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We have measured the dispersion of the two lowest E-symmetry phonon polariton branches in PbTi03 for
wave-vector values up to 3000 cm . The time domain transient grating experimental scheme used is well

suited to state that at room temperature no pure relaxation motion, specifically from an order-disorder crystal,
can be evidenced. Nevertheless, the polariton dispersion behavior can only be explained by a model which

takes into account a weak relaxational mode with an ill-defined origin. This behavior, deduced from a fit to the

static dielectric constant, is characteristic of the mixed mechanism for ferroelectricity in PbTi03, as in a lot of
other perovskites.

I. INTRODUCTION

Lead titanate is known as a nominally pure ferroelectric
crystal which undergoes a displacive type structural phase
transition. Nevertheless, recent works suggested that some
order-disorder character has to be taken into account. Sicron
et aL' showed from an x-ray absorption fine-structure analy-
sis that an essential element of order-disorder is present in
the cubic phase of PbTi03, a fact which corroborates find-

ings by Fontana et al. on the existence of a central peak near
the transition temperature. It has been also demonstrated by a
Raman analysis of quasimodes that the pioneer's Burns and
Scott attributions had to be revised, that would consequently
lead to a crossing at elevated temperature of the lowest fre-
quency A& and E soft modes.

As a matter of fact, the processes involved in phase tran-
sitions of solids can be addressed by an exhaustive study of
phonon characteristics. In fact, the behavior as a function of
temperature of the phonon frequency and damping has been
extensively studied in the past using Raman spectroscopy as
a primary tool. It has been recently demonstrated that non-
linear spectroscopy methods, with the use of ultrashort tem-
poral laser pulses, allow direct excitation of low frequency
vibrational modes through the so-called impulsive stimulated
Raman scattering (ISRS) process. This technique is par-
ticularly relevant, as the modes which are of primary concern
are in the low frequency regime. Moreover, a forward four-
wave mixing scheme, which enables the excitation of
phonons at small wave-vector values, is of specific interest in
the case of polar modes as it allows an easy description of
the phonon-polariton dispersion and therefore a determina-
tion of each mode contribution to the overall dielectric con-
stant. At least, a time resolved experiment may give new
insight into the nature of the phase transition mechanisms as
the displacive and order-disorder characters have drastically
different signatures in the time domain.

Previously published work' showed that the A& symme-
try component to the phase transition in PbTi03 is displacive
in nature, and is adequately described by the lowest fre-
quency soft mode. The case of F. modes is of special interest,
as several authors' using Raman experiments conclude the
presence of a resonance in the damping of polaritons cen-

tered at 40 cm ', a frequency well above the minimum value
which can be achieved in our apparatus. We present in this
article results on the E-symmetry part of the low frequency
phonon polariton dispersion at room temperature. Excitation
of nonsymmetric modes, although inherently identical to that
of symmetric ones, has only been reported previously, to our
knowledge, by Dougherty et al. ' We will therefore first dis-
cuss specifically these excitations and demonstrate that in
PbTi03 two of the three F. modes are accessible by our fem-
tosecond pulses. The essential purpose of the present work is
therefore to describe the dispersion of these two lowest
phonon-polariton modes, as a function of wave-vector values
from cq/2~=200 cm '

up to =3000 cm '. This will allow
us to deduce their contribution to the static dielectric con-
stant. The information obtained will form a basis for a future
temperature dependent study, close to the ferroelectric phase
transition at 766 K.

II. GEOMETRICAL CONSIDERATIONS

A four wave mixing experiment in a forward arrangement
leads to the excitation of phonon(s) of wave vector q, whose
value is related directly to the angle between the pump
beams by the relation q=(2 sin 9/2)/X, where 8 is the angle
between the pump beams external to the crystal. This simple
case corresponds to a completely symmetric arrangement, in
which pump pulse polarizations are parallel to each other.
This configuration is well suited for the excitation of sym-
metric motions. In order to drive E-symmetry modes in
PbTi03 crystal, one can choose perpendicular polarizations
for the pump beams, along y and z crystal axis, whereas the
beams are propagating in the x direction (Fig. 1). This pro-
vides access to the c coefficient of the Raman polarizability
tensor, whereas the induced polarization is along the y axis.
We are in this case concerned with a true TO mode.

The problem of definition of the q vector is less trivial
than for the symmetric arrangement, as the two beams propa-
gate along directions with different indices, namely n, o and

n, . Nevertheless, an exact definition of the q value is impor-
tant, as we want to study the q-dependent behavior of the
phonon polaritons. The q vector can be described by two
components q~~ and q~, parallel and perpendicular to the di-
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FIG. 1. Geometrical considerations: p1, p2, s, and t corre-
spond to the propagation directions of the two pump beams, the
signal, and the probe beam; no and n, stand for the polarization
directions of the beams. The lower right part allows one to define q~~

and q~ components. Upper right part gives the PbTi03 refractive
index ellipse in the yz plane and upper left part recalls the Raman
tensor elements of E symmetry and the direction of the induced
polarization.

rection of propagation of the beam respectively. They are
given by

q~ =2/k sin(0/2) (la)

q~~= 1/k[(no —sin (8/2))' —(n, sin (8/2—)) ] (lb)

As a matter of fact, a more general formulation has to be
built up' for the q~~ component to take into account the varia-
tion of the refractive indices as a function of the wavelength
concerned to drive a specific phonon of frequency A. The q~~

component is a function of three parameters: k any wave-
length value inside the pump frequency spectral width, 0 the
phonon frequency, and 0 the angle between the pump beams.
Integration over k leads to a spread in the wave vector val-
ues, resulting in a lowering of the diffraction efficiency as a
function of q, and giving rise to an intrinsic damping of the
resultant mean polariton frequency. Modification of q values
as a function of driven phonon frequencies 0 are insignifi-
cant for the cases we present hereafter; the various polari-
tons, which can be driven at the same 0 value, have therefore
the same wave vector. However, in the case of PbTi03, an
exact calculation of q values using the formulation given in
Ref. 15 leads to results which differ from those obtained
using (la) and (1b) by amounts on the order of the accuracy
of the measurement of the angle 0. As the phonon wave-
vector direction is no more perpendicular to the mean pump
beam propagation direction, the phase matching conditions
for the overall process is realized (in a Bragg configuration)
only when the polarization direction of the probe beam is
properly chosen (insert of Fig. 1).

Excitation of two counterpropagating waves leads to the
creation of a stationary wave, and the signal is therefore
proportional to the square of the induced polarization
change. The general form of the time dependent signal can
be written as

FIG. 2. Diffraction efficiency of the transient grating as a func-
tion of time delay between pump and probe pulses in a semiloga-
rithmic scale. Squares correspond to experimental results and the
continuous curve to the numerical fit. The upper part corresponds to
experimental (continuous) and theoretical (dashed) Fourier trans-

forms of the results.

S(t)~ A exp( —t/r)+ g A, exp( —t/r;)sin(to;t+q&;)
1=1&2

2

(2)

In this expression, we have a priori taken into account un-

coupled contributions from a relaxational motion and from
two damped oscillatory modes. In a nonresonant regime, the
phase factors would be equal to zero. For clarity, the elec-
tronic contribution to the signal and the convolution products
due to the finite sizes of the pump and probe temporal pulses
have been omitted from Eq. (2). A prime advantage of a
quadratic dependence of the signal is easier detection of a
pure relaxation process, which would be the signature of an
order-disorder contribution. Indeed, if the impulse response
function of the material is only made of two oscillators with
frequencies co, and cd, the Fourier transform of the signal
will ideally contain four peaks at frequencies 2', , 2co2,
~2 —co, , and co2+~, . Existence of a strong relaxational pro-
cess, with a characteristic time in the same range as the
damping of the oscillators, will lead to the appearance of two
other peaks at frequencies co, and cu2 (Ref. 16). One of the
disadvantages of this interference effect is the increased
complication of the signal analysis than for a linear depen-
dence.

III. EXPERIMENTAL RESULTS

The laser system used in this experiment is a colliding
pulse mode locked dye laser, connected to an amplifier
which delivers pulses at a repetition rate of 20 Hz. The pulse
temporal width is 80 fs, the energy for each pump beam
incident on the crystal is several pJ, and the central wave-
length of 620 nm. The single crystal used' has a thickness of
0.3 mm along the a axis.

Figure 2 shows the experimental results obtained for an
angle 012=0.246, which corresponds to q=217 cm ', the
lowest wave-vector value available with our setup. The com-
plicated temporal response is the signature of several inter-
fering frequencies. A Fourier transform (FT) calculation of
the temporal signal gives several peaks. Their number and
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TABLE I. Frequencies obtained by Fourier transform of the signal and their attributions to polariton
modes, with regard to 8/2 angle between pump beams and corresponding q values.

8/2 (deg) q (cm ') v, (cm ') vb (cm ') v, (cm ') v, (cm ') v2 (cm ')

0.246
0.281
0.344
0.398
0.514
0.611
0.840
0.884
1.007
1.051
1.066
1.205
1.260
1.320
1.460
1.590
1.676
2.021
2.215
3.040
3.668
5.199

217
230
256
280
334
383
502
526
591
615
623
698
729
762
839
911
958

1150
1258
1719
2070
2928

42.2 (2v, )
49.1 (2v, )
50.6 (2vi)
58.5 (2vi)
66.3 (2vi)
74. 1 (2vi)
94.4 (2v&)

92.2 (v2 —v, )
90.7 (v2 —v, )
89.1 (v2 —v, )
88.2 (v2 —vt)
90.7 (v2 —v, )
89.1 (v2 —v~)

89.0 (v2 —
v&)

88.9 (v2 —v))
88.1 (v2 —v, )
91.3 (v2 —vi)
90.7 (v2 —v, )
96.0 (v2 —v, )

103.2 (v2 —v, )
107.8 (v2 —vi)
115.7 (v2 —v, )

111.6
110.0
109.4
106.9
103.2
98.5
94.4
97.5

104.7
107.8
112.5
119.0
121.0
126.0
132.7
138.1
142.9
148.5
153.8
164.1
167.2
170.4

(v2 —
v&)

(v2 —vi)

(v2 —vi)

(v~ —vi)

(v2 —vi)

(v2 —vi)

(v2 —vi)

(2 v&)

(2v&)

(2vl)

(2v, )
(2 v&)

(2v, )
(2 v, )
(2v, )
(2v, )
(2v&)

(2vi)
(2Vl )
(2vi)
(2v, )
(2v, )

155.4 (v2+ vg)

157.9 (v2+ vi)
161.0 (v~+ v, )
165.2 (vz+ v&)

170.4 (vp+ vi)

189.1 (v2+ v, )
193.0 (vp+ vi)
195.0 (v2+ vi)

200.0 (v2+ vi)
209.0 (v2+ v&)

211.0 (v2+ v&)

215.0 (v2+ v&)

221.6 (v2+ vi)
226.0 (v2+ vi)
232.0 (v~+ v, )
239.1 (vq+ vi)
249.1 (v~+ v, )
267.3 (v2+ v))

21.8
24.6
25.8
29.2
33.1
37.1

47.2
49.5
52.4
53.9
55.9
59, 1

60.5
63.0
66.3
69.0
71.4
74.5
76.5
82.1

83.6
85.2

133.5
134.0
135.2
136.4
136.7
135.5
141.9
142.5
142.8
143.0
144.2
149.8
150.2
152.0
155.3
157.0
162.7
164.8
172.0
185.2
191.4
200.9

position is a function of angle 0. Table I presents the experi-
mental results as a function of angle 0, with regard to q wave
vectors whose values have been calculated using the refrac-
tive index measurements by Singh et al. ' The peaks v, , vb,
etc. obtained from Fourier transform analysis of the mea-
sured signals have been assigned to linear combination of
eigenvalues v, and v2. We can therefore deduce the values of
the two lowest phonon-polariton wave numbers. Examina-
tion of Table I shows that none of the TF peaks has been
attributed to a single frequency. This result leads to the con-
clusion that no purely relaxational process can describe the
temporal behavior. We can therefore conclude that there is no
direct feature which would imply the existence of an order-
disorder behavior at room temperature. An exhaustive analy-
sis of A;, 7;, and q; (i =1,2) values, as a function of q, which
can be extracted from a fit of Eq. (2) to the experimental data
will not be presented here. We only summarize the essential
features.

(i) Damping of the two lowest polariton branches do not
vary significantly over the explored q values range. Their
dependency, as a function of q, is in fact inside the error bar
corresponding to the accuracy of our fitting procedure. This
seems surprising for the lowest branch, for which a continu-
ous decrease of the damping would be expected when q
tends toward zero value. This fact cannot be explained by the
spread in q values, which leads to a maximum intrinsic
damping value of about 1 cm '. We do not at the opposite
recover Raman scattering experimental results, ' where the
damping was shown to increase, by a factor of 3, as q de-
creased and reached a maximum around 50 cm '. An expla-
nation for these discrepancies with previously published
trends may be attributed to limitations currently reached in
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FIG. 3. Experimental points of E-symmetry polaritons in
PbTi03 and theoretical dispersion curves obtained using parameters
from Table II.

spectral domain experiments, where one can hardly differen-
tiate between spurious scattered light and true phonon-
polariton scattering in a forward geometry. Our values,
r& ——(3.75~0.9) ps and r2=(1.6~0.4) ps which correspond
to full width at half maximum of yt=(5~1) cm ' and
y2=(11~2) cm ' are in the range of those published for ~o
frequencies. '

(ii) The phase lags rp; do change drastically as a function
of q values. If y; values are close to 0' for small q values
((600 cm '), they reach respectively q&, =30 and q&2=90'
for q values )1000 cm '. We will discuss this particular
point hereafter.

As we measured the phonon-polariton dispersion curve,
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TABLE II. Experimental values of ~o, ~o frequencies, and yTo dampings. (I+XS ) values of columns
1 to 3 are obtained from generalized (Lyddane-Sachs-Teller) relation. S~ values of Refs. 4 and 20 are obtained
from IR data. This work Sj values are the result of a fit from polariton dispersion curves: S; without any
relaxational mode; S 2 with a relaxational coupling to the second polariton branch.

Refs. 2,20 Ref. 1 Ref. 4 This work

Sj
I+XS

Mo
(cm ')

88
220.2
506

710
(cm ')

5

12
14

~p
(cm ')
128.5
440
686

15.6

Sj

10.96 87.5
5.48 218.5
0.28 505

16.72

128
440.5
687

16.1

89 128
221 445
508 717

16.7

Wo Wo Mo Mo

10.11

5.37
0.27

S S

9.0 9.5
4.0 5.2
0.3 0.3

13.3 15.0
14.3 16.0

our results are very sensitive to the value of the static dielec-
tric constant e(0). Therefore, one of the parameters which
can be accurately deduced from an analysis of the phonon-
polariton dispersion is the contribution of each driven mode
to the static dielectric constant. The simplest general form for
the total dielectric constant e(A) at frequency 0 is given by
the phenomenological expression

2

e(A) = e(~) 1+g
oj l yTog

(3)

1
R(q, 0)= Im (4)

The maxima of this function define the polariton disper-
sion. In the fitting procedure used to estimate Sj parameters,

To YTo ~To and yTo, are taken from the

literature. ' ' The third branch cannot be reached in our ex-

where e(~) is the high frequency (optical) dielectric constant,
and the contribution from each mode j at frequency coToj is
a function of its oscillator strength Sj and damping y . This
quantity is used to calculate the polariton response as stated
by Barker and Loudon

periment. Its contribution to the dielectric constant, which is
known to be very small, was taken as a constant value, say
S3. In Fig. 3 are plotted the frequency polariton values de-
duced from an analysis of the Fourier transform of the tem-
poral response and the fitted curves. Resulting S

&
oscillator

strengths are collected in Table II, with regard to several
experimental data. Nevertheless, the static dielectric constant
along a axis, e, = e(0), which is derived from (3) using e(~)
=6.36, is 94.1, significantly smaller than the clamped experi-
mental value e' =106.9.

Since our setup is very sensitive to the polariton fre-
quency dispersion, we have used the polariton behavior as a
function of wave vector to have a better insight into the
dielectric constant characteristics. Several parameters may be
added, which would lead to a better description of e(0). A
first model consists in the addition of an infrared active re-
laxational mode, characterized by a strength S„and a damp-
ing I „.Another possibility is in incorporating only a cou-
pling of the oscillator(s) with Debye relaxation(s), ' where 6,
is the coupling strength to the j phonon branch and I is the
associate relaxation-mode damping. In a general manner, the
overall contribution to the dielectric constant can then be
written as

e(A) = e(~) 1+ gJ= 1%2

Sj(o)To
—6, )

J S„r
S3+

2 2 j j l

o —0 —iO, yTO
—

I-
J

The goal of the fit is to obtain values of the oscillators (and
relaxator) strengths in concordance with the static dielectric
constant: e(0)=e(~)[I+X;S;+S„]. On one hand, it is
trivial to see that Sj &

parameters of Table I, to which is
added an infrared active relaxation mode of strength S„=1.7,
will lead to an adequate description of e(0). On another hand,
a coupling process may also give a correct static dielectric
constant value. In this case, we have seen that adjustment to
the dispersion curves is very sensitive to 8' values. The best
fit is obtained for 8, =0.0 cm ' and +=100 cm '. This es-
timated value of the coupling strength compares well with
results obtained on LiNb03, by quasielastic light

scattering. In every case, the fit do not depend hardly on I .
We only notice that its value is likely to be located in the
pico- or subpicosecond ran e."

Finally we should note that Fourier transform of the
spectral response connected to e(A) given by Eq. (5) gives a
temporal domain signal strictly analogous to Eq. (2). De-
pending on the model used, parameters A and 7. of the relax-
ational exponential term are either directly related to I „and
S„or, in the case of a coupling, related to I and coupling
strengths 6' . As a matter of fact, it can be seen that A value
is very small compared to A;. Another argument in favor of
a relaxational mode is the existence of phase terms in the
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temporal response of the polaritons. We have seen that y;
values obtained using Eq. (2) are significantly different from
zero for values of q)1000 cm '.

These findings differ from those obtained by Raman scat-
tering where no central peak has been detected at room tem-
perature. The explanation of this discrepancy may be attrib-
uted to the Brillouin zone range involved in respectively 90'
Raman scattering experiments and forward measurements.
They correspond, in real space, to correlation lengths which
can differ by at least one order of magnitude.

IV. CONCLUSION

In this paper, we have presented the observation of coher-
ent excitation of the two lowest phonon-polariton F modes
in PbTi03, measured at room temperature in the temporal
domain. Their behavior as a function of wave vector values

up to cq/2~=3000 cm ' were analyzed in detail. The first
result which can be deduced from this study is a direct con-
sequence of the quadratic nature of the signal with respect to
the transient induced nonlinear polarization. The assignment
of none of the FT peaks to an eigenfrequency leads to the
conclusion that no pure relaxation motion can be actually
detected at room temperature.

A better insight into the problem of the structure of this
perovskite has been obtained by an exhaustive study of the
phonon polariton dispersion. The simplest model used to de-
scribe the static dielectric constant from a fit of the phonon
oscillator strengths included contributions from two damped
oscillators. It results in 5 values in disagreement with what
can be deduced from the static dielectric constant value.
From this discrepancy we can conclude that a relaxational

mode is likely to be present but that this mode is so weak
that it does not affect the measured temporal signals for the
actual driven polaritons. This suggests the existence, even at
room temperature, of different average and local distortions
of the lattice, upon a correlation length characteristic of the
q-wave-vector range explored.

An exhaustive study of relaxation times and phase factors
associated to the polariton oscillators will hopefully allow to
reinforce one of the advanced hypothesis on a Debye relax-
ation mechanism. It seems already that in perovskites, there
is a general occurrence of a coupling effect rather than pure
relaxation and/or oscillatory processes. Moreover the usual
assertion, which claims that an order-disorder character is
described by an exponential signal in the temporal domain,
has to be considered carefully as we have seen that the ex-
istence of a temporal signal with a relaxational character can
be due to either the existence of a weak Debye relaxator or
the only signature of a tight coupling between an oscillator
and a relaxator.

Study of the temperature dependent behavior of these two
lowest E-symmetry polariton modes are in progress. This
will give information on the possible strengthening of a hy-
pothetic coupling or reveal a true relaxation motion close to
the transition temperature toward the cubic phase of this per-
ovskite.
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