Effect of the Ca content on the electronic structure of Pb 1x Ca x TiO 3 perovskites
J. C. Jan, K. P. Krishna Kumar, J. W. Chiou, H. M. Tsai, H. L. Shih, H. C. Hsueh, S. C. Ray, K. Asokan, W. F.
Pong, M.-H. Tsai, S. Y. Kuo, and W. F. Hsieh

Citation: Applied Physics Letters 83, 3311 (2003); doi: 10.1063/1.1618375

View online: http://dx.doi.org/10.1063/1.1618375

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/83/16?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
An ab-initio DFT study of electronic structure of SrMO 3 perovskites (M = Rh and Ru)
AIP Conf. Proc. 1536, 1077 (2013); 10.1063/1.4810608

Effects of strain on the electronic structures and T C ’s of the La 0.67 Ca 0.33 Mn O 3 and La0.8Ba 0.2Mn O 3
thin films deposited on SrTiO 3
Appl. Phys. Lett. 89, 082511 (2006); 10.1063/1.2335973

Electronic structure of Pb 1 x La x Ti O 3 ferroelectric materials from Ti 2 p and O 1 s soft x-ray absorption
spectroscopy
J. Appl. Phys. 99, 044104 (2006); 10.1063/1.2173683

Direct experimental evidence of hybridization of Pb states with O 2 p states in ferroelectric perovskite oxides
Appl. Phys. Lett. 87, 012103 (2005); 10.1063/1.1988984

Prediction of the [Na 1/2 Bi 1/2 ]TiO 3 ground state
AIP Conf. Proc. 582, 82 (2001); 10.1063/1.1399692

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=J.+C.+Jan&option1=author
http://scitation.aip.org/search?value1=K.+P.+Krishna+Kumar&option1=author
http://scitation.aip.org/search?value1=J.+W.+Chiou&option1=author
http://scitation.aip.org/search?value1=H.+M.+Tsai&option1=author
http://scitation.aip.org/search?value1=H.+L.+Shih&option1=author
http://scitation.aip.org/search?value1=H.+C.+Hsueh&option1=author
http://scitation.aip.org/search?value1=S.+C.+Ray&option1=author
http://scitation.aip.org/search?value1=K.+Asokan&option1=author
http://scitation.aip.org/search?value1=W.+F.+Pong&option1=author
http://scitation.aip.org/search?value1=W.+F.+Pong&option1=author
http://scitation.aip.org/search?value1=M.-H.+Tsai&option1=author
http://scitation.aip.org/search?value1=S.+Y.+Kuo&option1=author
http://scitation.aip.org/search?value1=W.+F.+Hsieh&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1618375
http://scitation.aip.org/content/aip/journal/apl/83/16?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4810608?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/89/8/10.1063/1.2335973?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/89/8/10.1063/1.2335973?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/99/4/10.1063/1.2173683?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/99/4/10.1063/1.2173683?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/87/1/10.1063/1.1988984?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1399692?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 16 20 OCTOBER 2003

Effect of the Ca content on the electronic structure
of Pb,_,Ca,TiO5 perovskites

J. C. Jan, K. P. Krishna Kumar, J. W. Chiou, H. M. Tsai, H. L. Shih, H. C. Hsueh,
S. C. Ray, K. Asokan,® and W. F. Pong®
Department of Physics, Tamkang University, Tamsui, Taiwan 251, Republic of China

M.-H. Tsai
Department of Physics, National Sun Yat-Sen University, Kaohsiung, Taiwan 804, Republic of China

S. Y. Kuo® and W. F. Hsieh
Institute of Electro-Optical Engineering, National Chiao Tung University, Hsinchu,
Taiwan 300, Republic of China

(Received 20 June 2003; accepted 22 August 2003

This study performs OK- and Ti L;edge x-ray absorption near-edge struct@&NES)
measurements and first-principles pseudopotential calculations for the electronic structures of
ABO;-type Ph _,Ca TiO5 (x=0-1) perovskites. The features in thek@edge XANES spectra are
found to be contributed primarily by hybridization between @ &1d Ti 3d, Pb 6o, and Ca &
orbitals. The OK-edge XANES spectra reveal that partial substitution of A cations, Pb, by Ca not
only decreases O2-Pb & but also O »—Ti 3d hybridization. The TiL ;3 -edge measurements

find that the off-center displacement of Ti, and hence, ferroelectricity persist up to a Ca
concentration between 0.3 and 0.4. 2003 American Institute of Physics.

[DOI: 10.1063/1.1618375

Ferroelectric ABQ perovskites have been the subject of current modes, respectively, at the National Synchrotron Ra-

extensive studies since they exhibit rich electric characterisdiation Research Center, Hsinchu, Taiwan. Powdered ®C
tics potentially useful in fundamental research and technosamples were synthesized using the sol-gel technique. Theo-
logical applications.Among them lead titanate, PbTjQde-  retical calculations of RCa, <TiO; were based on the first-
noted as PT@has a characteristic unit cell that contains aprinciples pseudopotential method with the local-density
highly polarizable TiQ octahedron, which gives rise to approximation:' the computation details are given
ferroelectric  characteristicss Theoretical ~calculations elsewheré®*?

showed that Ti 8 and O 2 hybridized states and the Pb—O Figure 1 presents the &-edge XANES spectra of
covalent bonding crucially cause the ferroelectric instabilityPC,TO (x=0.2-0.9, PbTiO; (x=0, PTO, CaTiC; (x=1,

in PTO3® While previous extended x-ray absorption fine CTO) and the reference TiQ These spectra are normalized
structure studies of ferroelectric titanates revealed the offto the same area in the energy range between 550 and 570 eV
center displacement of filntroducing Ca was found to re- (not fully shown. The features marked by,Ao D; in the
duce both the tetragonal distortion and the transition temspectra of PCTO and TiQ are centered at530.8, 532.4,
perature of PTG.Recently, compositional substitution of the 533.6, and 536.0 eV, respectively. The inset in Fig. 1 presents
A cation, Pb, in PTO by Ca and the effect on its electricala magnified view to better resolve features-/; . In these

and structural characteristics have been studied by x-ray dispectra, the background intensity was subtracted from a best-
fraction and Raman measuremehtsThe x-ray diffraction fitted Gaussian curve as indicated by the dashed lines. These
measurement performed by Keo al. showed that as the Ca features are best resolved with two peaks for CTO ang TiO
content in Ph_,CgTiO; (PGTO) increased from 0 to 1, Similar two-peak structures at the threshold of th& @dge
phase transitions from tetragonal to cubic and then to orthowere also observed for otherd3ransition metal oxides®
rhombic occurred.In this study, OK- and TiL; redge x-ray ~ The two-peak structures, marked by And G, in the CTO
absorption near-edge structUlANES) measurements and and TiO, spectra, are contributed by Gp2and Tityg ande,
first-principles electronic structure calculatidhsare per- antibonding orbitals, respectivel§®

formed to better understand the influence of Ca substitution  Figure 2 shows the ®-edge XANES spectrum and the
on the electronic structure of RTO perovskites. calculated O p-, Ti 3d-, Pb Gsp-, and Ca 8l-derived states

Room temperature XANES spectra atkOand TiLls,  of the Ply<Ca,<TiO; to elucidate O p—Ti3d, O 2p—Pb

edges were obtained using a high-energy spherical gratingsp, and O 2—Ca 3 hybridization and to identify the
monochromator beamline by the fluorescence and samplgontributions to the OK-edge XANES features. Figure 2
reveals strong hybridization between @ and Ti 3d t,, and
present address: Nuclear Science Center, Aruna Asaf Ali Marg, Nev€gy Orbitals, which gives rise to features Aand G, respec-
Delhi 110067, India. tively. Features Band D, arise predominantly from the hy-

YAuthor to whom correspondence should be addressed; electronic maibridization between O R and Pb ® and Ca 3 orbitals
wfpong@mail.tku.edu.tw . '
9present address: Precision Instrument Development Center, Hsinchf€SPECtively.

Taiwan. Figure 3 presents the difference curves of th&K@dge
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3312 Appl. Phys. Lett., Vol. 83, No. 16, 20 October 2003 Jan et al.

O K-edge ?1 O K-edge 1?' B ¢

W
x=0.9
0.8
0.7

Intensity
(arb. units)

oF
- %J_
P

DOS (states eV "atom ™)

i
L

bt
th

Normalized Absorption (arb. units)

Intensity
a
=
=}

Fa
i f\
AT e

RGN RN

Ci N \1}}4_

L Energy (eV)
528 530 532 534 536 .
L L L 1 FIG. 2. The OK-edge XANES spectrunfupper solid-ling and the calcu-
525 530 535 540 545 lated O -, Ti 3d-, Pb 6sp-, and Ca 8l-derived states for RRCa, sTiO3.

The first OK-edge feature has been aligned with that of the calculated O

Photon Energy (¢V) 2p-derived states. Zero energy is the Fermi level.

FIG. 1. Normalized OK-edge XANES spectra of the RGO (x=0-1)
samples. The dashed line represents a best-fitted Gaussian shape back-

ground. The ins_et shows the magnified near-edge feature after the baCIThUS, electron charge is transferred from the Ca cation to
ground subtraction. both Pb and Ti cations in BTO, which reduces the positive
effective charges on Pb and Ti ions. Thus, the attractive Cou-
XANES spectra of PCTO and PTO to illustrate the depen- lomb potentials at the Pb and Ti sites are reduced, which
dence of the hybridization between @ 2nd Ti 3d, Pb 60  raises Pb and Ti orbital energies and reduces botlp©OPh
and Ca 3 orbitals onx. The darkened areas under the dif- 6p and O 2—Ti 3d hybridization.
ference curvehereafter denoted asA;, AB;, AC;, and Earlier theoretical calculations suggested that the ferro-
AD,) are proportional to the difference between the densitieglectric transition occur as a result of a balance between the
of the unoccupied O @-derived states of PTO and those long-range Coulomb interaction and the short-range force.
of PTO. Figure 3 reveals that the areas undéyr; to AC, Zhonget al. also discussed the correlation between Coulomb
(AD,) are always negativépositive) and increase with the interaction and the ferroelectric statéand argued that the
Ca content, indicating reducéthcreaseglO 2p—Ti 3d and  Coulomb interaction leads to the splitting of LO and TO
O 2p—Pb & (O 2p—Ca 3) hybridization with the Ca sub- ferroelectric phonon modes. In recent studies of Pb-based
stitution. Roughly three different regions can be identifiedPC,TO® and Ph_,Sr,TiO5,*® Kuo et al. reported that the
for x between 0 and 0.3, 0.4, and 0.6, and 0.7 and 1 accordrequency difference between LO and TO modes decreases
ing to the variation of the intensities and line shapes of thavhen PGTO and Pl_,Sr,TiO5 transit from the tetragonal
difference spectra. The trend of the line shapes/intensities aftructure to the high-symmetry cubic structure. Ketoal.
AA; to AC; exhibits some changes at=0.4 and 0.7 interpreted their results as related to the reduction of long-
(marked by arrow bajs which is consistent with previous range Coulomb interactions by enhanced Pb—O covalent
observation of a phase transition from tetragonal to cubic abonding. However, based on presenK@edge results, it is
x=0.4 and then to orthorhombic at0.7° argued in the following that the softening of the TO mode is
The ranges ofAA; (from ~529.0 to 531.4 e}/ AC;  not due to the enhanced Pb—O covalent bonding, but due to
(from ~533.4 to 535.8 e}/ AB; (from ~531.4 to 533.4 the reduction of Ti—O hybridization and Ti effective charge.
eV), andAD; (from ~535.8 to 539.8 eYare attributable to The vibration frequency of the TO phonon mode is propor-
O 2p-Tityy, O 2p-Tiey, O 2p—Pb &, and O D-Ca A tional to the square root of the force constant between cat-
antibonding orbitals. The dependence of the O-Ti, O—Pbions and anions, which contains contributions from the at-
and O—Ca hybridization on the Ca concentration can be egractive electrostatic Coulomb energies and hybridization. If
timated qualitatively from Fig. 4, which presents the inte-the TO mode is contributed dominantly by the force constant
grated areas kA, +AC,;, AB;, andAD;. The decrease of between O and A cations, i.e., Pb and Ca, the TO mode will
the AB; area and the increase of theD; area with the not soften by the substitution of Pb by Ca because Ca has a
increase ok are approximately linear. In contrast, the varia- larger effective charge and enhanced Ca—O hybridization.
tion of the AA;+AC,; area can be roughly separated into Thus, the observed decrease of the LO-TO splitting suggests
three regions, which suggests that the structural transitions @hat the TO mode be contributed dominantly by the force
PC.TO are correlated primarily with the O—Ti hybridization. constant between O and B cations, i.e., Ti ions. This argu-
Figure 4 shows that the substitution of the A cation, Pb, byment is consistent with the understanding that ferroelectricity
Ca not only decreases the @2Pb & but also O »—-Ti 3d in PTO is due to the off-center displacement of B cation, Ti.
hybridization. Ca has a smaller electronegativity than other  Figure 5 displays the TL; -edge XANES spectra of
two cations, Pb and Til.0 vs 2.33 and 1.54, respectively ~ PC,TO. These spectra are spiit intg andL , regions by the
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FIG. 5. Normalized TiL; redge XANES spectra of RTO. The dashed

. L . . lines represent two best-fitted arctangent functions of the continuum step
Splﬂ-_orblt mteracthn and each region Contat@§ anc_j €y centered at the maximum height. The inset shows the magnifiezhé B,
splitting by approximately 2 eV due to the crystal-field ef- features after the background subtraction.

fect. In these spectra, features And B, (C; and D)) cor- 4cianedron, The Ti; -edge XANES results suggest that the
respond to thd s (L;) edge witht, and e, symmetries, o qelectric property in PJO persists only up to a Ca con-
respectively’*® Feature B has a splitting of about 0.5 eV centration between 0.3 and 0.4

(indicated by vertical linesfor PC, TO for x between 0 and ' o

0.3. The inset in Fig. 5 highlights the splitting by subtracting  This work was supported by the National Science Coun-
the background using two arctangent functions shown by theil (NSC) of the Republic of China under Contract Nos. NSC
dashed lines. Feature, s contributed by Ti 8 e, subband, 91-2112-M-032-015 and NSC 91-2112-M-032-020.
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