (more abrupt)
than dipole ones.

The quadrupole-to-dipole shape ratio F(g,q’) is
illustrated as a function of incident photon frequen-
cy, for a single discrete level E,, in Fig. 3.

(13)

IV. FORBIDDEN-TRANSITION RAMAN SCATTERING

In this section, we derive the cross section for
RS mediated by forbidden transitions, and compare
with dipole results.

While in the allowed case the coefficients g, are
proportlonal to U,,3(0), in the (first) forbidden
case® they are, instead, proportional to
[BU,,,,,(B)/OE] &o- For the hydrogenic case, one has

w- hkce"z B
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FIG. 2. Dipole and quadrupole polariton frequencies
w vs wave vector fick, for a single level with E=2.50 eV,
1g1%=0.75 eV®, and ¢;=8. Broken line: dipole; solid
line: quadrupole “A” indicates the energy level E,
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FIG. 3. Logjg of the quadrupole-to-dipole intensity
ratio F vs incident photon frequency w. Here w;=0.08
eV; other parameters are the same as those employed in
Fig. 2.
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so that the g, may be written in terms of some
single parameter g, as

2 1- -2
= 0O,

2
4 ) o

(14)

|gal2= (2= 1)/n°] |g, |, )
lgil2=2mad vz (1 - e i " Yint (L e va) gy 2

To obtain the polariton dispersion and the RS cross
section one employs these expressions for g, ;
directly in Egs. (1)-(3).

Comparing the forbidden cross section (do/dS)p
obtained in this way with the allowed result
(do/df2),, one notes that the discrete-state con-
tributions to resonance behavior are identical in
shape in the two cases, differing only in the relative
intensities within the exciton series, which is
~(n/n')® for the allowed case, but~[(n'?-1)/
(n®=1)]2 (n/n")*° for the forbidden (with then=1
line now absent). The fundamental difference in
the frequency dependence of the cross sections
arises from differences in g; and, consequently,
the continuum contribution, in the two cases.

This is best understood via the relations expressed
in Eq. (14). Typically, (2R/ag)/a,"2>1, so that

the continuum contribution is relatively more im-
portant in the forbidden case than the allowed

(this is illustrated more explicitly by the compu-
tations of Sec. V). For CdS parameters,®e.g.,
this ratio would be ~3. Of course, the absence

of the n=1 level, with its large oscillator strength,

also serves to magnify the continuum effect in the
cross section.
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We have so far considered only the shapes of the
two cross sections; as for their relative intensities,
following the discussion of Ref. 17, say, one notes
that the actual ratio of g, in the forbidden case to
£, in the allowed goes as a/a,, where a is the lat-
tice constant and a, the exciton Bohr radius (cf.
Ref. 6). Consequently, the ratio (do/dQ)g/(do/d),
~ (@/a,)*, which for CdS parameters are ~6x107*,
Thus intensities of forbidden RS1 are, in general,
expected to be smaller than correspondingallowed
intensities by at least a few orders of magnitude.

Figure 4 illustrates the frequency dependence of
(do/dQ), and (do/dQ)p for CdS parameters (the
relative intensity between the two is, however,
chosen arbitrarily and is of no significance).

Here, as in all cross-section computations to fol-
low, we collapse all levels withn 23 onto E,, as

it is impractical and unnecessary to demonstrate
the frequency variation associatéd with such closely
spaced levels. The above mentioned domination of
continuum effects in (do/df)y is evidenced in Fig.
4 by the extended nearly flat portions of the curves;
e.g., the broad antiresonance behavior (due to
continuum-discrete state interference) of

(do/dQ) , prior to levelling off at high frequencies,
is absent in (do/dQ2); (for the chosen parameters).
For (do/dQ)g, the intensity is nearly similar on
both the high- and low-frequency sides of the reso-
nance regions, while for (do/dQ), the high-fre-
quency side is substantially depressed.

In Sec. V, the detailed dependence of (do/dQ)g
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FIG. 4. Logj, of the allowed-exciton and forbidden-ex-
citon cross sections vs incident photon frequency w, for
“CdS parameters”: €,=8, ax=4.3x10% g;=0.2, E,
=2.57,Ey=2E,, w;=0.04, R=0.028 (all in eV units, as
employed in II, e.g.). Solid line: allowed; broken line:
forbidden. A-C indicate E;, E,, E,; D~F the same plus
wj. A broken line parallel to the solid one at G is omitted
to preserve the clarity of the figure.
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Tc; broken line: Tp. This figure is taken
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negative.
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on various system parameters will be investigated,
and comparison with the corresponding (do/dR2),
carried out.

V. DEPENDENCE OF do/d2 ON VARIOUS SYSTEM
PARAMETERS

In this section, we investigate changes induced
in the frequency dependence of (do/dQ), and
(do/d)z, when certain of the fundamental crystal-
line parameters are varied. Specifically, we con-
sider variations in the background dielectric con-
stant €, effective mass aj, bandwidth E,, con-
tinuum-to-discrete coupling ratio g./g;, and phonon
frequency wy.

In the hydrogenic model, if @p- ay and €;— €,
then®

R'/R = (€5 /€%)(ag / Of),
ag/ag= (€5/€) (¥R / ag), etc.,

where R is the Rydberg (cf. Sec. II). The energy-
level spacings, and the value of the continuum func-
tions g5, depend on the value of R. All of these
dependences influence the form of the polariton
dispersion, which depends directly on €, as well.
These then are the principal ways in which changes
in @y and €, induce changes in do/dS2.

The value of E,, which appears as a cutoff on
the sums (i.e., the integrals) over 7] in Eqs. (3)
and (7), helps determine the size of the continuum
contributions to do/dQ. As for the continuum-to-
discrete coupling ratio g./g,, this quantity is fixed
once a hydrogenic model has been specified. In
order to consider more general continuum effects
(nonhydrogenic cases, say), we also consider vari-
ation in g./g; in what follows. Turning to the
phonon frequency w,, its value determines the
relative positions of the energy gap and the incoming
and outgoing resonances (w, w’'~E,), and thereby

(16)

1
260 | 262
ExtugEztuwg

2,64

the resonance properties of the cross section.

The coupling constants g, may also depend in a
variety of ways on the above parameters. Rather
than attempt to account for the multiplicity of such
dependences, ®!® we compute do/dS for fixed values
of the g, in what follows.

We employ the zero-damping theory, as reviewed
in Sec. II, for the computations to be carried out in
this section. As an aid in generalizing the inter-
pretation of the present results to the case of non-
vanishing damping, a phenomenological theory of
damped-polariton scattering is presented in the
Appendix.

Prior to investigating the frequency dependence
exhibited by the full cross section, it is instructive
to direct one’s attention to the frequency variations
of Tpand T, as illustrated in Figs. 5 and 6, for
allowed and forbidden cases (CdS parameters).
From the figures, one easily observes how regions
of opposite sign (and opposite sign crossings of
the curves) will influence resonance and antireso-

6T T T T T T
A — N
sl R TN ———————
E F N
4+ N P P
] ] | ] 1 n
2.54 2.56 2.58 260 262 264
INCIDENT PHOTON FREQUENCY w (eV)
FIG. 6. Logjyof | Tpl and | T¢| vs photon frequency

w for the forbidden case (CdS parameters). Solid line:
Tp; broken line: T.. See, for example, Fig. 5 for
meanings of various symbols. 7T is here positive every-
where.
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log, RAMAN CROSS SECTION

I

FIG. 7. Logj, of allowed cross section
vs photon frequency w for various values
of ap. Dashed line: ag=(ag), (CdS
value); solid line: apg= i(ag)y; dashed-
dot line: ap=2(ag),. A~C indicate E,
E,, E,; D—F indicate these plus w,
for CdS parameters; G-I indicate the same
for ag=4(ap)y; and J-L the same for ap
=2(ag)y. A dashed-dot line nearly coinci-
dent with the vertical dashed line at B is
omitted for clarity. Arrows indicate ex-
tensions of the curves in the direction in
which they point; they are employed to
help unclutter the figures.
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INCIDENT PHOTON FREQUENCY w (eV)

nance behavior. For the particular parameters in
the figure, the form of g; leads to positive T'¢
throughout [cf. Eq. (5)], in contrast to the alter-
nating sign of the allowed contribution. Actually,
for large enough @y and €,, it can be shown that
regions of alternating sign do eventually emerge;
however, for present values of parameters this
will have negligible effect on the resonance prop-
erties.

Computed results for the allowed cross section
are illustrated, for various values of the parame-
ters oy, €y, Ey, &./81, and w,, in Figs. 6-9. The
forbidden case counterparts are illustrated in
Figs. 10 and 11. To facilitate various comparisons

frequency scales in the figures have been adjusted
such that in-resonances for various values are
coincident, while out-resonances are not, in gen-
eral,

The cross sections illustrated are indicative of
the rich variety of resonance behavior anticipated
in exciton-mediated RS. Among the general fea-
tures of interest are the following: (a) differences

for various cases in the relative intensity of do/dQ

in the regions immediately below E, and above

E, +w,; (b)differences in the nature of the reso-
nances and antiresonances in the various cases;

(c) importance of the phonon frequency w, in de-

termining relative positions of incoming and out-

DHI E F K L
% ‘L ,l T %" % T ¢
" | ool
Il / \ I 14
I . PRI
5 o\ . f
g M Il R 13 IG. 8. Logj, of allowed cross sec-
re M \ I H . tion vs photon frequency w for two values
P o ih -t of €. Dashed line: €= (€5), (CdSvalue);
38 vl 1A . |I . solid line: €,=0.7(€g)y; dashed-dot line:
x V) 1 H 0 12 €)=1.5(€g)g. A~F indicate the same
= | |: | - I T points as in Fig. 7; G-I indicate E
s T | { L | +wy for 0.7 (€y)g; and J=L the same for
& ) | | J 1! 1. 5(€y)g. Omitted for clarity are two
° b | | vertical solid lines indicating the 0. 7(g,),
k4 | _J resonances at G and B.
‘ —— ——— o
Vo,
L 1 1 L 1 1 1
a-245 249 283 257 26l 263 269 273 217
B-251 253 255 251 239 26l 263 265 267
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INCIDENT PHOTON FREQUENCY w (eV)
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FIG. 9. Logj of allowed cross section vs photon fre-
quency w for various values of g./g; and Ey. Solid line:
2./81=8./800, Eyu=(E,), (CdS values); dashed line:
g./81=10(g./gy)¢. Dashed lines indicate departures from
CdS results when Ey=10(Ey),. A—F have the meanings
specified in Fig. 7. A nearly vertical dashed line, omit-
ted for clarity, should pass just to the right of point G.

going resonances, and, consequently, influencing
interference behavior; (d) differences in sensitivity
to variations in the parameters between the allowed
and forbidden cases; and (e) the shifts in the dis-
crete-state antiresonance frequencies due to con-
tinuum interference and the dependence of the
strength of the antiresonances on the values of the
parameters.

BERNARD BENDOW

>

The most explicit demonstration of the effects
of continuum dominance follows, of course, upon
an increase in g./g,, as illustrated in Figs. 9 and
12 for the allowed and forbidden cases, respec-
tively. For the larger g./g, value in the allowed
results, T, simply overpowers T in the region
above E, + w,, washing out antiresonant interference
evident for CdS parameters. Likewise, a pro-
nounced flattening out results in the forbidden case
do/dQ. The continuum dominance leads to nearly
similar intensities below E, and above E + w,.

Similar behavior occurs in the purely hydrogenic
model via variations in @y or €, as illustrated
for aj in the allowed case, for example, in Fig. 7.
Large ap corresponds to greater continuum dom-
inance. However, regardless of how large a,
may be, Tp,and T, always interfere destructively
above E,+w,, although the antiresonance is very
narrow for very large @, as may be seen from
the figure. As aj decreases to CdS values, T,/T.
increases correspondingly, so that broader anti-
resonant behavior results. If ayp were decreased
sufficiently further, T, would eventually overpower
T., eliminating the antiresonance entirely. Sim-
ilar behavior follows upon varying €, (cf. Fig. 8).
Forbidden case counterparts are illustrated in
Figs. 11(b) and 12(b). Here the continuum domi-
nance is so strong that @, or €, would have to be
decreased by nearly an order of magnitude before
interference effects comparable to those in the
allowed case would be evident.

As for variations in E,, in the allowed case the
dominant contribution to 7. may be observed to

log,, RAMAN CROSS SECTION

| L a0 lli |

B
—
-6
FIG. 10. Logj, of allowed cross sec-
tion vs photon frequency w for various
195  values of w,. Dashed-dot line: wy= (wg)y
(CdS value); solid line: wy=2(wj)y;
dashed line: wg= 4(w,);. A~L indicate
414 the same quantities as in Fig. 7, except
for (wg)g, #(wg)y, and 2(wy),, respectively.
3 Dashed-dot line to the left of C should be

the leftmost line of a pair parallel and
just to the right of the solid pair of lines
near that point; these have been omitted
for reasons of clarity. Also omitted at
C is a nearly vertical dashed line.

1
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FIG. 11. Logj, of the forbidden cross section vs photon
frequency w. (a) Dependenceonw,. Dashed line: wy=(wg),
(CdS values); solid line: wy=3(wy),; dashed-dot line:
wy=2(wg)y. A, Bindicate E,, E,;; C, D indicate these
plus wy for (wy)y; E, F the same for 2(wy)o; and G, H the
same for 4(wy). Various lines omitted for clarity are
vertical dashed-dot lines at E and F, solid and dashed-
dot lines through J, and vertical lines of all three kinds
at B. (b) Dependence on ag. Dashed line: ag=(ag),
(CdS value); solid line: ag=4(ag)y; dashed-dot line:
ap=2(ag)g. A-H indicate the same points as in (a), ex-
cept for (@g)y, 3(ag)y, and 2(ag),, respectively. Omitted
for clarity are nearly vertical solid and dashed-dot lines
through both I and J.

come from values of 7 corresponding to 3agn?
smaller than E,, so that the cross section is rel-
atively insensitive to increases in E, from 2E,

(cf. Fig. 9). The extra power of E; occurring in
&, for the forbidden case, however, implies that
contributions from large ﬁ are relatively more im-
portant for this case than for the allowed. This
increased sensitivity of (do/dQ)y to variations in
E, is evident from Fig. 12(a).

Variations in resonance behavior upon variation
of wy, as illustrated in Figs. 10 and 11(a), result
from changes in the relative disposition of the in-
coming and outgoing resonances, and from differ-
ences in the frequency dependence of T.. The re-
sults illustrated are easily accounted for via the
dependences discussed to this point.

Finally, we note the absence of complete de-
structive interference in between incoming reso-
nances, for small ap and ¢, in the allowed case,
due to the smallness of w, relative to the inter-
resonance spacings.
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VI. DISCUSSION

In summary, we have derived, in the present
work, polariton cross sections for forbidden- and
quadrupole-exciton-mediated resonance RS, in-
vestigated the resonance properties within a hydro-
genic model, and illustrated the theory via various
numerical computations. We have also investigated
the dependence of resonance properties on dielec-
tric constant, exciton effective mass, exciton band-
width, phonon frequency, continuum-to-discrete
coupling ratio, and exciton damping. The results
indicate that, in general, discrete exciton effects
dominate the allowed cross section, while con-
tinuum effects dominate the forbidden one. Within
a given category variation of the previously listed
parameters may induce a wide variety of resonance
behavior in do/d§2. For example, for certain val-
ues of the parameters, continuum-discrete inter-
ference above E, + w, results in a broad antireso-
nance, which, however, may disappear entirely
for other values of the parameters. In general,
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FIG. 12. Log,, of the forbidden cross section vs photon

frequency w. (a) Dependences on g./gy and Ey. Solid line:
“CdS values”; dashed line: Ey=10(E,),; dashed-dot line:
8./81=10(g,/g;). A-D indicate the same quantities as in
Fig. 11. Omitted for clarity are vertical solid and
dashed-dot lines, these nearly coincident with the dashed
lines, at A and B. Also, at E the dashed-dot lines follow
a nearly parallel pattern downward with the solid lines,
being omitted for clarity. (b) Dependence on €,. Dashed
line: €= (€g)o (CdSvalue); solid line: €,=0.7(€y)y; dashed-
dot line: €;=1.5(€p)y. A—H indicate the same points as in
inFig. 11(a), butfor (€y)y =0.7(€p)y and 1.5(€y),. Although
only dashed lines are exhibited at A and B for clarity, the
other lines follow nearly coincidently with these.
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the different varieties of excitons discussed here
may coexist within the same frequency region in a
given material. The cross section may then be
generalized appropriately, following the methods
of the present treatment.

The differences in frequency dependence and
resonance properties of do/dS in the various cases
provide a possible means of identifying certain
exciton or band properties (e.g., the symmetry
character of the exciton envelope’ and/or the band
states involved). Analogous relationships have
been pointed out, e.g., with regard to optical ab-
sorption by excitons. °

As of this time, RS data which is sufficiently
detailed to allow a meaningful comparison with
experiment of the differences predicted in the
various cases does not seem to be available. Of
course, various features of the dipole cross sec-
tion, such as the resonance for w-E,, continuum
domination below E,, and the existence of “in-
coming” and “outgoing” resonances, have been ex-
perimentally verified!® in a variety of materials,
especially®® II- VI compounds such as CdS and
ZnSe. However, limited data on the relative in-
tensgities above E, in CdS to those below E, exceed
predicted values by about an order of magnitude. '
Although the present work suggests a variety of
ways in which increased intensities above E, may
arise, the data is not adequately detailed to allow
singling out any one effect in particular.

Experimental results on TO-phonon scattering!®?
demonstrate features which do not seem to be
adequately accounted for by existing theory. Re-
cently, dips below E; in TO scattering in CdS and
Si were reported, % and interpreted as the result
of cancellation between resonant and “nonresonant”
terms (those arising from higher bands, e.g.).
The suggestion has been made previously? that the
relatively broad resonance behavior evident in TO
as compared to LO scattering may be due to a
dominance of continuum effects. In II it was shown,
however, that variations in E, and g./g,, for
dipole scattering in the present hydrogenlike mod-
el, could not adequately reproduce the reported
behavior. If one examines the variations consid-
ered in the present paper as well, one finds that
none of these can account properly for the obser-
vations. Thus interference due to terms with
different signs in £, or originating from different
bands, may indeed be the source of the observed
behavior.

In conclusion, we are hopeful that the rich va-
riety of resonance behavior predicted and illustrated
in the present treatment will stimulate the detailed
measurement of RS cross sections throughout the
resonance regime. Such data will allow for ex-
tensive comparison of experiment with theory,
and serve as well as a useful tool in studying crys-

|

talline properties.
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APPENDIX: PHENOMENOLOGICAL THEORY OF DAMPED-
POLARITON SCATTERING

The incorporation of damping effects in polariton
scattering is of considerable interest, since ex-
citon damping, ® however small, is always present
in semiconductors, and because inclusion of damp-
ing into the theory is expected to remove singular
behavior predicted exactly at resonance in the dis-
persionless exciton model, in the absence of damp-
ing. Unfortunately, no satisfactory first-principles
damped-polariton theory of exciton-mediated RS
seems to have been advanced as yet. In this Ap-
pendix, we pursue the more modest goal of in-
cluding damping phenomenologically into the ener-
gy-conserving RS1 cross section. Such a theory,
we believe, allows one to draw qualitative conclu-
sions regarding the influence of damping on the
frequency dependence of do/d2.

We begin by noting that our undamped cross sec-
tion is similar in form to that of a free particle
described by wave function 3 ~e*¥¥ scattering in-
elastically from q-gq’, namely,

do/dQ(q'/q)|M@,q")|2 (A1)

In the presence of (exciton) damping, the polariton
wave vector q becomes complex (cf. Ref. 22).

We then interpret scattering as arising solely via
the undamped portion of , namely, e’ *®% ag
the beam traverses the crystal, however, it is
now attenuated spatially with (vector) coefficient
2Im(@). One can also show® that if all energy
levels E, damp similarly (i.e., damping functions
T, are all equal), then the modified equations of
motion for the system may be obtained by replacing
w-w+il', everywhere. #* If one now employs the
latter correspondence and the interpretation of
Re(@) given above, then the cross section of Eq.
(7) becomes, for the equal damping case,

49 _ onz Re@)
aa= " Req) ¢

X|Tpw=w+iT)+ Te (W= w+il)|%.

@) IZ

(A2)

This result describes scattering due to the unat-
tenuated portions of the polariton beams. When
relating a specific experiment to the theory, of
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course, attenuation of the incoming and outgoing
beams, with coefficients <Img, q’, need be ac-
counted for® as well.

We now present numerical computations based
on Eq. (A2). For simplicity, we employ limI'- +0
in the continuum contributions® to T, ¢, and q’.
The typical value I'=0. 0005 eV is employed?’ in
the discrete-state contributions. The results
(CdS parameters) are illustrated, for allowed and
forbidden cases, in Fig. 13. The singularities
and vanishings of do/d2 which were evident in the
absence of damping are now continuously rounded
out, and “reflection gaps”? filled in. In order
for the relative heights of the various peaks to be
of significance, the I',(w)needtobe chosen carefully,
possibly being deduced from optical absorption data.

The present treatment has demonstrated the
“rounding-out”’ effect expected in the energy-con-
serving cross section in the presence of damping.
One observes, however, that undamped theory
does yield accurate predictions nearly everywhere
except in frequency regions of the order of the
I', about the various resonance and antiresonance
frequencies. These modifications being borne in
mind, one is able to properly interpret the various
undamped results presented throughout the text.
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The first excited singlet state I, of the M center fluoresces in the near infrared. This
fluorescence has been observed at low temperatures and the decay time found to be 41
nsec for NaCl and 60 nsec for KI. In KI, a maximum time (5 nsec) is established for filling
the Z; state from a higher-excited state II,. In addition, the fluorescence spectrum of the

M center in KI is reported for the first time.

At ~10°K, the fluorescence intensity peaks at

0.818 eV=1.52 i and has a half-width of 0.100 eV.

I. INTRODUCTION

The M center consists of two F centers on ad-
jacent anion sites and is analogous to the hydrogen
molecule.!'? The analogy arises because this
center is composed of two electrons bound to two
anion vacancies which act as positive charges.
Because of this similarity, the electronic energy
states are identified by molecular terminology.*
The lowest four singlet states are shown in Fig.

1; triplet states do not enter into the present dis-
cussion.

The primary purpose of the present experiment
is to determine the time constants for fluorescent
decay from the excited states shown in Fig. 1.
Specifically, the following quantities are sought:
the wavelengths and time constants (7,) for the
Tu~3; transition in NaCl and KI, and the time (7,)
for the I, - Z;, transition. Previous work has not
indicated a higher-energy emission line due to a
direct ,~Z; (ground state) deexcitation in other
alkali halides.

The above transition times are directly observ-
able since a @-switched ruby laser excites the
M centers quasi-instantaneously. The ruby photons
have an energy of 1.79 eV (6943 A). This energy
falls in the M band in NaCl and the My band in KI* %;
Fig. 1 shows the states involved in these absorp-
tion bands. Thus the ruby laser excites the M
centers to the =, and II, states in the respective
crystals. The measurement consists of observing
the fluorescent intensity due to theT;~Z; transition
as a function of time after the ruby laser flash.
The dynamics of filling and emptying the T, state

are then determined from the time dependence of
this transition.

1I. EXPERIMENTAL METHOD

M centers were formed in crystals which had
previously been colored* so as to have an F-center
concentration up to 2x10'” cm™. In order to avoid
large clusters of F centers, the crystals were
cooled rapidly from high temperature to 80 °K.
The KI crystals were quenched within the optical
Dewar; the crystals were first heated to 400°C
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FIG. 1. Energy levels of the M center as given by
molecular-spectroscopic terms. This is equivalent to
considering the M center as a hydrogenlike molecule
immersed in an isotropic dielectric. It is understood
that the right-hand Z; level is derived from the upper
Z, state by the usual rapid Franck-Condon shift (to lower
energies on a configuration coordinate diagram); see
Fig. 43 of Ref. 1(c). The time constants for deexcita-
tion from the upper levels are given in parentheses.



