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Direct observation of the soft mode in the paraelectric phase of PbTiO;3; by confocal
micro-Raman scattering
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The soft mode behavior in PbTiOz (PT) single crystal has been revisited by our confocal micro-Raman
measurements. Contrary to the common understandings, the temperature dependence of soft mode in the cubic
PT paraelectric phase was precisely resolved for the first time, owing to the existence of macroscopic size
Raman active regions (=780 nm). By evidently ruling out the possibility of defect-induced Raman scattering,
the elasto-optical coupling serves as the most likely mechanism for the occurrence of these Raman active

regions.
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The ferroelectric ABOj5 perovskite oxides have been con-
stantly drawing numerous interests in many aspects since the
last few decades. Among all the ABO; perovskites, PbTiO5
(PT) plays an extremely important role, whereby the progres-
sive research activities have led to tremendous advancement
in both the fundamental understandings in structural phase
transition and the innovations of modern devices. In terms of
technological considerations, PT serves as the essential par-
ent material for many high-performance piezoelectric solid
solutions, such as for the well-known Pb(Zr,_,Ti,)O3 (PZT),
(1 —X)PbTiO3'.be(Mg1/3Nb2/3)03 (PMN-PT), and (1
—x)PbTiO5-xPb(Zn;;3Nb,/3) O3 (PZN-PT) that have been em-
ployed in many commercial applications.! In addition to the
technological importance, PT also acts as a long-standing
textbook example for the displacive-type phase transition, as
confirmed by many in-depth experimental’*”® and
theoretical'%~!3 investigations. These studies unambiguously
suggested that the phase transition of PT is brought about by
the softening of the lowest-frequency transverse optical (TO)
modes.

Despite PT has been subjected to many rigorous studies, a
precise experimental data on the soft mode behavior for its
cubic paraelectric phase still remains unavailable. Numerous
efforts have been devoted to such issue by inelastic neutron
scattering,>% infrared,'* and Raman scattering techniques;”
however, the difficulty in synthesizing a high-quality large
single crystal has retarded the direct observation.'> Although
the inelastic neutron-scattering measurements reported by
Shirane et al.? indicated that the softening of soft mode with
decreasing temperature (7) in PT paraelectric phase obeys
the Curie-Weiss law with 7, ~449 °C, which is qualitatively
in agreement with that obtained from the dielectric
measurements,'® the T dependence of the soft mode energy
at g=0 was approximately deduced by extrapolating the en-
ergy measured from ¢g=0.08 to 0.2 for each 7. Indeed, direct
observation on the soft mode in PT paraelectric phase at g
=0 failed due to the presence of broad neutron group and
strong acoustic phonons at elevated 7. Recently, Kempa
et al.® reinvestigated the phonon-dispersion curves for PT
paraelectric phase using the same technique. In contrast to
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the report by Shirane et al., direct observation on the soft
TO branch at ¢g=0 has been achieved at T.+15=T=T,
+290 °C, whereby the soft mode was found to soften down
to 44.4 c¢cm™'; however, no data was available in the vicinity
of T, although it contains physically important information
about the phase transition. Also, the access of soft mode
behavior by infrared technique failed due to the ill-defined
infrared peak in PT paraelectric phase. To surmount the dif-
ficulty in obtaining high-quality large single crystal, Fontana
et al.”® again investigated the spectrum for PT paraelectric
phase using Raman scattering technique; however, no soft
mode was resolved. On the other hand, the soft mode ob-
served by Raman scattering technique in the centrosymmet-
ric SrTi'®0; (Refs. 17 and 18) and KTaO; (Ref. 19)
paraelectric phase due to the local symmetry breaking has
indeed shed light on the possibility for resolving the soft
mode in PT paraelectric phase. In this Brief Report, we re-
port the precise observation on the soft mode in PT paraelec-
tric phase at T.(=496 °C)=T=600 °C using a confocal
micro-Raman system. The confocal micro-Raman technique
allows us to select the optically homogenous region,
whereby the intensity that did not originate from the selected
scattered volume is effectively attenuated. The employment
of long accumulation time, therefore, enables the improve-
ment of the signal to noise ratio.

The confocal micro-Raman measurements were per-
formed by the Jobin-Yvon T64000 with triple monochro-
mator micro-Raman system with the aids of a high objective
lens (N.A.=0.5) and a 514.5-nm Ar* green laser
(~10 mW). A transparent nonconductive PT single crystal
(1X1x0.3 mm?) with (001) surface that was polished up to
the optical quality was employed. Prior to the measurement,
a single domain region was carefully determined by ensuring
the same angular and positional dependence of Raman spec-
tra. The laser with a spot size of ~1 wm was focused onto
the selected area ~15 um below the sample surface. The
polarized scattered light was collected by a back scattering

geometry Z(X,Y )Z, where X, Y, and Z correspond to sample
coordinates [100], [010], and [001] of the cubic paraelectric
phase, respectively. Furthermore, Raman spectra at various T
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FIG. 1. (Color online) Raman spectra of PT measured at 7,
=496=T=600 °C upon heating, where A denotes the T interval
involved in the heating process. The spectrum obtained at 496 °C
corresponds to the spectrum of PT ferroelectric phase. The inset
shows the hardening of mode S for PT paraelectric phase with in-
creasing 7.

were obtained by employing a heating stage Linkam TS1500
with T stability of £1 °C.

Figure 1 depicts the Raman spectra of PT measured at
496=T=600 °C. Agreeing with the previous report, the
Raman modes at ~46, 190, 280, and 493 cm™! observed in
the spectrum at 496 °C correspond to the E(TO1), E(TO2),
E(TO3), and E(TO4) of PT ferroelectric phase, respectively,
where E(TO1), E(TO2), and (ETO4) originated from the T,
modes, whereas E(TO3) is from the T,, silent mode of the
cubic paraelectric phase.>® In addition to the four E(TO)
modes, there occurs a relatively weak mode at ~120 cm™'
that is forbidden by the Raman selection rules. Apparently,
the E(LO1) “leakage” brought about by the contribution
from the nonaxial rays of light that are inevitable with the
usage of high N. A. lens in our system serves as the most
possible factor for the occurrence of this mode.?® Similar
mode was also observed by Foster et al?' in their high-
resolution Raman measurement for PT with the same scat-
tering geometry.

Upon heating, the soft E(TO1) mode in the ferroelectric
phase suddenly vanishes at 497 °C and a central-peak (CP)-
like spectrum is then observed for the PT paraelectric phase.
Such a CP-like spectrum persists with some gradual changes
at 497=T=503 °C. Further heating results in the appear-
ance of a Raman mode together with the CP-like spectrum.
Interestingly, it is found that the frequency of this Raman
mode (mode S) hardens with increasing T, as shown in the
inset of Fig. 1. In contrast to mode S, modes 1 to 3 in PT
paraelectric phase exhibit no abrupt change in frequency but
become broad and decrease in intensity with increasing 7.
The key question now is the origin of these modes in the PT
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paraelectric phase. First, we analyze mode S, the soft-mode-
like feature, by assuming the occurrence of defect-induced
Raman scattering (DIRS) with the model proposed by Uwe
et al.,'” whereby the scattering intensity /,(w) for mode S is
described by

I(w)= f W(g)I' (g, w)dq, (1)

with

W 9’
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R and I’ are the sizes of the Raman active region normalized
by lattice parameter a and damping constant, respectively.
w,=(wl,+D%q*)" is the soft-mode frequency at wave num-
ber ¢g. By referring to the previous studies, the lattice param-
eter a and phonon dispersion D are 3.915 A and
1900 meV A, respectively.®!® Moreover, two assumptions
were employed when performing the fittings with this model.
First, the spectrum ranging from 131 to 602 cm™' was as-
sumed to have negligible influence on the low-frequency
spectrum, whereby it was masked from the fitting. Second,
the mode at ~120 cm™' is considered as a constant back-
ground, which is described by a damped harmonic oscillator
(DHO) that superimposes onto the low-frequency spectrum.
The overall scattering intensity /(w) with this model is,

therefore,
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The n(w) term in the first bracket denotes the population
factor, while the three terms in the second bracket corre-
spond to the CP, mode S, and the mode at ~120 cm™!,
where S,, S, and §;,, are the amplitudes associated with CP,
mode S, and the mode at 120 ecm™!, and 7, wp,, and T' are
relaxation time of the CP, harmonic frequency, and the
damping constant for the mode at 120 cm™!, respectively.
Figure 2(a) plots the fitting of the spectrum observed at
520 °C to Eq. (2) with R=2, 6, and 2000, respectively. It is
important to note that the fitted parameters w,,=66.6 cm™',
I',=95.5 cm™', and 7=6.11 X 107" s remain the same for
these three cases. Obviously, good fitting can only be ob-
tained with large R=2000, indicating that the first-order Ra-
man scattering resulted from rather large-size Raman active
regions. Interestingly, this implies that the Raman scattering
observed in PT paraelectric phase did not originate from
ferroelectric microregions (FMR) induced by the symmetry-
breaking point defects, such as vacancies or impurities, that
encompass only dozens of unit cells (e.g., R~ 50).'° Further-
more, we observed negligible change in fitting at R > 2000
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FIG. 2. (Color online) The fittings of Raman spectrum obtained
for PT paraelectric phase at 520 °C (solid lines) by employing the
DIRS with R=2000 (a) and the normal DHO (b) models, respec-
tively. The dashed lines show the fitting results for mode S, while
the dotted lines indicate the fittings to the CP and the forbidden
mode at ~120 cm™! that is considered as a constant background.
The broad spectra indicated by the dash-double-dotted and the
dash-dotted lines in (a) are the best fittings for mode S to the DIRS
model with R=2 and 6, respectively.

when other parameters are kept constant, indicating that the
size of Raman active regions (=780 nm) is at least larger
than the wavelength of the incident light.

Since the analyses by DIRS model suggested that the
spectra observed for PT paraelectric phase resulted from
rather large size Raman active regions, we again analyze the
low-frequency spectra by a normal DHO model without con-
sidering the scattering intensity associated with the defects
induced density of states, as described by Eq. (1). In this
model, I in Eq. (2) is replaced by

2
wy,wl’

(02— @) + (wl')?

I[(w) = 3)

where w,, and Iy are the harmonic frequency and damping
constant for mode S, respectively. Figure 2 shows an ex-
ample of fitting to the Raman spectrum obtained at 520 °C
to the normal DHO model. Equally good fitting was obtained
with the same parameters w,,, I';, and 7 suggested by the
previous DIRS model with R=2000. The real frequency w;
for mode S observed in PT paraelectric phase is further de-
termined by w,=[w? —(I';/2)?]"2, which corresponds to the
frequency that coincides with the intervals between the times
when the amplitude becomes zero for a DHO. The T depen-
dence for w,,, half width half maximum (HWHM=I',/2),
and w, respectively, are further shown in Figs. 3(a) and 3(b).
Now we verify these results by the comparisons with previ-
ous studies. First, as shown in Fig. 3(a), the frequency of w,,
increases whereas the HWHM decreases with increasing 7,
where the frequency for w,, is always greater than HWHM,
indicating that mode S for PT paraelectric phase is com-
pletely underdamped within the whole T range. This obser-
vation indeed pointed out that mode S is the soft mode in PT
paraelectric phase on the basis of the consistency with the
previous observation of underdamped soft mode at much
higher T by the inelastic neutron-scattering technique.>* Sec-
ond, the squared frequency of mode S observed in PT
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FIG. 3. (Color online) T dependences of w,, and HWHM (a),
and o, of soft mode (b), respectively, where the solid line shows the
fitting to the Cochran’s theory with an extrapolated 7,
=460=*4 °C. The inset in (b) demonstrates the 7' dependence of the
fitted intensity for mode S.

paraelectric phase, wf, increases linearly with increasing 7,
whereby the linear fitting to the Cochran’s theory,? w?
=A(T-T,), gives A=35.3 and T,=460=*4 °C, respectively.
This extrapolated 7, is comparable to those suggested by the
inelastic neutron scattering and dielectric measurements for
PT,>? which further confirms that mode S is the soft mode in
PT paraelectric phase. Third, in comparison to the soft mode
frequency at 44.4 cm™! obtained by inelastic neutron scatter-
ing at T=T,+15 °C,% which is currently the lowest attainable
T for a direct observation of soft mode at ¢=0, we obtained
42.3 cm™! for mode S at the same T, again showing a good
consistency with the previous measurement. On the basis of
these three strong agreements with the previous reports, we
can unambiguously confirm that mode S is the soft mode in
PT paraelectric phase, which has indeed been plausibly re-
solved for the first time down to the vicinity of 7., whereby
a discontinuity at 35.6 cm™ at T.+1 °C was obtained. Also,
these agreements confirm that the local heating problem is
negligible in our measurement. Similar to mode S, the soft
mode in paraelectric phase, modes 1 and 3 can be apparently
assigned as the 7, modes, while mode 2 as the 75, mode.
Since the phase transition from cubic to tetragonal result in
four E modes in the same frequencies as those of cubic T,
and T,, modes,?! the frequencies of modes 1 to 3 that are
similar to those of E(TO) modes in the ferroelectric phase
support these assignments. However, the occurrence of silent
T,, in the spectra is currently unknown and pending for fur-
ther investigations.

Now we discuss the possible origin for the existence of
large-size Raman active regions in PT paraelectric phase.
When the cubic polar modes are vibrating, the polarization
fluctuations (AP) are induced accordingly. Due to the pres-
ence of electrostrictive coupling in all dielectric materials
and even in their paraelectric phases, such fluctuations are
accompanied by the occurrence of local strain ¢, that can be
described by

Aeg..
- 4= 2 Pijim€im> (4)
€o Im

where the coefficients p;j;,, are the elasto-optical constants.?
It is well known that I(w) is proportional to <Asi2j in the
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range of optical frequency.”* Therefore, the occurrence of
AP induces Ag;; so as the I(w).” Since the vibration ampli-
tude of soft mode is larger than other cubic polar modes,
higher I(w) is then induced, as shown in Fig. 1. This is par-
ticular so when the amplitude of soft mode so as AP be-
comes large near T,, as evidenced by the increasing I(w)
with decreasing T shown in the inset of Fig. 3(b). However,
I(w) resulted from such mechanism is rather small compared
to the usual Raman scattering processes. Therefore, such a
small and material-dependent signal has not always been ob-
served or neglected as noise. In contrast, our rigorous high-
gain measurements have surmounted the difficulty in resolv-
ing the small signal from elastic-optical coupling, leading to
the successful observation of soft mode in PT paraelectric
phase, which further agrees with the studies that show the
importance contribution of AP and strain coupling to strong
first-order nature of PT phase transition,!>2°

In conclusion, the soft mode in PT paraelectric phase has
been precisely resolved by our confocal micro-Raman mea-
surements from 7, to 600 °C, whereby the drawbacks due to
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the requirement of large single crystal have been overcome.
This direct observation of soft mode evidently opposes the
conventional belief that there occurs no first-order Raman
scattering in the centrosymmetric PT paraelectric phase.
Also, it is discovered that the first-order Raman spectra origi-
nated from the macroscopic-size Raman active regions in
paraelectric phase, which is in contrast to the FMR induced
by symmetric breaking defects. Our direct observation of
soft mode in PT paraelectric phase strongly urges the imme-
diate explorations on the Raman scattering in centrosymmet-
ric phase with both theoretical and experimental approaches,
which have been neglected previously. Again, new advance-
ment has been triggered in the scientifically and technologi-
cally important PT.
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