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Parametric luminescence of light[ 7 ' BJ in crystals involving polariton excitation, which can also be
interpreted as Raman scattering by polaritons, is considered. The dependence of the intensity Is of
such scattering on the scattering angle e and other parameters of the problem is investigated. It is
shown for GaP and ZnO crystals that the polariton nature of the excitation may result in the appearance of a strong dependence of Is one small values of e. Thus in ZnO the scattering intensity
changes by approximately 10 times in the region between e "'0-4°. Some characteristic features of
Raman light scattering by longitudinal optical phonons are also investigated for small values of e.
The theory is in qualitative agreement with the experimental data.[3, 4 J
ciently intense 1 l tunable coherent source of infrared or
IT is well known that the electromagnetic waves intersubmillimeter radiation, since SRS by polaritons is acact strongly with phonons that are active in the absorption spectra of crystals, provided that both have nearly
companied by the emission of the appropriate frequenequal frequencies and wave vectors. [ lJ The results of
cies.
the interaction are excitations of mixed electromagnetic1. ANALYSffi METHOD
mechanical nature, [ ZJ called polaritons. They can be regarded as a particular case of photons in a medium
The already mentioned spontaneous decay is due to
(quanta of the macrofield energy).
the interaction
The polariton character of the excitations becomes
manifest in the Raman scattering (RS) spectra of light
W = _.!_ ~ J(r)A(r)dv
in piezoelectric crystals, in the form, for example, of
c
the recently discovered kinematic effect of the decrease
between the Coulomb system and the transverse macroof the Stokes frequency shift of the scattered wave with
field in the medium, which is quantized in accordance
scattering angle e (in the case of oscillations that are
with [ 11 ' 12 l (divA= 0), and is described in third order
active simultaneously in the absorption spectra and in
perturbation theory. The light flux B{n) at the frequenRS of light[3-SJ). This decrease occurs in the region of
cy ws, scattered in a unit solid angle near the direction
small scattering angles (e"' 0-6°), when the quasimon
= ks/ks can be represented in the form
mentum nk transferred to the crystal by the exciting
radiation in the visible region becomes commensurate
with the quasimomentum of the electromagnetic wave in
{1)
the vicinity of the resonant frequency of the lattice vi(2)
brations. The observable change of displacement is
quite appreciable in this case: a change of the Stokes
Here nil ei, and Yi are respectively the refractive inshift by a factor of 2. 5 was observed in [ 4 l.
dex, the polarization unit vector, and the cosine of the
The question of the angular shift of the scattering
angle between the group and phase velocities of the i-th
frequency was discussed in detail in [ 3 - 6 l. The present
wave; I L is the intensity of the exciting (laser) radiapaper is devoted to a theoretical investigation of the
tion, l/J is the angle between the wave vectors ks and
angular dependence of the intensity of RS by polaritons.
kp, Kijk is the tensor of nonlinear susceptibility of the
Since the polariton is essentially a photon in a medium,
medium, ap is the polarization of the produced polariwe can treat the RS as a particular case of parametric
ton, and V is the volume of the scattering section of
luminescence (PL), l 7 l when the latter is accompanied
the body. In the derivation of {1) we took into account
by polariton excitation, [ s-lOJ or else as spontaneous
the fact that the energy and momentum are conserved in
decay of a photon w L of exciting radiation, say from a
the elementary decay act:
laser, into two photons: a Stokes photon ws and a polariton Wp·
{3)
We note that besides the study of the RS of light, an
investigation of processes of this kind is very important Formula {1) is a generalization of the result of Klyshalso for the description of stimulated Raman scattering
(SRS) by polaritons, since the probability of spontaneous
')The ratio of the powers of the SRS and the polariton radiation
scattering at a given angle determines directly the bewhen Wp is quite removed from the frequency of the optical phonon
havior of the SRS. This question is of particular interest Wf (when the decay becomes small) has an order of magnitude
in connection with the possibility of producing a suffi- Wp/Ws- 10-3 .
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ko[ a, 91 to include the arbitrary case of anisotropic
crystals; this is our starting formula.
As Wp approaches Wf-the frequency of the infraredactive photon f, the PL goes over into RS on polaritons.
Accordingly, the investigation consists of the application of the general formula (1) to this case. We use here
explicit expressions for Kijk/ 13 -ls 1 and assuming that
WL and Ws lie in the visible part of the spectrum, we
retain in these expressions only the terms containing
frequency denominators with wp. This makes it possible to connect Kijk with the RS tensor alf>:[ 16 • 17 1
(!J

a;; (wL,Ws)=

V2
"'
·
L.J
liwLw,yN 1

[

lo1i II!! ]
-I o1;-l1/
-+--,
ww-wL

w10+w,

(4)

which describes the "ordinary" RS, i.e., RS without allowance for the polariton effects (N -number of unit
cells in the volume V, Jnm-matrix elements of the
current-density operator, taken at the origin between
the state satisfying the quasimomentum conservation
law). An analysis of this connection makes it possible
to separate explicitly the influence of the polariton effect.
2. RAMAN SCATTERING BY POLARITONS
The explicit connection between
the following:

l'N
[ Ito; (f)
'Kjkj (Ws, Wp) = ---;--Ji ~ - - - Uki (WL,
! Wp t
(i)j-Wp

Ws)

K

and

loti
+ Wf+Wp

(J)

----Uik (

Ws,

WL)

]

( 5)

-

;

(Jv)

,

( 6)

•

eot + BnV ~ PtoiPto;(i)tli-•(wl-

we obtain in the case of anisotropy crystals
Bf(Q., ap)

II (Q
1

flux B~ (U) in a unit solid angle, emitted in ordinary RS,
when the crystal goes over during the scattering process to a final state f. The expression for B~ (U) can be
readily derived by a semi-phenomenological method in
second order perturbation theory (see also [H, 161 ),
namely

N( w,c )\L!!!..
~ le,i(k,)at>(wL)eLJ(kL) l h.
nL
2

(7)

v

Substituting (6) in (1) and taking into account the character of the polarization of the Coulomb exciton, [lB- 20 1
and also making allowance for the relation2 >
(8)
2 >The fact that the poles of n, as can be seen from (8) correspond
to the energies of the Coulomb excitons Wf [ 18 ], signifies that the frequencies of the lines observed in the phonon spectra coincide with the
resonant frequencies of the refractive index.

=

(9)

B/(Q)IIt(Q, ap),

( 10)

)_
(i)f011p/owp
,ap- np+wponp/8wv-c(v,y,)-1 cosljl

In the case of cubic crystals it is necessary to sum (9)
additionally with respect to ap, in view of the fact that
both polarizations a are on par. The result then coincides with (9) and (10), if ap is omitted from the latter
equations.
Thus, owing to allowance for the polariton effect, the
quantities Bf and B~ differ from each other by a factor
llf, which we shall call the polariton factor. At sufficiently large scattering angles (} (roughly speaking,
when sin ( (} /2) >> Wf/W L), we have llf- 1, since Wp
- Wf and consequently Bf- B~. 3 >
As to the quantity cos l/J in (10), it can also be expressed in terms of the macroscopic parameters. In
the numerical calculations it is more convenient, however, to deal with the following function:
where (} is the scattering angle in the crystal, i.e., the
angle between k L and ks • Assuming that w L s
>> wp, f, we get
'
(11)
~nLs = nL(wL)- ns(wL). The quantity ~nLs can be
different from zero if the exciting radiation and the radiation scattered in the anisotropic crystal have different polarizations.
Formulas (9)-(11) are the final formulas and can be
used directly for the investigation of various particular
cases.
Let us examine in greater detail the case of cubic
crystals. Using (3), and also the fact that now ~nLs = 0,
as well as the well-satisfied inequality Vs >> cwp
x (2nLwL>-\ we can rewrite llf in the form

We introduce further into consideration the energy

Bot(Q.) =

(i) 2 )-•,

f

Z=npcos'l' = cwp-1 (kLcosO-k,),

and the difference between the frequencies WL and Ws
can be neglectedY6 • 171 Then, taking into account the
relation Jz 0 = -JoZ = -iwz 0 PZ 0 we can represent (5) in
the form
21(N"' WtPtv,oUik (wL)
1i L.J
wf- Wp2
tv

e;f(w)=

reduces to

0!

We shall henceforth confine ourselves to an isolated
phonon line Wf, in the vicinity of which Wp is located,
so that only the mutually degenerate states take part
in the summation over f. To number these states, we
introduce an additional index v. In the transparency region, the tensor alJV> can be regarded as symmetrical

.. ~ !Q _
x,.
= x,,.-

where[ 181

IIt= (f)piJep/iJwp

Wt iJep/iJWp
1nL)2sin2(9/2)'

+ B(wLwp

£p

=

11 P 2•

(

12

)

In the low-frequency region we can put for the dielectric constant[ 11
ep

== ev (w =
p)

Eoo

+ oof'(e,

1 -

eoo)

(oor-

OOp2 )-•,

(13)

where Est and E00 are the static and high-frequency
(relative to Wf) dielectric constants.
As a result, the problem of finding llf(8) has been
reduced practically to the determination of the Wp(B)
dependence. The latter can be determined from the energy and momentum conservation laws (3).[3, 41 We note
also that in the case of forward scattering (B = 0) we
have llf = Wf/Wp and that for the lower polariton branch
llf > 1.
3 >We confine ourselves to a discussion of scattering by the lower
polariton branch.
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3. BEHAVIOR OF B~(g) AND SCATTERING BY
LONGITUDINAL PHONONS IN THE REGION
OF SMALL fJ

1,0 (8)= mlxxyzl 2 sin2 (0- u), cosu

(fx)

= 411 ay,

.

j• sm• 0
b=

{cos 8 - "fb 2

+ 4 sin

4(

8/2) ]2

+ 4sin•(8/2)

b•

b(S)=~-c-~1.
(t)s

(14)

nsVs

At large () (e >>b), the expression for ls(fJ) goes over
into the approximate formula obtained in [7 ' 21 l:
1,(8) = Mj a~,x) j 2 cos2 (38/2),

whereas at small() appreciable differences occur.
Retaining the same geometry of experiment as before, we obtain the intensity of scattering by a longitudinal optical phonon:

-

1•(S)- m

I

jl

+4 sin4 (8/2) + sin• 8]2
a2 + 4 sin2 (8/2)
'

{cos 8l'a2

?<x•z

a=

(15)

cro/' (n,v,ffi,) -t ~ 1.

At large scattering angles (e >> a), (15) goes over into
the well known result[ 6 ' 15 3
T,(S)= m!xxy2 j 2 sin2 (38/2),

l /P.

i.e., in the dependence of Is and t::.fJ can be neglected in
the small angle interval Is e.

As seen from (9), the scattering intensity is determined by the products of two quantities, namely, B~ and
the polariton factor Ilf(n, ap) (10). Since the properties
of the latter have already been discussed above, we
shall investigate now the behavior of B~ in the region
of small scattering angles. This quantity determines
completely the intensity in those cases when the polariton effects are completely missing and the factor Ilf in
(9) should be simply omitted in the entire region of angles () (for example, in the scattering by longitudinal
optical phonons).
It is important to note, however, that in considering
scattering at small angles it is necessary to take exact
account of the geometrical relations between the vectors of the waves that take part in the scattering process. Thus, in the region of large 8 we can neglect the
difference between the lengths of the vectors kL and ks
(since kL- ks << q, q = lkL- ks I). Assuming, in particular, that l/J = (rr- fJ)/2. This can no longer be done at
small values of (), for here q ~ kL - ks· This circumstance was not reflected in earlier works on RS in
crystals. [ 213
Let us examine, for example, scattering by a transverse optical phonon in a cubic crystal, using the setup
geometry corresponding to Fig. 1, in a coordinate system whose axes coincides with the twofold axes of the
crystal C2 if kL II OX and eL II OZ. Scattering is observed and is polarized in the XY plane (eL l es) plane.
In this case the intensity of scattering at a distance R,
without allowance for the polariton effects, is
1,"(0) = Bof(S)/R"

=

(15')

In the region of small angles (e :5. a), however, the functions Is and ls behave in essentially different manners.
Finally, let us assume that kL is parallel to the
three-dimensional diagonal of the crystal-lattice cube,
and the light scattered by the transverse phonon is observed in a plane passing through kL at one of the
edges of the cube, with ls lying in the same plane and
lL perpendicular to it. In this case we have

FIG. 1

4. DISCUSSION OF RESULTS AND COMPARISON
WITH EXPERIMENT
Experimental investigations of polariton effects
were carried out on crystals GaP,[3J Zn0,[ 4J and aquartz,[SJ the RS being excited with gas lasers. Principal attention was paid there to the kinematic aspect
of the problem, namely to the determination of the dependence of the observed Stokes shift w13 = WL- Ws of
the scattered frequency Ws on the scattering angle e in
the region of small e. As regards the intensity ls(e),
proper attention has not been paid heretofore to its investigation at small angles 8, probably because of the
difficulties connected with registration of the scattered
radiation, so that we can speak more readily only of
preliminary results. This makes the problem of comparing the theory with experiment more difficult. Nonetheless, it is possible to advance in this connection a
number of considerations, which may perhaps be useful
also from the point of view of future experiments.
We consider first the cubic crystal GaP (class Td).
In [ 3 l they investigated scattering in this crystal near
the directions [ 100] and [ 111]. It was observed in the
case of the [100] direction that scattering by transverse phonons is missing in the angle region e > 1°,
and for longitudinal phonons in the region e< 1°. This
agrees with formulas (14) and (15). Borrowing from
[ aa, 23 J the values of the required parameters, we obtain4> a = 1.8° and b = 1.4°, so that the region of the
transition values of e, in general, corresponds to that
considered in [ 33 • Figure 2 shows (in relative units) a
plot of Is(e) obtained by us theoretically, by means of
formula (15), for the scattering in GaP by a longitudinal
phonon Wf = 404 em - 1 • The angles e correspond to
Stokes radiation in the crystal prior to its emergences
to the outside. The same figure shows for comparison
(dashed line) curve plotted in accordance with formula
(15')[ 6 • ZlJ ). We see that this curve does not hold in the
region of small e.
Inasmuch as in the case of transverse oscillations fs
- 0 near the [100] direction, we have investigated the
polariton effects for the [111] direction. Here I~(e)
""' const and the change of ls(B) is due entirely to the
factor Ilf(9). To calculate this factor we have used (12)
and (13), putting Est= 10.18, E00 = 8.46, nL = 3.32, "-L
4>In view of the fact that WL s are close to the absorption poles we
cannot identify Vs with c/ns, sine~ these quantities differ here by a factor of several times. The value of Vs was obtained by us by using (with
interpolation) the results of dispersion measurement [ 22 ).

V. V. OBUKHOVSKii and V. L. STRIZHEVSKii

288
Ill/

zu
FIG. 2. Angular dependence of the intensity of scattering by a longitudinal phonon (w" f = 404 cm- 1) in a GaP crystal.

= 6328 A., and taking the w (e) dependence from [3J.
The results are shown in }rig. 3, from which it is seen
that Is(e) grows quite appreciably (~2~) in the region
of small e. For the sake of comparison, we show also
the wp(e) curve.
From among the experimentally investigated anisotropic crystals ZnO and 0! -quartz, [4 , 5 l it is preferable
to use ZnO (class Csv) for a comparison of theory with
experiment, since the signal-to-noise ratio is somewhat higher on the spectrograms of [ 4 J. At the experimental geometry used in [ 4 l, fa is practically independent of e in the region e ~ 0-6°, so that it is sufficient
to consider the factor Ilf( e).
In the case when the laser radiation propagates in a
crystal as an ordinary (o) wave, and the Stokes radiation is detected as an extraordinary (e) wave, the polariton appearing in the RS spectra is ordinary (o). Therefore, to find np, we can use (13), in which Est and E00
are replaced by e:~t and e:~. Substituting (11) and (13)
in (10) and neglecting the difference between y s and
unity at small e, we obtain
Ilt(8)rop(e1,•-e:l)
1/z CJlp ae_j_pjarop- A] '
- Wt[1-(wp/rot) 2 )2[e_]_p

+

A= _c Z(8).

v,e
This formula can be calculated numerically, as was

(16)

Wp(6J
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---
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FIG. 4. ls(8) plot for scattering in ZnO crystal (wf = 407 cm- 1) in
the region of small 8. The scattering indicatrix is shown schematically
in the right-hand corner. Points - values of ls(8) in accordance with the
spectrograms from [4 ].

done by us for the following values of the parameters:
AL = 4880 A, Wf = 407 em-\ ne(wL) = 2.0815, n°(wL)
= 2.0644, v~ = 0.3914 c. The results are shown in
Fig. 4 in the form of a solid curve for Is(e) together
with a dashed curve for wp(e). We see that in a region
LJ.e spanning ~ 4° there is a sharp decrease of Is(e) (by
a factor of almost 10). From the spectrograms contained in [ 4 l, we have determined the experimental values of Is(e), assuming them to be proportional to the
height of the maxima. We took into account here the
fact that the quantity Is(e) investigated by us is in fact
the intensity of the given RS line, observed at a fixed
angle e, and integrated over the frequencies within the
limits of the broadening lifw due to the decay of the
phonon. If lif(w) and the spectral width lisw of the output slit are small compared with the line width f:l.w registered on the spectrogram, 5 l then Is(e) can be approximately regarded as proportional to the heights of the
maxima. The values of Is(e) obtained in this manner
for e equal to 0.6, 1.2, 2, and 3.4° are also shown in
Fig. 4, and on the whole agree with the theory.
In conclusion we note that the angle interval f:J.B in
which polariton effects are appreciable could be much
larger if RS were excited in the infrared region, for
example, by radiation from a C02 laser. We note also
that the region of applicability of the theory developed
in Sec. 2 can be expanded by taking into account, besides the resonant processes also the contribution made
to x. by the nonresonant term X.o =e; e~etK~jk" In this
case (9) acquires an additional factor

U,5

A

xofiw,

= ---=---'----

2yN ~a<M(Ptvep)

u

z

which may turn out to be appreciable at sufficiently
large X.o (for example, in semiconductors with a narrow

e,

J
deg

FIG. 3. Angular dependence of the intensity of scattering by a
transverse polariton in a GaP crystal in the region of small 8. The frequency unit is Wf = 367 cm- 1• In the right-hand corner we show schematically the scattering indicatrix.

5l As a result of the polariton effects in the region of small 8, the
value of f:l.w is determined mainly by the aperture of the input slit and
increases with decreasing 8. In the ZnO crystal [4 ] we have f:J.w - I 00
- 30 cm- 1 in the angle region 8-0.6- 4°.
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forbidden band) with increasing distance away from
resonance.
The authors are grateful to I. I. Kondilenko and D. N.
Klyshko for a discussion of the results.
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