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Abstract

Evidence is presented for the first time that tharg and continuous spectral changes
observed in Pbgk,Ti04¢03 (PZT) between 350 and 10 K with the 647.1 nm wawgle
are due to a resonance Raman effect. Such a phanarcan be explained by means of a
self trapped exciton emission oxygen deficient clem@Tir’-V o) of PZT powder whose
energy is close to the radiation line of the laSéuis kind of approach should also be very
useful to distinguish the phase transition sequenceother related ferro/piezoelectric

systems.
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. INTRODUCTION

Perovskite Pbzr,TixO3; ceramics are the most widely used ferroelectricens
because of their excellent properties. The higlestoelectric and electromechanical
coupling coefficients have been obtained for contjwrs near the morphotropic phase
boundary (MPB) between rhombohedraR8m) and tetragonalR4mm) phases (x 0.48).
The MPB has generated much interest, especialigesihe discovery of a monoclinic
phasé (Cm) in the MPB region for temperatures below 300 KtHis monoclinic form, the
polarization can be modulated for example as atiomof an external applied electric field
between the rhombohedral and tetragonal directivased on a polarization rotation
mechanism thus providing a possible explanationtfiss high piezoelectric resporise
Additionally, a second monoclinic ph4seith a doubled unit cellGc) has been observed
at low temperature (€ 210 K) for PbZgs,Tip4¢03s. This complex phase diagram around
the MPB does not take into account the static desoof the zirconium and titanium ion
displacement® which introduces the well-known ferroelectric démastructure.
Furthermore, recent experiments based on electiffraaion® and neutron diffractioh
studies, Raman scatterfhgesults, as well as theoretical calculatiohave indicated the
existence of an intrinsic short range dynamic disorover nearly the entire PZT solid
solution predominantly due to off-center lead dispments'®. Therefore, the boundaries
between the different phases, in particularly clims®PB compositions are still subject to
debate. Based on Raman measureriéhtsfor compositions near the MPB, only minor

spectral changes occurring in the temperature-ceitipo range near the MPB were



observed. This was associated with a two-phaseisteaxé& as has been the case for more
than 30 years.

In this contribution, we investigate the differgitase transitions of PbzZgsTio 4603
(PZT) between 10 and 350 K by resonance Ramanrepeopy. Based on the temperature
dependence in the frequencies of the vibrationadesp we clearly identified the
transformations previously characterized by dielecmeasurements®® X-ray'’ and
neutron diffractiof. The resonance phenomenon can be explained bgxistence of a
self-trapped exciton emission of an oxygen deficmmplex of PZT powder (Fi-V o7).
Thus, resonance Raman scattering spectroscopyesobrthe most useful methods to
identify the phonon modes which couple to an etettr systertf > As many perovskite
oxides display very similar visible photoluminescerbetween 2 and 3 &% Raman
Resonance Spectroscopy of self-trapped excitordcoelused in a similar way to clarify

complex phase diagrams of MPB-ferroelectric oraxel systems.
I1. EXPERIMENTAL

PbZi 52Ti0.4¢603 solid solutions was prepared by the conventiookd state reaction
from high-purity (>99.9%) oxides via a two-stagdcimtion proces$?® A first set of
ambient-temperature experiments was performed wsihgpin Yvon Labram spectrometer
with a 632.8 nm He-Ne excitation line and lasempatippowers of 8 mW. The laser beam
was focused with a 50x lens leading to a spot gfr@pmately 2-3um of diameter.
Additional variable-temperature Raman experimef350K) were performed using an
Oxford Instrument Microstat closed-cycle helium astat. The Raman spectra were

obtained with an Argon-Krypton laser (488, 514.5d&w7.1 nm) and a Jobin-Yvon



T64000 triple monochromator equipped with an Olysypicroscope and a CCD cooled to
140 K. A 50x objective was used to investigate damggions with a diameter of about 3
um. The laser output powers were 8 mW. The temperatias measured near the sample

using a silicon diode.

1. RESULTSAND DISCUSSION

In a previous study, Raman Spectroscopy with the 647.1 nm excitatioa Was
used as a function of temperature to identify tleirolaries between tetragonal and
monoclinic (with simple and double-unit cell) feetectric phases previously observed in
PbZps2Ti04d03 (PZT) by dielectric measurements, X-ray and neutddffraction. The
obtained data were clearly different from the 5146 Raman measurements generally
reported in the literatufé**® in which the temperature dependence of the broad
vibrational modes was minor. The 647.1 nni Kne was used in the previous stéftigs
PZT samples are known to absorb rather stronglihénhigh-energy visible ranife A
carefully analysis of room temperature Raman speuitiPbZg 5,Tip 4603 using several sets
of excitation lines (488, 514.5, 632.8 and 647.1),nRig. 1, reveals a more interesting
phenomenon. On one hand, between 488 nm and 5&%.Raman spectra are almost the
same and the broad vibrational modes are at thee smomition. With respect to these
previous results, significant changes are obsefoethe 632.8 nm and 647.1 nm spectra.
For these latter spectra, the main features arecaease in intensity at low-frequency (150

- 300 cm), and a change in the profile of the band locatedind 200 ci. However, in

the range above 170 &mthe spectra obtained at 647.1 nm (1.92 eV) ar&ig68m (1.96



eV) are also different. The main differences ocrcuthe region of the broad features
located between 170-350 ¢nand 400-650 cih Especially, in the spectrum measured at
647.1 nm, one can note the appearance of a nevnterse component at 510 ¢mof a
weak line around 413 chand the shifts of the two main components locireithe 170-
350 cni® region. In order to explain this difference betwehe behavior using the high-
(488 and 514.5 nm) and low- (632.8 nm and 647.1 renergy excitation lines on one
hand, and between the 632.8 nm and 647.1 nm apactthe other hand, one can link the
647.1 nm and 632.8 nm energies (1.92 and 1.96 @X)the 2.0 eV luminescence observed
by Liu et al. at ambient temperature for Ph&Fio4dOs films and ceramics. Thus, the
wavelength of the probe light may be more or les®d to a resonance excitation of PZT
sample. The maximum phonon-intensity in the resoagghenomenon is well-known to
occur for energies slightly different from that thie photoluminescence line, which may
explain the difference in behaviour for the 6328 and 647.1 nm spectra (j'ai enlever
smooth?). The photoluminescence at 2.0 eV was quisly assigned by Trepakov et al. to
a self trapped exciton emission of an oxygen daficicomplex (Ti’-Vo?) for PLZT
ceramicé’ and these authors have also proposed that thissiemicould be observed in
other self-activated ATi@perovskite-structure materials. Note that in cample, oxygen
vacancies can easily be explained at high temperdty the loss of PbO weight during
sintering®?® therefore we have:

Vo < Vo' + 2e’ and T + e « Tiy’ where Kroger-Vink notatiott is used.
Exciton transition interacting with the lattice ¢duhen occur between the localized hole

Vo and the localized electronqTi



Very recently, Mochizuki et al. provide evidencer fthe crystal defect origin
(oxygen defects and chemical heterogeneity in thafase region) of the
photoluminescence of a SrTi@ingle crystaf centered at 2.4 eV which could clearly be
modified depending on the oxidizing-reducing atniespe.

Two sets of Raman spectra obtained between 10 @hd3vith 514.5 and 647.1 nm
excitation lines are shown on Fig. 2a and Fig. &pectively. The 514.5 nm spectra, Fig.
2a, are in clear accordance with those previousppited in the literatufé’** where the
temperature effect is clearly minor, which could dssociated to the well-known static-
dynamic disorder of PZT systefs In contrast, the 647.1 nm Raman signal previously
reported®, Fig. 2b, exhibits major and continuous spectt@nges as a function of the
temperature; additionally, the changes are in clageeement with the transformation
temperature previously reported by dielectric meament$'® X-ray'’ and neutron
diffraction®. This indicates that the same sample, which hdg one phase transition
sequence, was studied as a function of the temperhy two different laser energies but
only the 647.1 nm probe light enabled these transdtions to be detected. Based on this
observation, we can conclude that the changesnipédeature are clearly excitation line
dependent. These changes are related therefdne &volution of the resonance conditions
and thus to the electronic levels involved as aftion of the phase transition sequence in
PZT materials. Interestingly, it transpires thag tesonance behaviour using the 647.1 nm
excitation line is structure-dependent what is agial phenomenon.

Corrected Stokesn(w,T)+1)n(w,T) - anti-Stokes (S — AS) Raman spectra of
PbZ s2Ti0.4603 obtained at 150 K with the 514.5 nm excitatiore land represented on the

same abscissa, Fig. 3a, give clearly evidence skBatistics. Consequently, we did not



observe any anomalously high local heating overeiiige temperature range for spectra
obtained with this radiation line. Corrected S - Raman spectra of Ply:Tio4d0s3
obtained at 200 K with the 647.1 nm excitation Jlik&. 3b, show a distinct phenomenon
in which the S — AS ratio is not scaled as it i thase for example in the resonance process
of carbon nanotub&s This anomalous strong signal in the S - scafgetam find its origin
from a particular resonance behavior on emissionwhich the phonon intensity would
increase to a much greater extent under specifiditions on the S — rather than on the AS
- side. This can explain the existence of a baakupicscattering centered around 380%cm
on the S — Raman spectra obtained as a functiadheotemperature, Fig. 4 (corrected
(n(w,T)+1)). Thus to fit these spectra between 10 andK35® quadratic baseline was first
subtracted to take into account this peculiar bemlkad.

Beginning from 350 K, Fig. 4a, the Raman spectrdnlaZr 5,Tip.4¢03 consists of
several broad lines. Below 300 K, Fig. 5a, the Rariaes become more asymmetric,
noticeably for the modéd and the regior?2 and 3, indicating the transformation to the
monoclinic phas®. Upon decreasing temperature, a decrease ofrteenidth occurs and
at 200 K the moded and5 appear, Figs 4b-6a. These changes, which aresespssl on
the spectrum obtained at 154 K, Fig. 5b, are gfeadsociated to the phase transition
between the two monoclinic phas€rtCc)®®. The increase in the number of modes (Fig.
5d) at the phase transition is consistent with dheater number of modes predicted by
group theory due to the doubling of the unit célelow 35 K, Fig. 5c, a brutal change in
intensity of the entire spectrum occurs accompawiil the disappearance of mo8&and
the inversion in intensity ratio of mod&7, Fig. 4b-5c-6b. These changes indicate an

important modification to the local and/or langenga structure. Until now, no phase



transition has been detected at such a tempert&iurgnis composition based on X-ray
diffraction and neutron diffraction experimefits’. Such behavior may instead result from
a maximum in the phonon-intensity due to the resoeaffect for a 1.92 eV laser energy,
which may be reached in a discontinuous mannertdwe change in the local structure
around the titanium atoms in this disordered sysfEne temperature dependence of the
Raman modes is summarized on the Fig. 5d. As destrabove, the transformation
temperatures obtained from our data are in gooceemgent with those published

previously.
V. CONCLUSIONS

In this study, we investigated the phase transiieguence of Pbdg:Tip4d0s as a
function of the temperature by resonance Ramant@seopy. Using an excitation line of
647.1 nm with an energy close to a self-trappe@llexciton energy deficient complex
(Titi -V o..) of PZT powder, we induced a resonance effestteSonance Raman scattering
spectroscopy is known to be a powerful method teaehe phonon modes which couple
to an electronic system, this technique has clgahynitted us to distinguish the structural
change of PZT in spite of its well-known static-dymical disordef®. The resonance
phenomenon resulted in an increase in the phonaessities thereby enabling a clear
dissociation of the different modes in the Ramagcsp, at least at low temperature. Such
an approach should also be very useful for otheo/Agiezoelectric systems such as the
important PbMg:sNb,303-PbTiO; (PMN-PT) and PbZisNb,s03-PbTiO; (PZN-PT)-based
materials with giant piezoelectric response as npargvskite oxides are known to display

visible photoluminescence between 2 and 3é4*®very similar to that observed for PZT.



These ferroelectric-relaxor compounds also extshitilar static and dynamic disorder in
their solid solution and present also a MPB regidrat still lead the determination of their
corresponding phase diagram to be a subject oftelebae possibility to investigate the
temperature-composition behavior of these matebglfRaman Resonance Spectroscopy
would be of particular interest to clarify both @ynical properties and the phase transition

sequence.
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FIG. 1. Room temperature Raman spectra of £hZxi, 44035 using as-followed excitation

lines: a) 488 nm, b) 514.5 nm, ¢) 632.8 nm anddd). 5 nm.
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FIG. 2. Raman spectra obtained between 10 and 300hKa) Ajaser= 514.5, and b)jaser=
647.1 nm. Positions of the Raman peaks at roomedeatyre for PbTiQare indicated (Ref.

33).
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FIG. 3. Bose-corrected Stoke®d,T)+1)/n(w,T)-anti-Stokes Raman spectra of

PbZip 5,Ti0.4403 represented on the same abscissa obtained &0 &) With Ajaser= 514.5

nm, and with\aser= 647.1 nm at b) 200 K.
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FIG. 4. Raman spectra obtained with the 647.1 neitagion line: a) between 350 and 210
K, b) between 210 and 10 K. All spectra were cdae@dor Bose statisticsi(w,T)+1) and
were also all arbitrary normalized to the mdd@\;(1TO) for PbTiQ) in order to take into
account the intensity change as a function of teatpee. Positions of the Raman peaks at

room temperature for PbTi@re indicated (Ref. 33).
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FIG. 5. Raman spectra obtained with the 647.1 neitagion line measured at: a) 300 K, b)
154 K and c) 20 K (band at 180 ¢rwas not fitted). All spectra were corrected fosBo
statistics K(w,T)+1) and were also all arbitrary normalized to ntredel (A1(1TO) for
PbTiQ;) in order to take into account the intensity cleaag a function of temperature. A
guadratic baseline was then subtracted to the Rénghefore fitting as-resulted spectra
with a set of Lorentzian curves. Positions of tlaran peaks at room temperature for

PbTiG; are indicated (Ref. 33) (d) temperature dependehttee Raman modes.
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