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Abstract

We report the results of the experimental study of the four-wave polariton scattering in LiNbO;. Different types of
scattering processes and their mutual influence are considered. Analyzing the angular dependences of the scattering intensity,
we show that the cascade coherent type of interaction is predominant in LiNbO;. Perspectives of the measurement of
refractive indexes and absorption coefficients at polariton frequencies are discussed.

PACS: 42.65.Dr; 42.65.~k; 63.20.—e

1. Introduction

Spectroscopy of light scattering by polaritons is an
extremely sensitive method for investigation of relatively
small variations of the medium properties. In contrast to
the Raman spectroscopy, it enables one to measure oscilla-
tor strengths and dispersion dependences both for the real
and imaginary parts of the dielectric function near phonon
resonances. Such effects as variation of the doping agent
concentration, spatial inhomogeneity, low-dimensional ef-
fects, etc., do not often influence Raman spectra, though
polariton state parameters change sufficiently. Dielectric
properties of various media in the vicinity of the optical
phonon frequencies as well as phonon oscillator strengths
can be measured also by fitting the infrared reflectivity
spectra. But in the case of scattering spectroscopy, all
measurements of the scattered light intensity can be done
in the visible range by a proper selection of the pump
frequency. This enables one to take advantage of the
visible radiation detecting technique. Besides, in the scat-
tering spectroscopy surface and bulk effects can be easily
separated.

The phenomenon of spontaneous three-wave scattering
by polaritons is successfully employed for investigating
the properties of crystalline noncentrosymmetric media
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[1,2]. Dispersion dependences of the real and imaginary
parts of the dielectric constant are determined by measur-
ing the two-dimensional frequency-angular distribution of
the scattered light intensity in the scheme of near-forward
Raman scattering. When the shift between polariton and
phonon frequencies is large in comparison with the phonon
damping constant, scattering occurs due to the second-order
optical susceptibility only. In this case, it is also called
spontaneous parametric scattering [3]. For scattering on the
upper polariton branch, it is known as spontaneous para-
metric down-conversion, a source of quantum noise in
optical parametric oscillators [3,4]. In the vicinity of a
phonon resonance, there is additional contribution to the
scattering intensity from the Raman scattering tensor.
However, the implementation of the spontaneous three-
wave scattering by polaritons is often limited because of
the low intensity of the scattered radiation. It makes the
investigation of microscopic objects and media with small
values of the quadratic nonlinear susceptibility y* ex-
tremely difficult. One can solve this problem using the
methods of four-wave mixing active polariton spec-
troscopy.

The first works in this area were started in the late 60s
[5] and are carried out up to now [6). The processes of
four-wave mixing were considered both for the case of a
centrosymmetric medium [7] and the case of a noncen-
trosymmetric one [5,8—12]. Most of the works were dedi-
cated to the analysis of the interference of direct and
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cascade four-wave mixing processes and the investigation
of cubic nonlinear susceptibility x® dispersion. The goals
of our work were to examine the features of the four-wave
mixing polariton scattering processes and to propose the
optimal experimental setup enabling us to measure the
polariton dispersion law w(k), the real €'(w) and the
imaginary €”(w) parts of the dielectric function.

2. Conditions of the experiment

Four-wave mixing scattering was studied in Mg-doped
lithium niobate crystals LiNbO,:Mg with different mass
concentration of the doping agent (0.68% and 0.79%). The
crystals were grown from approximately congruent melt.
The dispersion law of the polariton was measured before-
hand by means of three-wave scattering spectra (for com-
parison with the data obtained by the four-wave method).
The data on the refractive index in the visible and near IR
region were taken from Ref. [13] for the sample with Mg
mass concentration of 0.79%. For the sample with Mg
mass concentration of 0.68%, the data were calculated
taking into account the results of Ref. [13] for doped
crystals and [14] for pure congruent LiNbO,.

We implemented the most general scheme of the Stokes
four-wave interaction (see Fig. 1). It is similar to the
scheme proposed in Ref. [5], but instead of the anti-Stokes
interaction, the Stokes one is considered. In this case, all
pumping beams must have different frequencies. The use
of the Stokes scheme enabled us to observe three-wave
scattering by means of the same set-up when the exciting
pumping beams were switched off. Pumping waves with
the frequencies w, and @, located in the near IR region
(“‘exciting’” waves) excited the polariton state with fre-
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quency corresponding to the frequency phase matching
condition:

w0, — 0, = wp, (1)

wp is the frequency of the polariton state. We used IR
beams for exciting polariton levels because it prevented
the signal detector from registering parasite light of the
exciting beams or any kind of luminescence caused by
them. The cascade scattering process has the highest effi-
ciency if the spatial phase matching condition for the
wavevectors k; (i =1, 2, p) is satisfied:

=k, —k,—k,=0. (2)

The exciting waves were generated by a YAG:Nd **-laser
and a tunable LiF:F; -laser with repetition rate of 1-33
Hz, pulse duration of about 20 ns, and with wavelengths
A, =1064 pm and A,, tunable in the spectral range
1.08-1.22 pwm, respectively. Radiation of the
YAG:Nd**-laser second harmonic with wavelength A} =
532 nm was used as the third pumping beam - the
‘‘probe’” one. The Stokes component of the scattered
radiation was detected at the frequency

W, =0y~ wp=0;— (0, ~w,) (3)

(hereafter the index 3 denotes the parameters of the probe
wave and the index 4 denotes the parameters of the signal
one, detected at the output of the medium). Note that at the
same frequency there is Stokes three-wave spontaneous
scattering of the probe pumping wave with frequency ;.
Both the direct and the cascade four-wave processes are
most effective if they satisfy the common spatial phase
matching condition:

Ak=k,~ky,+k —k,=0. 4)

If the phase matching condition (2) is also satisfied, then

system

Fig. 1. Scattering geometry.
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the direction of the signal of four-wave scattering coin-
cides with the direction of the phase-matched three-wave
spontaneous scattering, which is determined as

kP =ky—k,.

The generation linewidths were approximately 1 cm ™' for
the first and the second harmonics of the YAG:Nd ™ *-laser
and 6 cm ™' for the LiF:F, -laser.

The general scheme of the experimental setup is shown
in Fig. 2.

3. Tuning of the frequency and spatial phase matching

Exact satisfaction of the frequency relations (1), (3) and
sufficiently small values of the phase mismatches Ak and
7 are necessary for the measurement of the polariton
dispersion law @ (k). The temporal and spatial phase
matching conditions were tuned in two stages.

At the first stage, for each value of the polariton
frequency wp tunable laser frequency w, and the fre-
quency of the signal selection w, were set up according to
(1) and (3), respectively. Let us note that the double
frequency selection (by the selective resonator of the tun-
able laser and by the spectral device in the registration
channel) is not obligatory. In our case, it enabled us to
eliminate additional parasite light at the input of the regis-
tration device. Measurements were carried out with differ-
ent fixed values of the frequency difference w, — w, = wp,
both near the E-type phonon resonance (wro = 581 cm ™)

and at some distance from it. The spectral linewidth of the
signal radiation Av, corresponded to the frequency struc-
ture of the three pumping beams. This value varied slightly
when the angles of the exciting beams incidence were
adjusted; sometimes it was smaller than the linewidth of
the LiF:F; -laser Av,, but in all cases it did not exceed the
sum of spectral linewidths of all pumping lasers.

At the second stage, tuning of spatial phase matching
was carried out. This process seems to be the most compli-
cated part of the experiment. In the case of scattering in
the principal plane of the crystal there are three tuning
parameters, the final precise tuning being done by any two
of them. These three parameters are the angles determining
mutual orientation of the three pumping beams and the
principal axis of the crystal. We used an extraordinarily
polarized probe beam with wavelength A =0.532 pm
and exciting beam with A, = 1.064 um, the radiation of
the tunable laser had ordinary polarization. Tuning of the
spatial phase matching for the direct process can be done
by varying any single parameter since condition (2) is not
critical for it. It makes the observation of the direct process
more convenient; however, in this case one cannot mea-
sure the parameters of the polariton wavevector.

We obtained lineshape curves of the four-wave scatter-
ing in the k-space. The sequence of operations was the
following: the constant frequency difference w, — w, = wp
was set up; IR exciting beams were directed into the
crystal at fixed angles 6, and 6, to the probe beam. We
registered the scattered radiation intensity as a function of
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Fig. 2. Experimental setup. G1-G3 — Glan-Thompson polarizing prisms, L1-L3 — focusing lenses. LS — three-lens system, M1-M3 —
mirrors, M4 - frequency selective mirror, SP ~ spectrometer, SHG — second harmonic generator, S — the studied sample. BC — beam
chopper, SM1-SM2 — step motors, PMT1 — photomultiplier measuring the probe pump intensity, PMT2 — photomultiplier measuring the

signal radiation intensity.
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the angle of crystal rotation « in the plane containing
wavevectors of the pumping beams. The angles «, 6, and
6, were varied near their mean values, which were calcu-
lated from Eqs. (1)—(4) taking into account the dispersion
of the crystal refractive index. For each fixed value of the
signal frequency (or for the corresponding value of the
polariton frequency) the exact phase matching conditions
for cascade coherent four-wave scattering were satisfied on
a curve in the space of the angles a, 8, and 0,. Assuming
some phase mismatch, we find the scattering to occur in a
limited area located around this curve. A series of line-
shape measurements was performed for each value of the
frequency difference @, ~ w, = wp. In each series, we
fixed the angle between the probe beam and one of the two
exciting beams. As to the second exciting beam, its orien-
tation with respect to the probe beam was varied from run
to run.

A typical scattering lineshape curve I(«) is shown in
Fig. 3a. It has a single maximum with angular width of
about 1°. The intensity of the four-wave scattering signal is
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Fig. 3. Angular lineshapes of the four-wave scattering in
LiNbO;:Mg crystal with Mg mass concentration of 0.68%. Solid
curves — experiment, dashed curves — calculation. Polariton fre-
quency is wp =558 cm™'. LiF:F; -laser beam’s angle of inci-
dence is 6, =19.2° (A, =1.13 pnm). Angles of incidence of the
first exciting beam (A, =1.064 um) are 6, =43.83° (a) and
6, = 43.27° (b). Calculated parameters: polariton absorption ap =
24 cm™! (@), ap=23 cm™' (b), effective interaction length
L=1.0 mm (a) and L=0.95 mm (b).
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Fig. 4. Calculated spatial phase matching curves and positions of
the experimental intensity maxima (squares). Solid curve ~ AK =
Iu—k + ky — ky = 0. Dashed curve ~ T—AP—A + Kk, =0. The
hatched area denotes the region where four-wave scattering is
observed. The mass concentration of Mg is 0.68%. Polariton
frequency is w, =558 cm” '. The angie of incidence of the
LiF:F; -laser beam is constant — ¢, = 19.2°.

sufficiently (approx. four orders) higher than the intensity
of the three-wave spontaneous scattering of the probe
beam. Note that the signal of the three-wave scattering did
not need any exciting beams and was collected from the
entire crystal length (1 cm). At the same time, the signal of
the four-wave process was collected only from the region
where the probe beam intersected the two exciting beams,
its length being in the limits of 0.5-1 mm.

For certain values of the angles 6, and 6§, we observed
additional maxima. They had the same angular width and
intensity of the same order as the primary maxima (e.g.,
see Fig. 3b). In order to analyze the general evolution of
the intensity angular distribution for the signal radiation, it
is more convenient to study a series of experimental
lineshape curves I(a). In each series of the lineshape
measurements, the distribution I(«, 8,), was registered
under fixed angle 6, (or #,) and variable angle 8, (0,).
Results for one of the series are shown in Fig. 4 on the
plane «a-@;, where a is the crystal rotation angle and 6,
is the angle of incidence of the YAG:Nd ™ *-laser beam, the
angle of incidence #, and the frequency w, being con-
stant. The squares denote the positions of intensity max-
ima, observed both in the lineshapes /(@) with a single
peak and in the curves Ig(a) with multiple ones. The
hatched ellipse denotes the area where four-wave scatter-
ing is observed. Outside this area, the intensity of the
signal radiation is negligibly small and has the same order
as the signal of three-wave scattering of the probe wave. In
fact, the hatched area is the cross-section of the region in
the space of parameters «, #, and 6,, in which the
scattered radiation intensity /g # 0, by the plane 6, = const.

Let us turn to the analysis of the scattering theory in
order to solve the problem of measuring the real and
imaginary parts of the polariton wavevector (with their
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help, one can obtain the values of the refractive index,
absorption coefficient and complex dielectric function at
the frequency of the polariton state).

4. Analysis of the angular lineshape of scattering

Among several works dedicated to the features of
four-wave mixing processes in a noncentrosymmetric
medium [5,8—12], the most detailed study of scattering
lineshapes is given in Ref. [11]). Conditions of our experi-
ment correspond to the case of weak intensities of the
pumping beams and high absorption at the polariton fre-
quency. Then, as it is shown in Ref. [11], the frequency-
angular scattering lineshape is given by the following
expression for the intensity of the scattered radiation I:

(AKLN[ . 4B !
IS~sinc*(—2—)[B'+ + 5 |- (5)

01]2>+47'2 a}2,+47‘

Here 7 is the value of the phase mismatch at the first stage
of the cascade process (‘‘heating’’ of the polariton state),
Ak is the value of the phase mismatch of the direct
four-wave process, L is the effective interaction length, ap
is the absorption at the polariton frequency wp, sinc(x) =
sin x/x. Parameter 3 is given by the relation between the
contributions of the direct and cascade processes to the
scattering intensity:

&)

B= M _A:;.T 6)

4w, xxP
Here 9, is the angle determining the polariton wavevector
orientation in the crystal, x is the effective value of
cubic nonlinear susceptibility (the corresponding contribu-
tion to nonlinear polarization is P{ = y®EE,E,, E,
are the amplitudes of the electric fields with frequencies
w,), x® and x{? are effective values of the quadratic
nonlinear susceptibility determining the efficiencies of the
first (when the polarization P{¥ = x{"E,E; occurs at
frequency w,) and the second (when the polarization P{*
= XZ”E3 E; occurs at frequency w,) stages of the cascade
process, respectively. In our case, when all frequencies of
pumping and signal waves are different, and for their
chosen polarizations, the effective values of the suscepti-
bilities are equal to

x®=3x3 (—w,,— w,,0,,0;)cos?, _ cosd;.,
2 2

X](-) = X”:( —0,,0,~ ®, ) cosd, N

+ Xizx)‘( - wp’ Wy, Wy ) Sinl91 2
X = x3:(— w05, ~ 0,) cosV;.

+ XXX\( Wy, W3, p) Siﬂ03:,

where J;_ is the angle between the crystal Z-axis and the
direction of the extraordinarily polarized electric field E;
(here i =1, 3).

The first term in brackets in (5) describes the four-wave

scattering determined by y*. Its intensity is maximal
everywhere where Ak =0. The curve corresponding to
such condition is shown in Fig. 4 as the dependence
between the angle of incidence, 6,, and the angle of
rotation of the crystal, . Eq. (5) enables one to interpret
the general situation of scattering under tuning along the
phase matching curve Ak = 0. The intensity of the scat-
tered radiation is constant at large mismatches of the
cascade process T > a /4 its value being determined
by the cubic nonlinear susceptlblllty x*). The contribution
of the cascade process increases against the background of
the direct one while getting close to the region where
7=0. The second term in brackets in (5) describes the
interference between direct and cascade processes. Even if
direct scattering is not observed since the value of x*’ is
negligibly small, the mutual influence of these processes
can lead to a sufficient distortion of the scattering line-
shape. The cascade process by itself is described by the
third term in brackets in (5). The pure cascade process has
a lineshape described by sinc?(A&L/2) multiplied by the
Lorentzian factor 1/(aj + 47%). The region where the
cascade process can be observed (see Fig. 4) has to be
located near the intersection of the curves corresponding to
the conditions Ak =0 (solid curve) and 7=0 (dashed
curve). The dimensions of this region depend on the
interaction length L (i.e., the width of the principal maxi-
mum of the function sinc?(AkL/2)), the absorption at the
polariton frequency ap (i.e., the width of the Lorentzian
factor 1/(aZ + 472)) and the divergences of the pumping
beams. We detected neither immediate contribution of the
direct four-wave process to the intensity of the scattered
radiation nor interference structure connected with the
second term in brackets in (5). It indicates that the effec-
tive components of cubic nonlinear susceptibility are rela-
tively small. We estimate Ba,, < 107 %, which corresponds
to the ratio ya,/x{Px$ < 10% cm L.

Comparison of the experimental results with the theory
indicates that here we deal with cascade coherent scatter-
ing. High single scattering maxima are observed near the
intersection of zero mismatch curves for direct four-wave
process (Ak = 0 ) and polariton excitation process (v = 0).
While moving from the intersection point, the widths of
the maxima increase, intensity decreases and double max-
ima appear near the boundaries of the observation region.
Two examples of the observed spectra, shown in Fig. 3,
demonstrate the I(a) dependences in the two opposite
cases. In Fig. 3a, the angles of incidence of the pumping
waves corresponded to the case where the two phase-
matching conditions, Ak =0 and 7= 0, were simultane-
ously satisfied for the same crystal orientation «. So we
observed a single sharp peak, located at this value of a. In
the case of Fig. 3b, the phase-matching conditions Ak =0
and 7= 0 were satisfied at two different values of a. So
the I(a) dependence has two maxima. One of them is
situated near the zero mismatch point 7= 0, and the other
one near the point Ak = 0. Scattering disappears if the
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phase matching curves are displaced from one another by a
distance larger than the sum width of the two maxima.
Assuming pure cascade type of scattering, we calculated
the interaction parameters, giving the best fit of the experi-
mental results by (5) under the condition 8= 0. We varied
the value of the polariton absorption ap, effective interac-
tion length L, and the effective diameter of the beams at
the focusing lenses d. (The diameters of all beams were
equal. Together with the focal lengths of the lenses, they
determined the angular divergence of the beams.) Almost
identical values of ap, L and d were obtained for each
spectrum registered at the signal frequency comresponding
to the polariton frequency of 558 cm™': ap,=23+2
em™', d=125 mm, L=0.8-1.0 mm.

These values conform perfectly with the optical scheme
of the experimental setup. The value of L could vary from
spectrum to spectrum because the overlap of the beams in
the crystal was not identical. The fact of quite perfect
constancy of the adjusted parameters can be treated as an
evidence of the chosen theoretical model correctness.
However, the calculated values of polariton absorption «p
disagree with the data obtained by other methods. Results
of three-photon and IR-reflection [15] spectroscopy differ
from the obtained value of ap by more than an order of
magnitude. Calculation of the polariton absorption on the
basis of the multiple oscillator model, using the data on the
phonon oscillator strengths and phonon damping constants
in LiNbO; determined from Raman spectra [15], gives a
value of ap of about 5X 10> cm™' in the investigated
frequency range. Differences between the true values of
absorption in Mg-doped crystal and pure crystals of differ-
ent stoichiometry compositions seem to be not so large as
the discrepancy observed in our experiments. All other
data on LiNbO; polariton absorption in the considered
spectral region sufficiently exceed the value obtained by
the four-wave mixing method described above. There are
no reasons to doubt their comrectness. Next, note that the
method of «, evaluation used previously for the bulk [5]
and surface [16] polaritons in the GaP crystal, was based
on the same interpretation of the four-wave scattering
processes. The obtained values of polariton absorption at
different frequencies were in rather better agreement with
the ones obtained by other methods, caiculated on the basis
of the oscillator model. Though, in contrast to the polariton
wavevector real part, they did not completely coincide
with the results of IR reflectivity spectra or multiple-oscil-
lator theory in the case of bulk polaritons and single-oscil-
lator model in the case of surface polaritons. Each time
they were smaller than that obtained by other methods. In
our experiments, the discrepancy between the obtained
values of ap and the same data of other methods is much
larger. It makes us doubt about the chosen scattering
model, though all other features of the observed phe-
nomenon are perfectly described by it. Probably, in our
case the parameter ap is determined not only by the
imaginary part of the linear susceptibility, but depends also

on the power of the incident laser radiation through the
nonlinear susceptibilities. We also see the opportunity to
explain this phenomenon taking into account the weak
photorefractive properties of LiNbO;:Mg. However that
may be, the possibility of measuring the polariton wave
absorption is still doubtful.

5. Conclusion

Thus, the processes leading to four-photon light scatter-
ing were studied for LiINbO; crystals with known values
of polariton absorption and refractive index in the visible
and IR ranges. From the viewpoint of further employment
of this method, the following conclusions are significant:

(i) Considerable (approx. by 5 orders) amplification of
the signal is achieved in comparison with the signal of
spontaneous three-wave scattering in volumes of about |
mm?>, It indicates that the size of the sample under study
can be greatly reduced and one can study low-dimensional
structures and inhomogeneities of polariton parameters
distribution in macro-objects with high spatial resolution.

(ii) It is shown that the cascade type of scattering
process is predominant in the frequency range of 520-580
cm™! in the LINbO, crystal. It is this type of four-wave
interaction process that is most sensitive to the state of the
polariton parameters of a medium. The measurements
performed show that the real part of the polariton
wavevector can be determined with high precision. While
analyzing the experimental results (Fig. 4), we used the
value of the ordinary refractive index np=6.270. This
value improves the data obtained from the experiments on
three-photon scattering. Its variation by only 0.005 leads to
complete disagreement between calculated and observed
data. At the same time, the accuracy of the spontaneous
three-wave scattering method is several times lower.

(iii) The value of the polariton wavevector imaginary
part, determined from the angular distribution of the scat-
tered light intensity, disagrees with the data of other
methods for LINbO, crystals.

The principal drawbacks of the four-wave mixing spec-
troscopy in comparison with the spontaneous three-wave
polariton scattering are the following:

— the necessity to satisfy a large number of phase
matching conditions. It leads to a more complicated way of
the setup justification for the signal radiation disclosure;

— the possibility of the simultaneous registration of
different types of scattering processes and their interfer-
ence. It leads to difficulties in the primary interpretation of
the experimental data;

— relative complexity of the experimental setup, which
includes two or three laser sources, one of them being
tunable;

— the possibility of measurement of the polariton
wavevector imaginary part still remains unclear.

Nevertheless, four-wave mixing spectroscopy possesses
the most important feature — essentially higher sensitivity.
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Apparently, it is this advantage that will stimulate further
evolution of the theory and research for constructing opti-
mal spectroscopic schemes of cascade four-wave light
scattering by polaritons.
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