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Phase-transition analysis through soft-phonon —polariton behavior in the temporal domain:
A

&
-symmetry investigation of the PbTi03 perovskite
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(Received 21 July 1992)

We have studied the A &-symmetry lowest-frequency phonon behavior of PbTi03 near the tetragonal-
to-cubic phase transition, by a temporal-domain experiment. Study of the soft-phonon —polariton disper-
sion as a function of wave-vector value, at different temperatures up to T, at 493 'C, allowed us to deduce
its contribution to the static dielectric constant. Good agreement with measured values of the dielectric
constant, which is associated with the nonappearance of a relaxational mode in the temporal response,
clearly demonstrate the displacive origin of the transition.

I. INTRODUCTION

Development of intense subpicosecond-pulse technolo-
gy has led to an increase in the number of studies using
time-resolved nonlinear-spectroscopy. The work we de-
scribe here uses the two complementary characteristic
features of ultrashort pulses, inasmuch as they allow a
direct excitation and a temporal-evolution study of low-
frequency phonon modes and relaxation motions in a
crystal.

The three-pulse technique used permits, as previously
demonstrated, ' a complete description of the phonon-
polariton regime. The advantage of an easy measurement
of this wave-vector-dependent dispersion lies in the sub-
sequent access to the relevant contribution of a given os-
cillatory mode to the dielectric constant. As a conse-
quence, such a measurement, as a function of tempera-
ture, can lead to a two-parameter study of a phase transi-
tion. Soft-phonon —polariton behavior and its dielectric-
constant contribution with direct measurements of the
static dielectric constant allow us to consider the two po-
tentially different characters associated with a phase tran-
sition, namely whether the transition is of order-disorder
or displacive origin.

We present in this paper an investigation on lead ti-
tanate PbTi03. This crystal is known as a text-book ex-
ample of a displacive-character phase transition, from
tetragonal to cubic symmetry. Nevertheless, recent Ra-
man experiments stressed discrepancies with dielectric-
constant measurements and the authors concluded that
this transition exhibits a mixed character. The problem
of the description of the phase transition of perovskites is
in fact troublesome as can be seen from recent quasicon-
tradictory publications concerning KNb03 in the spectral
domain. ' An attempt to reconcile these conclusions has
been made using a temporal-domain analysis.

The first part of this paper will be devoted to symmetry
considerations and associated selection rules, and to the
general features of the signal discussed in the light of oth-
er experimental arrangements and results, which lead
also to oscillatory excitations. Section III will be devoted
to the description of the polariton regime. This behavior
will be exploited as a way to determine the dielectric con-

stant. Evolution of the phonon-polariton frequency up to
the phase-transition temperature will be described in Sec.
IV for different wave-vector values. The soft-mode be-
havior and the deduced dielectric-constant evolution is
compared to clamped values and we are lead to the char-
acter of the symmetric part of this transition.

II. EXPERIMENTAL SETUP
AND GENERAL FEATURES

OF THE SIGNAL

We recall as a preliminary point the essential charac-
teristics of the experimental setup. Femtosecond pulses
((100 fs) with a central wavelength of 620 nm from a
colliding-pulse mode-locked dye laser and amplified at
20-Hz repetition rate are divided into three parts. Two of
them form the pump-pulse excitation pair. A typical en-
ergy of 1 pJ per pulse is used for the experiment. The an-
gle between the beams, tuned around 1, defines the grat-
ing spacing and the phonon-polariton wave-vector value.
The third part of the laser beam is focused in an ethylene
glycol jet to produce a spectral continuum of light from
which a central wavelength at 650 nm is selected by an
interference filter. This probe beam goes through a vari-
able delay line and is focused onto the crystal by the same
lens as the pump-pair beam. The diffraction efficiency as
a function of temporal delay is detected by a photodiode.

The point which is of primary concern is related to the
physical mechanisms involved in a coherent excitation by
two ultrashort pulses. Typical temporally resolved sig-
nals are depicted in Fig. 1. Apart from the electronic po-
larizability change, third order in the electric-field
strength, which appears as an instantaneous process, the
diffracted signal is composed of several features which de-
pend on the pump-pulse energy and polarization
configurations of pump and probe pulses.

There exists a long-lived process which dominates the
response at positive time delays, when the pump-pulse
polarizations are linear and parallel to each other. Its
efficiency as a function of pump fluence, measured at a
time delay of -3 ps, where the oscillatory part of the sig-
nal becomes small, presents a fourth-power dependence;
this behavior is consistent with a two-photon absorption
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the special driving of phonon-polariton through electro-
optic effect stands in a better accuracy in the knowledge
of the vibrational frequency. The last fact which is of im-
portance for this study is to recognize that we are dealing
with only one vibrational motion, in phase with the
pump-pair pulses. We are therefore located in the elec-
tronic ground state, in contrast to other studies where an
electronic-induced displacement is observed. "

III. PHONON-POLARITON BEHAVIOR AND
DIELECTRIC-CONSTANT DETERMINATION

20 '

-1

Time Delay (ps)

FIG. 1. Evolution of the temporal response, in a
configuration where al1 the beams are polarized along y (or x
axis), for two different values of pump fluence. The discrete
points are experimental data and the continuous line is the
theoretical fit.

The excitation process using two spectral broadband
pulses can be described in the same manner as previously
stated' '3 for two monochromatic exciting beams E&(co&)
and E2(co2) if one assumes that Ez&~E&(co+5') and
E 2~E2 ( co 5co) w—ith 26co =Q, the frequency of the
driven phonon polariton. The scattering process may
also be considered in the same way. Consequently, the
phonon-polariton wave vector of frequency 0 will satisfy
the relation

(TPA) process, a fact which we have demonstrated previ-
ously. In fact, modulation of the Quence in the sample,
through the interference effect between the two pump
pulses, leads to a modulation in the population of the free
carriers created by TPA. We emphasize that this grating,
in which complicated decay depends on diffusion and
recombination processes, exists only, of course, for paral-
lel polarizations of the pump pair. As the general charac-
teristics of the signal are drastically independent on this
TPA process, the overall study described here will be lim-
ited to this pump-pair polarization configuration.

The third general feature corresponds to the existence
of several oscillatory parts. The one which is close to
zero delay is highly damped and leads to a broadening of
the electronic response; the other superimposed on the
long-lived process, is characterized by a damping rate of
several ps. The higher the energy density impinging the
sample, the more the contribution near zero delay con-
tributes. The fitting of results concerning various georne-
trical and polarization configurations leads us to con-
clude that we are dealing with the same frequency and
the same phase. More insight into the processes involved
will be the subject of a different publication; nevertheless,
a qualitative explanation may be given now. At early
times, the dielectric constant is directly modulated
through the vibrational motion of the atoms; the damp-
ing rate is quite high, in agreement with the large spectral
width of the phonon Raman mode. This temporal
feature is comparable to results obtained by Dougherty,
Wiederrecht, and Nelson on KNb03. Moreover, the
TO-phonon —polariton driven by the pump pair is associ-
ated with an induced field Ez,&, which is directed along z;
this modulated field will give rise to a modulation of the
refractive index through the electro-optic effect. The
symmetry-allowed coe%cients r33 and r&3 lead, therefore,
to a signal, after a rise time of —100 fs, for y- and z-
polarized probe pulses. This mechanism has been previ-
ously put forward for the description of polariton genera-
tion and propagation in LiNb03 (Ref. 9) and of coherent
phonon oscillations in GaAs. ' The main advantage of

K (Q)=K (co„,)+K (cop2) 2K(cop, )K—(co 2) cosP,

where P is the angle inside the crystal between the two
pump pulses. This general formulation takes into ac-
count the wavelength and anisotropy dispersions of the
refractive index. It has been applied using parameters
obtained on PbTiQ3. '

In this series of experiments, the mean propagation
direction of the beams being directed in a plane perpen-
dicular to the c axis (z direction) of the tetragonal crystal
(C4„), the phonon-polariton wave vector is also perpen-
dicular to the c axis and there is no anisotropy dispersion.
The induced dipole moment is directed along z; so we are
in the presence of pure A, (TO) modes. As the spectral
width of the pulses allows the excitation of modes lower
than -200 cm ', the only driven mode is the lowest one,
with Rarnan wave number coTo and located at 147
cm '. ' We are in the middle of the wave-vector disper-
sive region, in contrast to the experiments of Dougherty,
Wiederrecht, and Nelson and Planken which are per-
formed respectively in the phononlike region (for
KNb03) and photonlike region (for LiNb03). The dielec-
tric strengths of the two other allowed A, (TO) modes is
ten times smaller, and we expect that the lowest mode
will correctly describe the phonon part of the dielectric
constant parallel to the c axis. Fitting the experimental
points to a simple model, with an undamped single oscil-
lator, of the form

2E ~TO
20 NTo A

where E~~(0) and E~~„are the static and optical dielectric
constants, lead to a value of E~~(0) consistent with the re-
sults directly measured at 1 KHz and 1 MHz. Thus we
are confident in the fact that this mode dominates the
dielectric behavior along the ferroelectric c axis and that
no additional excitation takes place in the dielectric
response between the frequency of the dielectric data and
the phonon-polariton resonances.
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IV. TEMPERATURE BEHAVIOR OF THE
PHONON-POLARITON MODE

150
-1K=470cm ~ cK=5 Ocm cK=670cm

(3a)

Q=Q„+C(T„—T)r,
Q„

1/24 (T, —To)

(3b)

(3c)

The curves in Fig. 3 correspond to aa fit of E . (3b). Suc-q.
cessive values obtained for ~„yr ~ and at increasing
values are 21.5, 28.5, 30.5 cm ' and 0.59, 0.56, 0.57. The

—1wave-vector cK=670 cm

Ferroelectric i 3 aPbTiO has tetragonal symmetry below
T 1 cated at 495 Cthe hase-transition temperature T„ located at

Above T„ the crystal becomes paraelectr'
cpa

ric and its struc-
is cubic. For the study of the temperature-ture is cubic. or e

d d nt phonon-polariton frequency, ythe cr stal isepen en
placed in an electrically heated furnace, in w ic phich tern er-

d 1 t the crystal by a thermocouple.ature is measure c ose o
tabilit in the value of the furnace temperatureThe poor sta iityin e v

nsition temperaturedid not allow us to approach the transi ion e p
closer than several degrees.

~

1
0' . 2 the diffracted signal as a function o yn of de a isIn Fig. , e i

ures. One can seedisplayed for three different temperatures.

creased dramatically for higher temperatures and tends
ard a finite nonzero value; we have also

'
d h tiso verified that

above T . This behavior isoscillations do not persist a ove
characteristic o a rs-f fi t-order phase transition. Figure
shows the evolution o e pf th honon-polariton frequency as
a function of temperature for several of th..e wave vectors

h K value, the temperature dependenceprobed. For eac va ue,
can e t e ob fi t d to an adequate power law. Since eory

olarization, we0( A (TO) ) ~ P„ the spontaneous polariza igests Q
ence of the measuredhave fitted the temperature dependence o

P de endence, as didp onhonon-polariton data to the, epe
Burns and Scott. Devonshire theory can be ue used to
determine the „anP„d Q polarization and frequency
values respective y, a e1 t the superheating temperature T„:
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FIG. 3. Evolution of phonon-polar't qriton fre uency as a func-
t different wave-vector values. The linestion of temperature, a i

correspond to a fit to Eq. 3(b).

0 at different K can be comparedwave number values „a i
'

usl ublished values obtained from Raman ex-
periments,

uatel fits our results, we willthough this power law adequate y s our
not discuss t e vai i yh 1'dity of the model or the p ysica
meaning y p'n of arameters.

of the contributionStudy of Fig. 2 reveals no evi ence o e
from a relaxationa mo e o1 d to the phase transition for this
s mrnetry. Nevertheless, its detection in the actua mea-
surement is questiona e, an

u ei ht characteristics of this contri ution
with respect to the long-lived process, w ich pers'

deduced, for each temperature, an estimate o e s a

n t ture' ' several of the fits arec, values given in t e itera ure;ll~
Fi . 4. We find that by comparing (Fig. 5reproduced in ig. . e

m ed dielectriclues to measurements of the clampeour vaues o
and leads us to be-t nt good agreement is obtaine ancons an, g

non- olariton modelieve that the lowest-frequency phonon-p
s (0) revails over all other processescontribution to c~~ p

over the whole temperature range probed; in ac, e
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FIG. 2. Evolution of the tempo ra pral res onse for three
numbers correspond to fittedd'ff t temperatures. The wave numi eren em ~ num

honon- olariton frequencies. Experimental da a a pta are lotted as
'

al results are plotted as continuousdiscrete points and theoretica resu
lines.

cK (cm')

- olariton frequency as a func-FIG. 4. Evolution of phonon-pola
'

io — 1 at different temperatures. The linestion of wave-vector va ues, a i
correspond to a fit to Eq. (2).
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FIG. 5. Evolution of the static dielectric constant as a func-

tion of temperature. Full squares correspond to values deduced
from phonon-polariton dispersion curves; empty squares corre-
spond to direct measurements of the dielectric constant.

surement of the phonon-polariton frequency as a function
of K leads to an estimate of the photon-polariton contri-
bution to the static dielectric constant. Knowledge of
this dual characterization allowed us to verify that the
phase transition is of first order and to conclude with a
high degree of confidence that it is of displacive origin.
This is in contrast with KNb03 perovskite for which
temporal results obtained by Dougherty, Wiederrecht,
and Nelson showed a relaxational contribution in the 3,
symmetry part of the phase transition.

Enhancement of the phonon-polariton part to the
overall signal is the result of a contribution from an
electro-optic efFect and from free carriers promoted by a
two-photon absorption process. The polarization
configuration necessary to drive nonsymmetric modes
will cancel the excitation of these processes. It will be
studied in a separate publication.

havior of the temporal response can be accounted for
without any contribution from a relaxational mode. ACKNOWLEDGMENTS

V. CONCLUSION

We have shown that phonon-polariton behavior can be
used as a sensitive tool for the measurement of the
changes that take place in a crystal when a phase transi-
tion is approached. In the case of PbTi03, accurate mea-
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