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Temporal measurements of the third-order susceptibility were performed in PbTiO3 with use of
a forward nondegenerate four-wave-mixing technique. We resolved, on a femtosecond time scale,
the transient behavior of the lowest 4, polariton mode and measured its dispersion versus the
magnitude of the wave vector. The deduced value of the dielectric constant €,(0) is in good

agreement with previous estimations.

I. INTRODUCTION

Lattice-dynamics behavior of oxydic perovskites has
been the subject of considerable attention over the last two
decades, particularly in regard to their structural phase
transition. Their knowledge is a key point for a full
comprehension of a number of nonlinear properties of
these materials, including large electro-optical effects,
high second-harmonic generation efficiency, and impor-
tant third-order nonlinearities.

Nonlinear spectroscopy techniques have been extensive-

ly used to elucidate problems related to lattice dynamics.
Apart from the directivity of the signal and its enhance-
ment due to resonance effects, a main advantage of a non-
linear optical method, with respect to conventional Raman
experiments, concerns its ability to give access to any
definite value of the excited phonon wave vector by choos-
ing the appropriate geometrical arrangement for the in-
coming actinic beams, a point of prime importance espe-
cially when studying polar modes of crystals. Among
four-wave-mixing processes available, coherent anti-
stokes Raman spectroscopy has been chosen by Coffinet
and De Martini' and Wynne? to study polariton disper-
sion curves in, respectively, GaP and LiNbO;, whereas
Delfyett, Dorsinville, and Alfano® used a Raman-induced
phase conjugation spectroscopy (RIPS) technique to per-
form spectral and temporal measurements of the third-
order nonlinear susceptibility of LINbOj;.
Vcry recently, the development of femtosecond optical
lasers® has made possible the coherent driving of Raman-
active optical vibrations by impulsive stimulated excita-
tion.> This approach has been exploited by Cheung and
Auston® for a coherent impulse excitation and detection of
phonon polaritons by the electro-optic effect in LiTaOs.
We present here a nondegenerate four-wave-mixing tech-
nique which enables us to drive the low-frequency polar
model of PbTiO; directly, to resolve, on a femtosecond
time scale, the transient behavior of polaritons, and to
measure their dispersion as a function of the wave-vector
value.
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II. THEORETICAL BACKGROUND

The optical nonlinear technique we decided to imple-
ment uses two different frequencies, w, and o, issued
from a femtosecond pulse laser system.” The relevant
combination of the three incoming fields to the nonlinear
process, E,E,,E,’,“ , corresponds to the excitation of
X(—w;0,,0p, —w,), a third-order susceptibility tensor.
Our specific experimental arrangement (Fig. 1) possesses
a forward-folded boxcar geometry, where the two pump
pulses at angular frequency w, generate the nonlinear
phenomena, and the probe pulse, at angular frequency w,,
is temporarily delayed to study with a subpicosecond reso-
lution, the transient nonlinear processes involved. Work-
ing at Bragg-angle incidence for the probe pulse direction
allows fulfillment of phase-matching conditions. For the
specific application we are concerned with, the w, value is
unimportant as its only role consists of probing the non-
linearity excited by the lone @, pump pulses.

As stated here before, the spectral width associated
with 50-fs pulses enables direct resonant excitation of
low-frequency lattice modes included in the spectral range
lower than =250 cm ~!. Since the temporal width of the
pulses is much shorter than the characteristic lifetime of

FIG. 1. Experimental scheme: pulses at frequency w, create
a transient perturbation in the crystal S, which is probed by
pulses at frequency w,; the signal is collected through the
analyzer 4, whereas polarization of the incoming pulses are
defined by Glan polarizers.
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the phonons, the measured nuclear response function of
the material will appear as a combination of damped
sinusoidal functions, each being written in the form

Y,(t) =B,sin(Q,t +¥,)exp(—yot), 1)

where B, is proportional to the Raman efficiency, Q,
stands for the angular frequency of the Raman mode o,
and y, and 7, stand for its relative phase and damping
constant, respectively. Other third-order phenomena,
with different temporal characteristics, may be generated
during the nonlinear interaction: among them, electronic
third-order polarizability will give rise to an instantaneous
response, with regard to the pulse temporal widths, and
will be described by a & function; resonant or nonresonant
processes may also be present and the temporal behavior
of each of them will be described by an exponential func-
tion with a characteristic relaxation time t,. The total
nonlinear transient response, taking account of all pro-
cesses considered here before will be written as®

S(t)= [As(z )+ B,sin(Qot +¥,)exp(— y,t)

2
e

where pump and probe pulses are approximated by Dirac
functions. In the actual calculations, we performed first a
convolution product of the response functions with the
pump-pulse temporal shape—described by a sech?
function— and second a convolution with the probe pulse.

The crystal under study in this Rapid Communication
is the ferroelectric phase of PbTiO; perovskite, which is
the stable isomorph at room temperature. Our choice of
lead titanate relies on the existence of underdamped well-
defined Raman bands in the low-frequency region.%'°
Among these modes, several are soft in character, i.e.,
their frequency moves as one approaches the transition
temperature to the paraelectric (cubic) phase, a
phenomenon which can be potentially studied by the
present technique. In fact, PbTiO; appeared for a long
time to be a “textbook example” of a displacive phase
transition, a statement which has to be made with care in
view of very recent Raman works. !!

Ferroelectric PbTiO; has a tetragonal (Cév) space sym-
metry and selection rules associated with X;;

+XC, exp

Tn

IR tensor ele-
ments can be used, as in spontaneous Raman spectrosco-
py, to discriminate among modes belonging to different

: : (IR
symmetries. We recall the relation between X,,i; ele-
ments and the polarizabilitgl derivative elements associat-
ed with a normal mode Q, !

day dau

Q0 90’
where da;;/dQ represents the ij element of the polarizabil-
ity associated with the normal mode Q. Among 21
nonzero elements allowed by symmetry, 11 are indepen-
dent; their number is further reduced, due to symmetry
properties inherent to the 4; and E Raman-active modes.

We expect three independent elements associated with
each 4; mode Q, and two other ones for each E mode Q'

3)

X (- 0s0,0, —0,) «
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(Table I). A4, and E modes being simultaneously ir active,
we are concerned with polar modes, which can therefore
experience a splitting into LO and TO components; TO
components may furthermore interact with the transient
induced dipoles and experience a dispersive behavior, the
polariton regime, in the low value range of the wave vector
K. It is thus necessary to relate a phonon wave vector to
each actual excitation geometry. If we assume that ®p)
refers to the central frequency of the pump pulse and w,,
to wp+ 0, the phonon wave vector of frequency Q will
satisfy the relation

K2(q) -Kz(w,,l)+K2(w,,z) "'2K((Dp1)K((0p2)COS(¢) ,
4)

where ¢ is the angle value inside the crystal between the
two pump pulses. The moduli of the K(w,;) and K(w,,)
wave vectors in the crystal were calculated, making use of
refractive index values no(w) and n,(w) deduced from a
dispersion equation of the refractive indices parametrized
by Singh, Remeika, and Potopowicz.'> Using a typical
value of ¢=1° inside the crystal, a central frequency
@p1 =620 nm and 0 =100 cm ~! leads for K(Q) a value
of 8.1x10%2 cm ~': Such a magnitude is by far smaller
than what can be reached by conventional right-angle Ra-
man scattering or phase conjugate four-wave mixing
(—10% cm ~!) and turns out to lie within the dispersive
region of polaritons.

IIIl. EXPERIMENTAL RESULTS

We present results obtained on a single crystal of
PbTiOs, '* approximately 0.7x5%5 mm'? in size. In or-
der to generate pure A; symmetry phonons, the exciting
geometry x —Ay(zz)x+Ay (Ref. 15) was used for the
pump beams; so the polariton was propagating in the
pseudo [010] direction and polarized along the [001]
direction. Thus the phonons are all extraordinary and
geometrical dispersion is not anticipated.'® The experi-
ments were performed using a 50-fs temporal pulse width,
emitting at a central frequency of 620 nm at a 10-Hz re-
petition rate; their energy density reached roughly 1
GW/cm? The probe pulse, at 650 nm and with much
lower energy, was obtained by interaction in a 1-mm jet of
ethylene glycol; its linear polarization was at 90° from the
direction of polarization of the pump pulses. The

TABLE I. Form of the nonlinear coefficients and related
properties in a crystal of symmetry Cl..

Symmetry of Xéi?k
the mode element -(:Z—QU%Q"—'
A,(2) Xxxxx _Xxxyy aa
A(z) Xzzzz bb
A 1 (Z) nyzz -Xxxzz ab
E (x) Xioxzx ™= Xixxz cc
E(y) Xyzyz -Xyzzy dd
Xxyxy -Xxyyx 0
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diffracted signal polarization was analyzed through an
analyzer directed along the y axis, the relevant nonlinear
susceptibility elements generated correspond to X,5%;.

In Fig. 2, the diffraction efficiency is plotted versus the
temporal delay between pump and probe pulses. It is typi-
cal of the behavior of PbTiO; nonlinear response and cor-
responds to results obtained with a angle ¢ =0.88° inside
the sample. Apart from an instantaneous response, which
corresponds to the third-order electronic nonlinearity of
the material, the signal reveals an interference between an
A1(TO) oscillatory mode and a low-relaxation com-
ponent. This one, which shows a steep intensity depen-
dence on exciting laser intensity, seems consecutive to a
two-photon absorption process and may then correspond
to a relaxation from this population grating.'”!'® In this
work the primary concern is with the characterization of
the oscillatory mode, which frequency and damping are
measured with a high accuracy. As a result of the interac-
tion with the long-lived process, we can see from Eq. (2)
that first, the signal is linearly proportional to the oscilla-
tory contribution and, second, we measure directly the
frequency value 2, and not 2Q.

Figure 3 displays the evolution of the polariton frequen-
cy as a function of K(Q) vector values, which variations
were obtained from geometrical modification of the ¢
value. We note that the dispersion character is similar to
that encountered for underdamped polaritons and that the
polariton frequency tends toward zero value with K. So
we have fitted the experimental points to an undamped
single-oscillator model of the form

S ®

where ¢€,(0) and €~ are the static and optical dielectric

22
Q)= COKZ =0t [€1(0) — €100]
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FIG. 2. Efficiency of the four-wave mixing process, in loga-
rithmic scale, as a function of the time delay; the wave vector K
is in the x-y plane, polarization of the pump along z axis of the
crystal, probe and signal polarization along y; the theoretical fit
has been obtained using Eq. (2).
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constants. Usinglo €lo™=7.211 and wTo=147 cm ~!, the
fitting of the polariton dispersion curve leads to a value
€(0) =27 % 3, consistent with that deduced from the gen-
eralized Lyddane-Sachs-Teller relation.'® We actually
verified that in the low-frequency regime, ¢,(0) can be ac-
curately estimated from a fitting of the experimental
values to a single oscillator model, the contribution com-
ing from the two other 4,(TO) modes, located at 359 and
559 cm ~!, being negligible.

It is noticeable that this value is very close to the
clamped dielectric data, which proves that, at room tem-
perature, no other excitation contributes to the dielectric
constant in the low-frequency range.

IV. CONCLUSION

We have shown that nonliner interaction, using fem-
tosecond pulses in a forward four-wave-mixing arrange-
ment, allows an easy description of polariton behavior.
The polarization combination described in this work gives
direct access to the lowest 4;(TO) pure phonon frequency
variation of a PbTiO; single crystal as a function of
wave-vector value. From a fit to a single-harmonic-
oscillator model, an accurate value of €,(0) can be de-
duced in good agreement with previously measured
values.

Complementary work is in progress, using various po-
larization arrangements, at a temperature in the vicinity
of the transition to the cubic phase. This would demon-
strate the existence of a central peak in PbTiO;, as it has
been recently proposed; indeed, a measure in the temporal
domain can be a more suitable technique to extract infor-
mation in the near-zero frequency range and may there-
fore give better access to the reality of the displacive char-
acter of the phase transition.

Q(ecm™) w (TO) =147 cm™
150 - . _ _ _ _ _ _ _ _ _ _
100 + -
50
0 1 1 1 1
0 5 10 15 cK (10*cm™

FIG. 3. Dispersion of the mode frequency Q vs wave vector
¢K value, for the 4;(TO) polariton; the crosses represent the ex-
perimental data taken with different angles ¢ between the pump
beams; the solid curve gives the theoretical fit of the dielectric
function using Eq. (5) for &,(0) =27.
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