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We investigate the singularities of the frequency-angle spectra of spontaneous parametric scattering of light by 
polaritons in a number of ferroelectric crystals such as lithium niobate, potassium dihydrophosphate, lithium 
formiate, iodic acid, and others. It is shown that most of the observed singularities can be successfully 
explained within the framework of the model of interference between the background and resonant values of 
the tirst- second- and third-order susceptibilities of the medium. 

PACS numbers: 77.80. - e, 78.20.Dj, 7 1.36. + c 

The rapid advances in laser  spectroscopy of media 
have led to the appearance of new types of spectroscopy, 
in which information is provided not only by the f re-  
quency w of the scattered o r  absorbed electromagnetic 
waves, but a lso  by their wave vector k. One can speak 
therefore of "two-dimensional" spectroscopy in (w - k )  
space. One of the phenomena on whose basis a method 
of spectroscopy in (w - k) space can already be devel- 
oped to a sufficient degree i s  spontaneous parametric 

- scattering of light by polaritons, LSP (see, e.g., Ref. 
1). However, extensive applications of this method a r e  
impeded by the fact that the LSP has not been sufficient- 
ly well studied, particularly near the natural vibrations 
of the lattice. 

We investigate in this paper the effect of the interfer- 
ence of the first- ,  second-, and third-order suscepti- 
bilities of the medium in the vicinity of an isolated lat- 
tice vibration [characterized by a dipole moment and 
a Raman-scattering (RS) tensor] on the frequency -angle 
distribution of the intensity of light scattering by polar- 
itons. The singularities of the light scattering by po- 
laritons in lithium niobate (LiNbO,), lithium iodate 
(LiIO,), potassium dihydrophosphate (KH,P04), deuter - 
ated potassium dihydrophosphate (K(Hp,-,)PO4), 
ammonium dihydrophosphate (NH,H,P04), lithium for- 
miate and deuterated lithium formiate (LiHCOO.H,O 
and LiHCOO.D,O), and iodic and deuterated iodic acids 
(Li,Na,,HCOO- H,O), (a-HI03, a - ~ I o , )  a r e  explained 
within the framework of the interference of the back- 
ground and resonant values of the susceptibilities. 

The intensity of a signal wave with a frequency w, 
and a wave vector k, in a three-frequency parametric 
process i s  determined by the imaginary part  of the in- 
crement ~ c ( w , )  added to the dielectric constant by the 
strong pump field (w, and k,). The signal wave has a 
maximum gain and consequently a maximum intensity 
if the condition of spatial synchronism 

i s  satisfied. Here k is  the wave vector of the additional 
(polariton) wave, whose frequency i s  determined by the 
condition 

0=0'-011 (2) 

The conditions (1) and (2) lead to a unique relation be- 
tween the frequency-angle spectrum of the scattering, 
on the one hand, and the dispersion characteristics of 
.the medium, on the other. 

Knowledge of the dispersion of the medium in the 
transparency region, which usually contains the signal 
and pump frequencies, together with the LSP spectra; 
makes i t  possible to determine the dispersion of the 
medium a t  the polariton-wave frequency, which can 
land in the region of the natural vibrations of the lat- 
tice. In those cases when the polariton-wave frequency 
i s  far enough from the frequencies of the resonances 
(by several line widths), information on the scattering 
medium is provided by the following elements of the 
of the LSP spectra: 

a) The tuning curve, determined from the condition 

yields information on the dispersion curve of the lattice 
and the function E'(w). 

b) The angular and spectral widths of the tuning curve 
yield information on the absorption coefficient and the 
function E"(w). 

c) The scattering intensity (integrated over the scat-  
tering angle a t  the given frequency , a s  well a s  the am- 
plitude) yields information on the components of the 
quadratic-susceptibility tensor x,,,. 

On the other hand, if the polariton frequency ap- 
proaches the lattice resonant frequency, the linear and 
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cubic susceptibilities that characterize the given reso- 
nance begin to influence the scattering intensity and the 
frequency -angle spectrum. The complete formula for 
the LSP intensity for this case was obtained in Refs. 2 
and 3. Since this formula is too complicated to use in 
general form for polyatomic crystals, it is  not given in 
the present article. The analysis that follows will make 
use of substantial simplifications. We investigate the 
intensity distribution in the vicinity of an isolated reso- 
nance of frequency w,. It is  assumed that the first-, 
second-, and third-order susceptibilities a re  of the 
form 

Here c,, x,, 8, determine the contribution of the vibra- 
tion, r is a phenomenological constant of the vibration 
damping, and E,, x,, 0, a r e  the susceptibility values and 
a re  determined by the contributions of the electronic 
and other lattice vibrations, which a r e  slowly varying 
functions. 

In addition, we neglect the tensor character of the 
susceptibilities and the influence of the longitudinal 
resonant wave. Under these assumptions, x,, E,, and 
8, a r e  connected by the condition4 

~ ~ ~ = e , 8 , .  (4) 

The function describing the frequency-angle distribu- 
tion of the scattering intensity in the resonance region 
assumes under the foregoing assumption the form 

where 

We investigate the change of the form of F(w, k) with 
changing b and l?. The remaining parameters a re  
fixed. 

REGION WITH ZERO SCATTERING INTENSITY ON 
THE UPPER POLARITON BRANCH 

The first  explained singularity of the frequency-angle 
distribution was the presence of a section with zero 
scattering intensity (intensity dip) on the upper polari- 
ton branch (at frequencies higher than the resonant fre- 
quency of the  vibration^).^^^ The cause of the dip was 
interference between the lattice and electronic parts of 
the quadratic susceptibility, a s  well a s  "linearization" 
of the crystal a t  a frequency close to 1400 cm-'. 

A dip on the upper polariton branch i s  easily obtained 
also within the framework of the considered model when 
the parameters b and I' a r e  widely varied. For exam- 
ple, a t  b = 13 and l?= 10 cm-' (LO-TO splitting, in which 
w,, - w,= 10 cm-l) the distribution of the intensity on the 
(w-k) plane takes the form shown in Fig. 1. A dip on 
the upper polariton branch is observed also in the lithi- 
um iodate crystal,' where it covers the region of the 
one-dimensional synchronism at  a frequency close to 
1000 cm- '. 

At small l? (I'< w,, - w,) the line has a Lorentzian an- 

FIG. 1. Scattering-intensity distribution in  w - k space (Eq. 
(4) at b =13, r=10 cm'l, w,, - wo=10  cm-I). 

gular profile (Fig. 2, solid line) and does not depend on 
the measurement frequency. An increase of the damp- 
ing constant (I'> w,, - w,) leads to a change in the scat- 
tering line shape. The corresponding cross section of 
the intensity with respect to angle i s  shown by the 
dashed line of Fig. 2 for the distribution obtained a t  r 
= 30 cm-', b = 6, and w,, - w,= 10 cm" (the cross-sec- 
tion frequency is the same a s  in the preceding case). 
The lines a re  seen to have wings a s  well a s  dips a t  
certain scattering angles a t  which the intensity is  zero, 
a feature typical of the Fano antiresonance case.8 The 
crystal-linearization frequency i s  independent of I'. 

The frequency of the dip shifts upon decrease of the 
quantity 8,, which characterizes the intensity of the 
Raman scattering of light by the lattice vibration. If 
the condition I'< w,, - w,, is satisfied, then the line con- 
tour remains Lorentzian. The dip localized on the up- 
per polariton branch near the resonant frequency i s  ob- 
served in the lithium-sodium formiate spectrum, the 
f i rs t  published form of which i s  shown in Fig. 3. The 
location of the dip i s  marked by the arrows. We note 
that the dip on the tuning curve i s  localized at angles 
close to the synchronism angles of the unperturbed po- 
laritons (to the angles that the polariton would have in 
the absence of resonance). 

In all  the considered cases the dispersion curve of 
the scattering medium takes has the form of a normal 
anti-crossing, i.e., of two repelling branches, of which 
the upper (frequency >w,,) tends to the longitudinal fre- 
quency of the resonance, while the second, lower (fre- 
quency lower than w,) approaches the transverse f re -  
quency asymptotically with increasing scattering f re-  
quency. 

The optical properties of the medium a r e  described 
in the course of the scattering by the dielectric con- 
stant without allowance for absorptiong: 

FIG. 2. Angular scattering-line shape at fixed frequency: 
solid line-b= 3, r = 10 cm-I; dashed line-b = 6, l? = 30 cm'l . 
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FIG. 3. LSP spectrum of lithium-sodium formiate crystal 
at the scattering geometry XY( 2, XY) XY+ A 2. The dip of 
the scattering intensity is located at the intersection of the 
arrows (@s is the scattering angle). 

ASYMMETRY OF FREQUENCY-ANGLE DISTRIBUTION 
OF SCATTERING INTENSITY 

Further decrease of the RS resonance tensor leads 
already to noticeable changes in the frequency-angle 
spectrum, namely, to the appearance of a strong asym- 
metry in the angular dependence of the scattering inten- 
sity on the upper and lower branches near the reso- 
nance. Asymmetry of this type manifests itself in ex- 
periment in the fact that the scattering intensity on the 
upper branch, a t  scattering angles smaller than the 
synchronism angles of the unperturbed polariton, is 
much less, by a factor of ten and more, than the scat- 
tering intensity on the lower branch, a t  angles larger 
than the synchronism angle of the unperturbed polari- 
ton, and is observed in the spectrum of potassium pen- 
taborate a t  frequencies 2000-2400 cm-'." The function 
(4) gives a similar distribution, for example, a t  b = 1, 
r=  10 cm-', w,, - wo= 10 cm'l (Fig. 4). The line shape 
remains Lorentzian in this case. In the same potassi- 
um-pentaborate spectrum there a r e  also cases of inter- 
section of the lattice vibration with the polarization 
branch, at which a vanishing of the LO-TO splitting is 
observed and a dispersion-curve section with anoma- 
lous behavior i s  observed. The vanishing of the LO-TO 
splitting is due to the increase of the damping constant. 

FIG. 4. Distribution of the scattering intensity in (w - k) 
space Iformula (4)l at b =1 ,  r = l o  cm-1, w,, - wo= 10 cm-1). 

This distorts the line shape in such a way that the slope 
on the side of small k (small scattering angles) becomes 
noticeably steeper than the slope on the side of large k. 
The difference between the scattering intensities a t  
small and large angles is preserved. 

Further increase of I? causes the scattering intensity 
to decrease also a t  large angles, a t  w= wo. It should be 
noted that the scattering amplitude a t  the line center de- 
creases, and a t  a given frequency the intensity inte- 
grated over all  the scattering angles remains unchanged. 
The scattered light retains a noticeable intensity only 
near the synchronism angles of the unperturbed polari- 
ton. The curve section with the anomalous dispersion 
becomes weakly pronounced. 

This frequency -angle intensity distribution is illus- 
trated by sections of the spectra of the crystals KDP, 
ADP, and DKDP in the vicinities of the vibrations of the 
OH and OD groups." In all  the considered cases the 
dispersion curve can no longer be described by the func- 
tion (6), and the absorption must be taken into account. 

ANOMALOUS BRANCH OF THE SCATTERING 

One of the most interesting singularities observed in 
the spectra i s  the appearance of a scattering brapch 
with anomalous dispersion within the LO-TO splitting. 
In the distribution given by condition (4), the anomalous 
branch appears if b s 0.01 and I? 6 w,, - w,. An anom- 
alous branch in the LO-TO gap i s  observed in experi- 
ment in the biphonon region a t  the frequency 4180 cm-' 
in the spectra of lithium formiate and of deuterated lith- 
ium formiate and of deuterated lithium formulate.12 

Figure 5 shows spectrum densitograms obtained a t  
given frequencies with variation of the scattering angle. 
The cross sections 1 and 2 lie on the lower polariton 
branch, and 6 and 5 on the upper. The sections 3 and 4 
a r e  drawn within the region of the LO-TO splitting, 
which in this case i s  equal to 20 cm-l. The same fig- 
ure shows the curve joining the intensity maxima de- 
termined from the obtained cross sections. Thus curve 
depicts uniquely the dispersion curve of the crystal in 
the investigated section of the spectrum, a curve de- 
scribed no longer by Eq. (6) but by the expression4 

FIG. 5. a) Densibgram of the LSP spectrum of lithium formi- 
ate in the vicinity of the second-order vibration (wo=4180 cm-I) 
at the following frequencies: 1-4100, 2-4160 Uower branch), 
3-4185, 4-4190 (within the LO - TO gap), 5-4210, 6-4250 
(upper branch). b) Line of maxima, determined from the 
densibgram. 
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The ratios of the intensities outside and inside the re-  
gion LO -TO splitting, measured in the lithium-formi- 
ate spectrum and calculated from (4) under the assump- 
tion I?= 10 cm-', w,, - w,= 10 cm", turned out to be 
close. 

The simplified model used in this paper for the inter- 
ference between the susceptibilities of different orders 
has made it  possible to explain qualitatively a number 
of the observed singularities, and has shown that in the 
case of a large number of lattice vibrations that a re  
close to one another the form of the spectrum can be 
too complicated to interpret. Thus, when the LSP 
method is used for spectroscopic investigation of ferro- 
electrics, an attempt should be made to use only "pure" 
orientations, such that the plane of the wave-vector 
triangles and the electric vectors of the waves lie eith- 
e r  in characteristic planes of the lattice o r  a r e  directed 
along crystallographic axes. Thus, it is impossible to 
explain the singularities observed in the spectra of 
a-HI03 and a-DIO, in the vicinities of the vibrations of 
the OH and OD bonds a t  the frequencies 2900, 2200, 
and 1160 cm-'. In all  probability, "triple" Fermi res- 
o n a n c e ~ ' ~  take place in this case between the bands of 
the noncoupled multiparticle states, polaritons, and 
weak first-order oscillations. This is quite feasible, 
in view of the rich phonon spectrum of the crystals and 
the strong anharmonicity of the vibrations of the OH and 
OD groups. 

In conclusion, the authors a r e  deeply grateful to 
L. V. Keldysh and D. N. Klyshko for helpful discus- 
sions, interest, and assistance with the work. 
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