Decreasing giant splitting of longitudinal and transverse optical phonons in Pb x Sr 1x
TiO 3 due to Pb covalency
Shou-Yi Kuo, Chung-Ting Li, and Wen-Feng Hsieh

Citation: Applied Physics Letters 81, 3019 (2002); doi: 10.1063/1.1513660

View online: http://dx.doi.org/10.1063/1.1513660

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/81/16?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Phonon anomaliesin Pb 1 xLax (Zr0.9Ti0.1) O 3 ceramics
Appl. Phys. Lett. 94, 052903 (2009); 10.1063/1.3077019

Local symmetry breaking in Pb x Sr 1 x Ti O 3 ceramics and composites studied by Raman spectroscopy
J. Appl. Phys. 98, 024116 (2005); 10.1063/1.1989434

Electrical conduction mechanism and phase transition studies using dielectric properties and Raman
spectroscopy in ferroelectric Pb 0.76 Ca 0.24 TiO 3 thin films
J. Appl. Phys. 94, 7256 (2003); 10.1063/1.1611269

Acoustic properties of (Pb 0.9 La 0.1 )( Zr 0.65 Ti 0.35) O 3 relaxor ferroelectric ceramics studied by Brillouin
scattering
Appl. Phys. Lett. 82, 4696 (2003); 10.1063/1.1588754

Field-induced effects in the relaxor ferroelectric Pb [( Zn 1/3 Nb 2/3) 0.91 Ti 0.09 ] O 3 studied by micro-Brillouin
scattering
Appl. Phys. Lett. 81, 1077 (2002); 10.1063/1.1496136

NEW! Asylum Research MFP-3D Infinity” AFM [~ FroRD I

Unmatched Performance, Versatility and Support

The Business of Science®

Stunning high 9 Simpler than ever

performance - ¢ to GetStarted™

b

Comprehensive tools § f  Widest range of accessories
for nanomechanics for materials science and bioscience



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1018974610/x01/AIP-PT/Asylum_APLArticleDL_043014/Asylum-Research-MFP3D-Infinity-APL-JAD.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Shou-Yi+Kuo&option1=author
http://scitation.aip.org/search?value1=Chung-Ting+Li&option1=author
http://scitation.aip.org/search?value1=Wen-Feng+Hsieh&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1513660
http://scitation.aip.org/content/aip/journal/apl/81/16?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/5/10.1063/1.3077019?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/98/2/10.1063/1.1989434?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/94/11/10.1063/1.1611269?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/94/11/10.1063/1.1611269?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/82/26/10.1063/1.1588754?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/82/26/10.1063/1.1588754?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/81/6/10.1063/1.1496136?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/81/6/10.1063/1.1496136?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 16 14 OCTOBER 2002

Decreasing giant splitting of longitudinal and transverse optical phonons
in Pb,Sr,_,TiO5 due to Pb covalency

Shou-Yi Kuo, Chung-Ting Li, and Wen-Feng Hsieh?
Institute of Electro-Optical Engineering, National Chiao Tung University, 1001 Ta-Hsueh Road, Hsinchu,
Taiwan 30050, Republic of China

(Received 8 May 2002; accepted 16 August 2002

In contrast to the increase of giant splitting of longitudinal optit&)) and transverse opticélO)
phonons in polycrystalline B&r _,TiO3 [Phys. Rev. B.64, 224103-1(2001)], a decreasing
splitting of the softesf\;(1TO) and the harde#t;(3LO) was observed in BBr; _,TiO5. A similar
structure but anomalous discrepancies in lattice dynamics of A@&ovskite are related to the
diverse electronic states of Pband B&" ions. In this article, Pb—O interaction is proposed to be
more hybridized than Ba—0, and thus the change of effective charge to the LO-TO splitting may
be the dominant mechanism in /& ,TiO;, while unit-cell volume change is in the
BaSr,_,TiO5 systems. ©2002 American Institute of Physic§DOI: 10.1063/1.1513660

Perovskites are important in materials science because ofiethod/Rietveld analysis from synchrotron-radiation x-ray
their technological applications that follow from their ferro- powder data, have shown that tetragonal PRTi@ms a
electricity, piezoelectricity, nonlinear optical behavior, andtwo-dimensional network of covalent bondifyconsisting
others!™* With a chemical formula of AB@, these com- of the Ti—Os pyramid combined with Pb-O bonding. The
pounds are generally composed of a three-dimensiongbnic states, which are estimated by subtracting the atomic
framework of corner sharing BOoctahedra. They are also pnumber from the number of electrons around atoms obtained
well known for their phase transitions, possibly affectingfrom Ref. 15, are 1.1 for Pb, 1.9 for Ba, and 2.4 for Ti. These

their physical and chemical properties significantly. The ter-eyperimental results are consistent with the theoretical pre-
nary systems formed by the compounds such as barium tyiction of Cohent3

tanate, lead titanate, and strontium titanate, are of particular 5 recent study of the B&r _,TiO3 (BST) system
interest in the field of dielectricy.’ X ’
The ferroelectric characteristics of perovskites can be

controlled by replacing theA and B cations. The (a) b X =
PbSr, _,TiO3 (PST) system classically illustrates ferroelec- A R N | N
tric solid solutions with a perovskite structitlthough Ra- 0.9

0.8

man experiments have, since 1950, been performed to eluci-
date such properties of PbTj@nd PST systems as functions
of temperature and grain siZe*?the reason why similar, but
chemically different, perovskites, display very different
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ferroelectric behavior remains unknown. A N A A 0.3

Ferroelectric transition occurs as a result of a balance A——J\ﬂ A 0.2

between the long-range Coulomb interaction and short-range * L A 2'1
13 . . . A A
forces.” The Coulomb interaction can make the ferroelectric 5 - P p p ™ A

sensitive in response to details of domain structure, defect,
and boundary conditions. Such interaction also leads to the
splitting of longitudinal opticalLO) and transverse optical
(TO) phonons. The Born dynamical effective charges are 108 ()
critical to the studying of these Coulomb effects. Recently, 1.054
Zhonget al1* performed giant LO-TO splitting, caused by
Coulomb interactions, in AB@ cubic perovskite com-
pounds, using the local density approximation. The calcu-
lated Born dynamical effective charges are 3.9 for Pb, 2.7 for
Ba, 2.5 for Sr, and 7.1 for Ti, respectively.

However, Cohel? theoretically calculated that PO ]
covalent bonding in tetragonal PbTj@iffers from Ba—O 1004m = = = = =
ionic bonding in BaTiQ. Most recently, charge-density dis- 0.0 0.2 0.4 0.6 0.3 1.0
tributions of PbTiQ obtained by the maximum entropy X (Pb.Sr, TIO,)
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FIG. 1. (a) Powder XRD patterns of RBr,_, TiO; samples with varioug
dAuthor to whom correspondence should be addressed: electronic mailialues andb) c/a (a andc are lattice constanksatio after Rietveld refine-
wfhsieh@cc.nctu.edu.tw ment.
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All spectra reported here are unpolarized because no orien-
tation of the polycrystalline Rl$r, ,TiO; samples was pre-

M 0 ferred.
0.1 Figure 1a) shows XRD patterns of samples with various
x values, obtained by the aforementioned sol—gel processes.
0.2 Figure 1b) plots thex dependence of the tetragonalitya,
M 0.3 and lattice constants following Rietveld refinement. Figure

-] 0.4 1(b) shows that the tetragonality declines from 1.064 to 1 as

S A x changes from 1 to 0.5, corresponding to the well-known

S AN Ao 05 tetragonal—cubic phase transitioncfa of 1.064 for PbTiQ

S V \\/,\u,‘ is equivalent to the result calculated from the synchrotron-

:5 VAR radiation data?

q:, r\\/\/l\v 0.6 Figure 2 displays the Raman spectra of & ,TiO3 _

- i ' i 0.7 polycrystalline powders taken at room temperature for vari-

- ,\/\/ \J ousx values. Lorentzian line fitting was adopted to resolve
F A the highly overlappinde(3LO) andA;(3LO) modes:’ The

5 \/\./U\.\_’_/\_/\Q 08 fitting results are in good agreement with experimental spec-

0.9 tra as shown in Fig. 2. Figure 2 also shows the phonon
e T T N \ 1.0 modes assigned following Foster al’® to clarify the struc-
oot ~ x0T L tural variation of the PST system. Among thAg-symmetry
g f';i g w g gg g g g % modes, theA;(TO) mode is especially interesting, since the
0 < W odLW 0 < @< A1(1TO) mode consists of displacements of the Ti and oxy-
100 200 300 400 500 600 700 800 gen ions relative to lead ions and is, with 51 TO) mode,

a soft mode. According to Fig. 2, these lowest TO phonon
Raman shift (cm™) modes are found to be “softened” and the linewidth in-
_ _ creases with decreasing Pb content. The “softening” can be
FIG. 2. Raman spectra of polycrystaline 88 TiO; at room tempera-  opsapyed down te=0.5. The significant changes of Raman
ture. The dotted symbols and solid lines represent experimental and fitting Lo o
results ofE(3LO) andA,(3LO), respectively. Spectra and vanishing soft mode indicated that the
PbSr,_,TiO; system undergoes a ferroelectric-to-
paraelectric phase transition arourer0.5. The transition
elucidated the repulsion of giant LO-TO splitting when thepoint atx=0.5 is consistent with XRD measurements. More-
tetragonal phase changed toward the cubic phase, explaingder, the spectra observed in the paraelectric phase indicated
by a decrease in the dimensions of the cell and a strengthefat the Raman selection rule is relaxed ascribed to the dis-
ing of electron—phonon coupling, which represented the rgered positions of the Ti atoms in the unit cell of the poly-
first experimental evidence of lattice dynamics governed bX:rystaIIine samples. Besides, as shown in Fig. 2, the
the Coulomb interaction. This letter reports the attractiveAl(lTo) mode exhibits an anomalous line shape that con-
LO-TO splitting behavior, in contrast to that in gjsts of several subpeaks as for a high Pb coritettagonal
BaSr_TiO3, as the PST polycrystalline in the tetragonal npasg The anharmonicity of this mode was first reported by
phase changes toward a highly symmetrical cubic structurg=gsteret al!® and was attributed to the anharmonic nature of
The abnormal lattice dynamics follow from the fact that thethe effective interatomic potential. However, determining the
hybridization between lead and oxygen states is strong&farameters of the peaks was practically difficult because of
than that between barium and oxygen, as reported byhe extensive overlapping as described in Ref. 19.
Cohert® and Kuroiwaet a'_-ls Following the calculation of Born effective charges of
The sol-gel technigue was adopted to prepareABo, perovskites determined by Zhorg al** and Wagh-
PhSn ,TiOs polycrystalline powders, to yield homoge- mare and Rab®, the calculated mode effective charge for
neous samples with a highly accurate composition. Thenye softest TO mode is the largest, as listed in Tables 11l and
1-2 mm thick ceramic pellets with diameters of around 10y of Refs. 14 and 20, respectively. Therefore, the softest
mm were obtained by sintering at 1300 °C for 3 h. The atomsngde will couple most strongly with the electric field. The
in microcrystals are well arranged during gelation at a lowsirong mode mixing via Coulomb interaction is such that the
temperature. The sintering temperature is far below the meltsyfiest TO[A;(1TO)] mode is the most closely associated
ing point of PST, and so provides insufficient free energy toith the hardest LQA,(3LO)] mode that gives rise to giant
rearrange atoms and thus avoid lattice relaxation by highy o_1o splitting® in ABO; compounds, especially for the

temperature synthesis, such as in the solid-state reactiqgrroelectric phonon modes. The splitting behavior is domi-
method. X-ray powder diffraction patterns were obtained Usnated by

ing a SHIMADZU XD-5 diffractometer with the monochro-

mated high intensity Cu<e line of wavelength 1.5405 A o 1o 4me* ZyZy

over the range 262260<80°. The resulting x-ray diffraction Dimn=Dmn Q &0 @
(XRD) patterns were then analyzed by the Rietveld refine-

ment procedure. Raman-scattering data were obtained usinghereD represents the dynamical matrix and is proportional
a SPEX 1877C triple spectrograph equipped with chargeto the square of the vibration frequendy,is the volume of
coupled devicéPHOTOMETRICS CC220cooled to 140 K. the unit celi, andZ* is the Born effective charge. Figure 3
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et al* have shown that mo&* (A)s are close to their nomi-

nal ionic valence, except fat* (Pb)=3.9, and almost con-
stant regardless of the B ion. FigurébB reveals that the
LO-TO splitting or Coulomb interaction is lowered by sub-
stituting Sr for Pb, but not dominated by the shrinkage of the
A cell dimension as in the BST systéfiBecause of the higher
Born effective charge of Pb than those of otlesite diva-
A lent cations(Ba, S, the role of Pb ions added into PST
a might exhibit anomalous contrast to Ba ions added into BST
accordingly. More Pb-O covalent bonding as Sr ions are
0.7 0.8 0.9 1.0 replaced with Pb ions would enhance the LO-TO splitting in
. - PST system.
5.8 1 (b) Pb,Sry.(TI0 In conclusion, this investigation described the lattice dy-
. namics of PRSr; _,TiO; polycrystalline powder prepared by
the sol—gel method. In addition to identifying the phase tran-
= sition by a variation of the lattice and phonon modes, the
decreasing behavior of giant LO-—TO splitting has been di-
54 rectly observed. The presence of substitutiodPand B&*
' ions on SrTiQ yields anomalous discrepancies in lattice dy-
namics, by altering electronic states. The decreasing LO-TO
05 06 07 08 019 1.0 splitting phenomenon obser_ved in_ PST rather than the in-
X creasing in the BST system is ascribed to the fact that Pb—O
interaction is more hybridized than Ba—O and, thus, the
FIG. 3. Difference between square Af(3LO) andA,(1TO) phonon fre-  change of effective charge to the LO-TO splitting may be
quncies for(a) BaSr,_,TiO3 and (b) Ph Sr,_, TiO; system in tetragonal the dominant mechanism in F8r,_,TiOs, while unit-cell
phase. volume change is in the B8r, _,TiO; systems. These re-

sults provide useful information to support further theoretical
shows the difference between the squareAgf3LO) and  gidies on lattice dynamics for ABQperovskites.

A,(1TO) phonon frequencies for BST and PST, and the ex-
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