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Using a tunable dye laser we studied secondary emission of anthracene crystals at low
temperatures under resonance excitation conditions. We show that all the observed peculiarities
of the secondary emission are connected with processes of propagation and scattering of
polaritons by optical and acoustic phonons in a crystal with a large longitudinal-transverse
exciton splitting. We obtain good quantitative agreement between experimental results and the

polariton model.

1.INTRODUCTION

In the past few years, papers on the investigation of
various polariton effects in the vicinity of the exciton reso-
nance have occupied an important place in the investigation
of optical properties of crystals possessing strong excitonic
optical transitions. It is well known that in the presence of
the exciton-photon interaction the intrinsic elementary exci-
tations of these crystals become polaritons."? Polaritons
possess a single dispersion curve which in the vicinity of the
exciton resonance consist of two branches (curves I and 11
on Fig. 1; w, and @, correspond to the positions of the bot-
toms of the transverse and longitudinal mechanical exciton
bands, respectively); in the approximation of a single non-
degenerate exciton band, this curve can be described by an
equation of the form
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where k is the polariton quasimomentum, £, is the dielectric

constant far from the resonance region, w (k) is the energy of

a mechanical exciton with wave vectork, o, = 0, — wis

the magnitude of the longitudinal-transverse exciton split-

ting, @ is the angle between the vector k and d, the dipole
transition moment.

Within the framework of the polariton model, it is pos-
sible to describe diverse spectral and kinetic features in the
secondary emission of crystals in a unified way. In the major-
ity of cases, investigations have been carried out on direct-
gap semiconductor crystals (see, e.g., the reviews in Refs. 3,
4). In molecular crystals with dipole-active excitonic transi-
tions, which as a rule have higher values of oscillator
strengths than those of semiconductors, the effect of exciton-
photon mixing on the optical properties should be even more
striking.

Among the molecular crystals, the anthracene crystal
exhibits an anomalously large longitudinal-transverse split-
ting o, ~400 cm ™' and exciton effective mass m_* 2 100
m, for the lower exciton band (by way of comparison, in
crystals of CdS we have w, 1 = 15.4 cm ™' for the A-excitons,
while m* = 0.89 m,, where m, is the free electron mass').
This combination of parameters leads to a whole range of
spectral and temporal peculiarities which affect the low-
temperature luminescence®™'® and kinetics of secondary
emission under conditions of laser excitation.''

In this article we carry out a detailed study of the spec-
tral content of secondary emission of anthracene crystals at
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low temperature under conditions of resonance excitation.
We investigate the processes of propagation and scattering
of polaritons which participate in the formation of the sec-
ondary emission spectrum. The numerical calculations we
carried out are found to be in good quantitative agreement
with our experimental results.

2. EXPERIMENTAL METHOD

The investigations were carried out on perfect single
crystals of anthracene with extended [001] surfaces, grown
by sublimation from zone-refined anthracene (~ 100
zones). The samples we used had thicknesses d = 1.5-40
pm. The low-temperature luminescence spectra of our crys-
tals were identical to the ones presented in Ref. 12, and ex-
hibited practically no bands corresponding to impurity
emission. Simply supported samples were placed in an opti-
cal helium cryostat with a temperature regulator (7= 1.5-
300 K).

As a source of excitation we used a pulsed tunable dye
laser (VRO) with a tuning range o, = 24 000-26 000
cm ™' and an emission band with half width Aw,, = 1cm ™",
Because it is easy to induce stimulated Raman scattering'? in
these crystals under resonance excitation conditions, the in-
tensity of the laser pump was selected in such a way that the
spontaneous-emission regime was ensured.

It should also be noted that there is a wide background
of superradiance in the radiation from the tunable dye laser,
especially in the short-wavelength region which is also the
region of fundamental absorption of the anthracene crystal.

k

FIG. 1. Dispersion curve for polaritons; I—lower branch, II—upper
branch. The following transitions are shown schematically: 1—2—anti-
Stokes polariton scattering (occupied exciton band), 1 — 3—Stokes polar-
iton RS, 2 —4—exciton luminescence.
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The presence of this superradiance can lead to a significant
distortion in the spectral content of the emission under con-
ditions of resonance excitation; therefore, we took special
measures to ensure high monochromaticity of the tunable
dye laser radiation. To accomplish this, we first directed the
laser radiation at a dispersive element, which selected out an
emission band; in this way, the superradiance background
was eliminated.

The excitation light was directed along the normal to
the surface of the crystal (along the ¢'-axis) and was linearly
polarized (E,, ||b — axis). The radiation spectrum was re-
corded using a DFS-24 spectrometer.

3.EXPERIMENTAL RESULTS

In Figs.2a (T=1.9K) and 2b (T'= 5 K) we show the
emission spectrum of an anthracene crystal in the region of
the optical transition involving the fully symmetric phonon
with frequency 1403 cm ~' for various values of the frequen-
cy of the excitation light. It is easy to discern two groups of
bands in the spectra. To the first group belong those bands
whose spectral position (marked by the arrow in Figs. 2a,
2b) is independent of the frequency w,, ; these bands corre-
spond to well-known bands in the low-temperature exciton
luminescence spectrum of perfect anthracene crystals.® The
spectral position of the bands in the second group w, de-
pends on the frequency ., and is determined by the relation
wg = o, — 1403 cm~'. Analogous results were also ob-
tained for optical transitions involving high frequency phon-
ons at 394, 1167, 1588 cm ', etc. .

The general picture of the intensity variation of the
bands in the first and second groups is shown in Fig. 3 for a
crystal excited in the vicinity of the exciton resonance w;.
The data in Figs. 2 and 3 show that only the exciton lumines-
cence bands are observed in the emission spectra for values
W D7

A more complex structure is observed in the short-
wavelength region of the emission spectrum (Fig. 4). Never-
theless, here too it is possible to identify two groups of
bands—one group of bands corresponding to exciton lumi-
nescence (L) near the bottom of the exciton band w;, and
another group (R) of bands whose spectral positions are
determined by the relation 0§’ = w,, — Q,, where  is the
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FIG. 2. Emission spectra of anthracene crystals in the frequency range
©=w,;-1403 cm™"' for various values of w,-w,,: 1—20 cm~', 2—14
em™',3—9cem~',4—7.5cm™ ", 5—6cm ™', 6— —28cm~', T=19K;
(b) 1—33cm~',2—28cm™',3—20cm ', 4—14cm~ ', 5—9cm ™', 6—
—28cm™!, T=5K. Thecrystal thickness d = 5 zm. The arrow denotes
the spectral position of the exciton luminescence band at 23 692 cm ™',

2559 Sov. Phys. JETP 67 (12), December 1988

1,arb. units
Y-

aN . u
P A L

A A T
75050 25075 25100 25128
@,;,cm™!

FIG. 3. Dependence of the intensity of the 23 692 cm ™' band in the exci-
ton luminescence spectrum (traces 1 and 2) and the Stokes RS component
due to the 1403 cm ' phonon (traces 3 and 4) on the excitation light
frequency w,, for two temperatures: 1, 3: T=19K, 2,4: T=5 K. The
crystal thickness d = 5 um.

frequency of the optical phonons at 49, 81, and 130 cm ™~ ".

The index L ' denotes bands corresponding to emission from
an impurity center.'?

Hence, the secondary emission spectra of anthracene
crystals under conditions of resonance is a superposition of
Raman light scattering (RS) spectra and exciton lumines-
cence; the relative intensity of the spectrum depends signifi-
cantly on the frequency w,, and the crystal temperature.

The influence of temperature on the intensity of the RS
components (R) compared to the exciton component (L) of
the emission spectra is visible in the data presented in Fig. 5,
for two fixed values w; — w,, = 60 and 120 cm ™", It is easy
to see that as the temperature increases a sharp increase is
observed in the intensity of the exciton luminescence, which
is accompanied by a fall in the RS intensity. This behavior is
also evident in the data in Figs. 2 and 3. As the frequency w,,
decreases, the sharp increase in the exciton luminescence
intensity is observed at higher temperatures. Figure 6 shows
how the intensity I {* of the luminescence band with fre-
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FIG. 4. Emission spectra of anthracene crystals near the bottom of the
exciton band w, for various values of w, —w.: 1—28 cm ', 2—14
cm™', 3—4 cm ', 4—excitation by the mercury line A = 365 nm. The
emission was recorded from the end of the crystal, T=1.9K,d =5 pum.
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FIG. 5. Temperature dependence of the intensity of RS by the 1403 cm '
phonon (R) and the luminescence (L) of the 23 692 cm ' band for two
values of w; — w,,: 1,2—60cm ™", 3,4—120cm™".

quency w; — 1403 cm ™' depends on the frequency w,, of
the excitation light for the two temperatures 7= 1.9 K and
T'=8 K. Also noteworthy is the presence of structure
(curve2) intheregionw,, = wr — Q;; Q, =49cm~'is the
frequency of the lowest optical phonon. The value of I (¥
approaches saturation as w,, —; as we will show, this is
because at certain values of w,, the light which excites the
luminescence is absorbed in a layer smaller than the thick-
ness of the crystal (xd > 1, where x is the absorption coeffi-
cient).

The frequency dependence of the RS intensity for opti-
cal phonons Q; = 49, 81, and 1403 cm ~ ' are shown in Fig. 7.
As the frequency of the excitation light approaches reso-
nance, i.e., @, o (0 =25096 cm™') we first see a
sharp growth in the intensity /, which can approach two or
more orders of magnitude as the value of w,, varies over a
relatively narrow frequency interval w; — o, $200cm™".
The growth of the RS intensity is found to be sharper for the
RS components with lower phonon frequencies €2,. In the
immediate vicinity of resonance we observe a sharp intensity
falloff for all RS components; in addition, bands correspond-
ing to exciton luminescence appear in the emission spec-
trum. As the temperature is lowered, this falloff in intensity
of the RS components and the concomitant appearance of
exciton luminescence is observed for values of w,, further
from resonance.

We now turn to an investigation of the processes which
participate in the formation of the secondary emission spec-
trum.

4.RAMAN SCATTERING PROCESSES FOR POLARITONS BY
OPTICAL AND ACOUSTIC PHONONS

At low temperature the magnitude of the longitudinal-
transverse exciton splitting @, + ~400 cm ™' for crystals of
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FIG. 6. Excitation spectrum of the 23 692 cm ™' luminescence band for
various temperatures: 1 —T'=19K,2—8K;d =5 pu.
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FIG. 7. Dependence of the intensity of the Stokes RS component from
various optical vibrations (2, on the frequency of the excitation light: 1—
49cm~',2—8lcm~',3—1403cm™"; T=19K,d =5 um.

anthracene significantly exceeds the probability of decay of
the exciton; for this reason, analysis of the secondary emis-
sion under conditions of resonant excitation is most conve-
niently carried out within the framework of the polariton
representation. '*

For later consideration, we introduce several equations
which determine the various interaction processes between
polaritons and phonons. It is well-known that the exciton
component in the polariton excitation is determined by the
strength function S(w)'*:

pwa (k)

Su(0) = 2
)= W T er =@ ) F Pl 2)
where
52 — M = 2(’)1‘1'(.1)1"9

-7

o, (k), a =1, 2, are the upper and lower dispersive polari-
ton branches, F is the oscillator strength of the transition,
and w, is the plasma frequency. The frequency region where
this component is close to unity is determined by the relation

(1)1-—(1)=A(|)g (O)Lr(l)r)ll’ (3)

for anthracene crystals this amounts to Aw ~ 3000 cm ™'

It follows from the polariton model that the emission
spectrum is produced by scattering processes between polar-
itons and phonons of various branches. The probability per
unit time for scattering of a polariton of frequency w by
phonons from the s branch with emission '+ (Stokes scat-
tering) or absorption ¥~ (Anti-Stokes scattering) of a
phonon of frequency (), is determined by the relation

. 2n . 1 1
W) =R 70) (b2 ), @)

where F, is the matrix element for interaction of polaritons
with phonons of the sth branch, 7, is the occupation number
of phonons with frequency ,, and g(w + (2, ) is the spectral
density of final states. The intensity of the Stokes component
Iy for scattering by a phonon ), in a crystal of finite thick-
ness d in the region of frequencies where the condition kd €1
holds (% is the absorption coefficient determined by all the
polariton scattering processes) is given by the relation
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1R=1,4d/1,, (5)

where I, is the intensity of the exciton light, and /, the mean
free path of a polariton relative to Stokes RS by phonons ().
The magnitude of /; is determined by the relation

L=V ()" (0), (6)

where V, (w) is the group velocity of the polaritons.

The optical phonons which participate in the polariton
Stokes RS under discussion here have small values of quasi-
momentum |q,| <7/a (a is the lattice constant); for these
values of q,, the transitions in question are split, and the
quantity |F, |? is practically independent of |q|. In addition,
in the frequency region

0r—0<200cm ™'« (0rr0r)"

the exciton component satisfies S~ 1, and correspondingly
the quantity

|F|?«S(0)S(0—9,)

also depends weakly on the frequency w. Then for low tem-
peratures (7, €1), the intensity of the polariton Stokes RS is
given by

1P (0) xg(0—Q,) V(o). (7)

From this we see that the quantity I {’ is determined by the
group velocity V,(w) and the density of final states
g(w — Q,) in the resonance frequency region. We now
pause to determine the frequency dependence of these pa-
rameters from the experimental data.

5.MEASUREMENT OF THE GROUP VELOCITY AND
DETERMINATION OF THE DISPERSION CURVE
PARAMETERS FOR THE LOWER POLARITON BRANCH

The dependence of the polariton group velocity on fre-
quency for the lower polariton branch was measured by us-
ing the time-of-flight method.'®!” In Fig. 8 we present the
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FIG. 8. Dependence of the group velocity ¥, (@) of polaritons on frequen-
cy, obtained for crystals of various thicknesses: #—1.6 um, O—11.5 um,
@®—35 um. The solid curves are calculated functions V,(w) for several
values of effective mass m*: l—m,,2—3 m_, 3—10 m_, 4—30m_, 5—100
m,, 6—300 m,.
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experimental results and numerical calculations of the group
velocity V, (w) = dw/dk for several values of the effective
mass m*. In the course of these calculations we used the
following relation for the dispersion of polaritons:

c*K? Wp *F
? (eo,-}-f‘lh:z/Zmc —0) (orte) °

(8)

and the values &, = 2.7, } =2-10° cm® The agreement
between the calculated curves ¥V, (w) and the experimental
data allow us to find values for the parameters w,
=25096 +0.5cm™"!, F=0.25 4+ 0.05 and m* > 100 m,.

Measurement of ¥, (w) also confirms assertions made
earlier’ concerning the fact that in the frequency range
® > @, the minimum group velocity ¥ 7' () is found to be
smaller then the velocity of sound, i.e., V;'““(w) < u; hence,
in contrast to direct-gap semiconductor crystals, transitions
from the region @ > @, to the region @ < @, with emission or
absorption of one high-frequency acoustic phonon (transi-
tions of the type 1<»2 in Fig. 1) are separated from their
inverses.

6.NUMERICAL CALCULATIONS OF THE DENSITY OF
POLARITONSTATES
According to Ref. 7,

0
g(w)« jdcpdesmekz((,) ‘p,e)__k_(_‘_"_(_o?ﬁ_?_)_ 9)

The functions & *(w, ¢, 8) and 3k (w, ¢, 0)/dw entering into
(9) are determined by using the dispersion relation (1). The
dependence of the exciton energy on wave vector & is applied
in the form

o (k)= ortorrcos’ 8+

Kt k|® (cos ? sin® @
2 m. mg"

), o

where @ is the angle between the vectors k and b and ¢ is the
angle the vectors k and ¢’; note that blc'.

In Fig. 9 we present results of calculations for the var-
ious values of effective masses m* and m?*. It is clear that in
the immediate vicinity of resonance (w; — w10 cm™')
the jump in the density of polariton states can amount to
several orders of magnitude, and that its value is determined

g(w), arb. units
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FIG. 9. Calculation of the polariton density of states g(w) for various
values of the exciton effective mass m* = m*: 1—1000 m,, 2—300 m,,
3—100 m,, 4—10 m,, 5—m,. The dotted curve was obtained for m}
=300 m,, m* = 1000 m,, F = 0.25.
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to a significant extent by the exciton effective mass. Decreas-
ing the frequency leads to a decrease in the density of states;
in the region of frequency w; — w> 50 cm™', the value of
the exciton effective mass has practically no effect on the
character of the function g(w) and the value of the group
velocity Ve (w).

7.COMPARISON OF THE EXPERIMENTAL RESULTS WITH
NUMERICAL CALCULATIONS

It follows from our calculations that in the frequency
region wz = @ — 1403 cm™', the change in the density of
final states g(@ — €,) can be neglected as the frequency w

— ®@$200 cm™! varies, and the frequency dependence of
the intensity of the RS component takes the form

Inx1/Vy(w). (11)

This relation describes the results of experiment to a high
degree of accuracy up to frequencies w,; — w3225 cm™!
(Fig. 10). For the frequency range o, — @ <10 cm™!, at
T = 1.9 K the condition of weak absorption kd €1 is violat-
ed; because of this, it is necessary to use the exact relation in
place of (11), taking into account the multiple transmission
and reflection of polaritons excited in the plane-parallel
crystal planes:

1—exp(—kd)

(')= -t _ i < S S
=L () AR b

(12)

where R is the reflection coefficient. The quantity (/)"
determines the fraction of polaritons undergoing Stokes RS
by a phonon with frequency €, relative to the overall num-
ber of polaritons scattered in the crystal as a result of all
processes of both Stokes and anti-Stokes scattering by opti-
cal and acoustic phonons.

Taking into account the variation in the magnitude of
the absorption coefficient x(w) < »(w) determines all the
anti-Stokes polariton scattering processes) and reflection
coefficient R(w) with frequency, we can evaluate correc-
tions to the intensity of the Stokes RS components in the
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FIG. 10. Comparison of the experimental dependence of the intensity
component of Stokes RS component by the phonon at 1403 cm~' (2—
T=1.9K and 3—T = 10 (K) with calculated values of ¢/ ¥, (w) plotted
ascurve 1. The circles denote corrected values of 7 ;" taking into account
the absorption and reflection coefficients. Curve 4 was calculated using
Eq. (13).

2562 Sov. Phys. JETP 67 (12), December 1988

frequency range w > 25070 cm ™~ (the corresponding values
Iy are denoted by circles in Fig. 10). It is clear from Fig. 3
that a similar correction broadens the frequency range in
which we observe agreement with the experimental func-
tions I (@) and 1/V, (w) practically up to w =

It should be noted that if we no not include optical-
exciton mixing, the dependence of the light intensity due to
RS by phonons of the sth branch near resonance is primarily
determined by a factor of the form'

In<[(0’—0r") ((0—Q,)*~0r*) ]2 (13)

Curve 4 in Fig. 10 shows this function. It is clear that in this
case there is a significant disagreement between the calcula-
tions and the experimental data.

Let us now investigate the processes of Stokes RS by
phonons with O, €w, ;. In this case, calculations of g(w)
show that even in this frequency range it is not permissible to
neglect the variation in the final state density. In Fig. 11, the
solid trace is the frequency dependence of the intensity of the
Stokes component for RS by Q, = 49 cm ™~ phonons

I heor <8 (0—21)/Vi(0),

[g(w — Q,) is the calculated dependence of the final state
density]; the points are from experiment. The circles, as in
Fig. 10, denote corrected values of I "’ (w) near resonance,
taking into account the coefficients x(w) and R(w). It is
clear that agreement is good in this case.

Let us now investigate the anti-Stokes RS processes. At
low temperatures (7 = 1.5 to 10 K) these processes are de-
termined by the probability of interaction with acoustic
phonons (2 and (partially) with the low-frequency optical
phonons , = 49 cm ™. The interaction of polaritons with
higher-frequency optical phonons does not give any contri-
bution to the anti-Stokes RS processes, because their occu-
pation number is negligibly small.

For anti-Stokes RS of polaritons we have

17« g(@+Q,) [exp(Q/ET)—1]-1. (14)

From this relation it follows that at fixed temperature there
is a significant increase in probability for anti-Stokes RS in
the immediate vicinity of resonance, which is essentially de-
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FIG. 11. Comparison of the experimental dependence of the intensity
component of RS by the phonon at 49 cm~"' (black dots) with calculated
values of 1}’ « g(w — Q,)/V, (@) (solid curve).
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termined by the sharp rise in the spectral density of final
states in the region w + Q ~w;. Hence, as the polariton fre-
quency increases, i.e., » = @, —»®, there results an occu-
pation of the states near the bottom of the exciton band; in
addition, bands of exciton luminescence appear in the emis-
sion spectrum along with the Stokes RS components. Up to
this point, so long as the mean free path of the polaritons
remains fairly large (k ~'(w) >d), the enhancement of the
processes of anti-Stokes scattering by phonons leads only to
a growth in intensity of the exciton luminescnce and leaves
the character of the variation of the Stokes RS component
intensity practically unchanged. Because the probability for
anti-Stokes scattering ¥ ~’ grows considerably more rapidly
than the magnitude of the Stokes RS ¢! *’, as is apparent
from the relation

NP «g(0+Q.) /g (0—Q0), (15)

the polariton mean free path begins to be essentially deter-
mined only by the anti-Stokes scattering processes as the
frequency w,, increases, and eventually becomes compara-
ble to or less than the thickness of the crystal
(k "“(w)=» "(w) <d). Since the opposite relation /,>d
holds'® for the mean free path of polaritons relative to Stokes
scattering processes under our experimental conditions, en-
hancement of the anti-Stokes scattering leads to a falloff in
the RS intensity I, and eventual saturation of the exciton
luminescence intensity. In this case it is easy to convince
oneself with the help of (12) that for values kd > 1

" ~1,(1—R)/kl,. (16)

For frequencies w,, > @, the quantity k(w) attains a value
for which kI, > 1 (y{*’>y{ ), and the Stokes RS compo-
nents practically disappear from the emission spectrum, so
that the latter is entirely due to intrinsic exciton lumines-
cence. In other words, with the enhancement of the anti-
Stokes scattering processes there is a decrease in the effective
region of the crystal (k ~—'>d) in which Stokes RS can oc-
cur. The luminescence intensity in this case is determined
only by the function R (w):

IL=IO(1_R)- (17)

Our description of the transformation of the emission spec-
trum as w — w ; fully coincides with the experimental data in
Figs. 3, 6, and 7.

Increasing the temperature leads to a growth in the
phonon occupation numbers and an enhancement of the
anti-Stokes RS, and correspondingly to a growth in the exci-
ton luminescence intensity and a falloff in the Stokes RS
component. The influence of temperature on the variation in
spectral content of the emission is apparent in the results
shown in Figs. 2, 3, and 5.

We also note that the observed structure (in the form of
“steps”) in the frequency dependence of the absorption coef-
ficient for the region w ~w; — €, (curve 2 in Fig. 6) points
to the presence of a peak in the density of states near w ~ w7,
which agrees with the results of calculations of the density of
states. Furthermore, the magnitude of the step (relative to
the broken trace in Fig. 6) allows us to conclude that the
processes of anti-Stokes scattering by acoustic phonons and
by the optical phonon §2, = 49 cm ™' in the region o, ~wr
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— Q, are roughly equally probable, i.e., ¥’ =y{~’. By

making use of these facts, we can arrive at an estimate of the
relative growth of the density of states g(w) as the polariton
frequency varies from w ~w; — 29, to w ~w. Including
the fact that the luminescent quantum efficiency for anthra-
cene crystals is close to unity, the following relation can be
shown to hold:

Ie=92) 2+ 20 5 9o ) glon)
IR0 —) 75" 7" g (or —29)

(18)

where I, (o — €,) is the luminescence intensity integrated
over the spectrum when the frequency of the excitation light
isw,, =w; — Qy, and n(Q,) is the occupation number for
optical phonons with Q, =49 cm ™' at 7= 8 K. Substitut-
ing into (18) the numerical values used in Figs. 2, 6, and 7,
we obtain

g(or)/g(0r—2Q,)~ (1.5%0,5) - 10°

This value is found to be in good agreement with the calcu-
lated density of states (Fig. 9) when the exciton effective
mass is chosen so that m¥* 2 300 m,.

In conclusion, let us examine the character of the func-
tion I, (w) over a wide interval of frequency variation. In
Fig. 12 we show the results of measuring I "’ in the frequen-
cy range 15800 cm ™' < w,, <25 100 cm ', which were ob-
tained using a tunable dye laser and discrete lines of HeCd,
Ar™* and HeNe lasers, along with the calculated values of
I taking into account the variation in V,(w),
S(w)S(w — Q,),and g(w — Q,) in the entire frequency in-
terval (curve 2 of Fig. 12).

Analysis of the experimental data and the calculation
results shows that in the frequency range w; — w <700
cm~ ' the change in I ", which amounts to 4 orders of mag-
nitude compared to its maximum value in the resonance re-
gion, is well described by invoking three simultaneous fac-
tors: the increase in group velocity V, (), the decrease in
the density of final states (which becomes significant for
large values of the frequency w), and also a roughly twofold
falloff in the magnitude of S(w)S(w — Q,). However, over
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FIG. 12. Dependence of the intensity component I, (w) for Stokes RS by
the phonon at 1403 cm ™ ' over a wide interval of measured w,, : I—experi-
mental data, 2—calculation.
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the entire frequency interval (o =25 100 cm~! to 16 000
cm™'), in which the falloff of I {’ should amount to ~ 5-10”
according to calculations, the actual falloff of J O (w) turns
out to be considerably less ( ~ 10°). This disagreement in the
variation of the RS intensity 7 " (w) indicates that over a
wide range of frequencies the application of Eq. (4) for an
isolated resonance is not justified, and that for a quantitative
comparison it is necessary to take into account contributions
from higher energy electronic transitions, which, as is well
known, possess quite large oscillator strengths.

8.CONCLUSIONS

To conclude, in this paper we have carried out a detailed
investigation of the way the secondary emission spectrum of
anthracene crystals changes as the optical excitation fre-
quency varies within rather wild limits (0, — w,, <700
cm™') near the lower exciton transition; in addition, we
have delineated the effect of temperature on the spectral con-
tent of the radiation. All the results of our experiments can
be consistently explained within the framework of the polar-
iton representation. The numerical calculations we have car-
ried out of the dependence of the intensity components of
Raman scattering by various optical phonons (), €@, and
Q, >, 1) are in good agreement with the experimental re-
sults.
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