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PROGRAM 
 
Sunday, January 29, 2012 (ANL Guest House) 
5:00-7:00pm:  Registration and Welcome Reception  
 
 
Monday, January 30, 2012 (TCS Conference Center, Bldg. 240) 
7:30-8:00am: Registration 
8:00-8:05am:  Welcome/Announcements (P. B. Littlewood) 
8:05-8:10am:  In memoriam: R. Blinc (delivered by J. F. Scott) 
 
Session 1:  Novel materials: multiferroics (Session Chair: D. J. Singh) 
8:15-8:45am:  J. F. Scott (invited) - A New Room-Temperature Multiferroic (Ferromagnetic Ferroelectric): Lead 

iron-tantalate-zirconium-titanate Pb(Fe,Ta,Zr,Ti)O3 
8:45-9:05am:  B. Dabrowski - Prediction and Realization of Breakthrough Multi-Ferroic Perovskites 
9:05-9:35am:  S. Kamba (invited) - Infrared studies of strained magnetoelectric thin films of EuO, SrMnO3 and 

Ca3Mn2O7 
9:35-10:05am: A. A. Belik (invited) - High-pressure synthesis of new ferroelectric and multiferroic perovskite 

materials 
 
10:05-10:30am:  COFFEE 
 
Session 2:  Novel materials: ferroelectrics (Session Chair: D. Vanderbilt) 
10:30-11:00am: R. E. Cohen (invited) - Ferroelectricity under applied pressure and applied electric fields 
11:00-11:20am: Y. Uesu - Ferroelectric (PbSnTi)O3 thin films synthesized by nucleation-mixture depositions and 

their structural and dielectric properties  
11:20-11:40am: W. Parker - Epitaxial Strain Tunes Polarization and Electronic Band Gap in perovskite SnTiO3 
 
11:40am-1:00pm: LUNCH (ANL Guest House) 
 
Session 3:  Surface/interface compensation (Session Chair: J. A. Eastman) 
1:00-1:30pm: M. J. Highland (invited) - Polarization of Ultrathin PbTiO3 with Controlled Surface Compensation 
1:30-1:50pm:  K. Garrity - Ferroelectric Surface Chemistry: a first-principles study of the PbTiO3 surface  
1:50-2:10pm:  Y. Watanabe - Properties of intrinsic ferroelectric surface in extreme clean limit: Giant 2D 

conduction on atomically clean surface of stoichiometric BaTiO3 in UHV  
2:10-2:30pm:  Y.-M. Kim - Interface Mediated Stabilization  of Ferroelectric and Non-Polar Phases of BiFeO3 
 
2:30-3:00pm:  COFFEE 
 
Session 4:  Topological defects and domains (Session Chair: P. G. Evans) 
3:00-3:30pm: L. Bellaiche (invited) - Binding of Electric Vortices with Electric Antivortices in Ferroelectrics 

and Multiferroics 
3:30-4:00pm:  S. Kalinin (invited) - Static and dynamics conductance of topological defects in ferroelectrics 
4:00-4:20pm:  C. Dubourdieu - Study of ferroelectricity in tetragonal BaTiO3 epitaxial films grown on SrTiO3- 

buffered Si(001) - Can this system exhibit negative capacitance? 
 
4:20-4:40pm:  MINI-BREAK 
 
4:40-5:00pm:  D. Su - Origin of 90° Domain Wall Pinning in Pb(Zr0.2Ti0.8)O3 Heteroepitaxial Thin Films 
5:00-5:20pm:  Q. Zhang - Domain Wall Dynamics of Ferroelectric Ultrathin Films 
5:20-5:40pm:  W. Wu - Conduction of topologically-protected charged ferroelectric domain walls  
5:40-6:00pm:  M. V. Holt – Elastic Relaxation and Local Strain in BiFeO3 Nanostructures 
 
7:00pm DINNER (Maggiano’s Little Italy, Oak Brook, IL) 
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Tuesday, January 31, 2012 (TCS Conference Center, Bldg. 240) 
 
Session 5:  Superlattices (Session Chair: S. M. Nakhmanson) 
8:00-8:30am:  P. G. Evans (invited) - Nanosecond Dynamics in Ferroelectric/Dielectric Superlattices 
8:30-8:50am:  M. Dawber - New PbTiO3 based superlattices with exceptional properties 
8:50-9:20am:  J. Junquera (invited) - Highly-confined spin-polarized two-dimensional electron gas in 

SrTiO3/SrRuO3 superlattices 
 
9:20-9:50am:  COFFEE 
 
Session 6:  Phase Transitions (Session Chair: L. Bellaiche) 
9:50-10:10am:  A. R. Damodaran - Phase Evolution and Stabilization in Highly-Strained Epitaxial BiFeO3 Films: 

Implications for Enhanced Electromechanical Response 
10:10-10:30am:  S. Prosandeev - Novel Properties in BiFeO3 Films 
10:30-10:50am:  A. Roytburd - Stability and Field Induced Response of Heterophase Nanostructures in Constrained 

Ferroelectrics and Ferroelastics 
10:50-11:10am:  Z.-G. Ye - Tricritical Points and Related Properties of Pb(Zr1-xTix)O3 Single Crystals 
11:10-11:30am:  A. Bussmann-Holder - Tuning the structural instability of SrTiO3 by Eu doping: the phase diagram 

of Sr1-xEuxTiO3 
 
11:30am-1:00pm: LUNCH (ANL Guest House) 
 
Session 7:  Relaxors (Session Chair: R. E. Cohen) 
1:00-1:30pm:  A. M. Rappe (invited) - Molecular Dynamics Study of Dielectric Response in a Relaxor 

Ferroelectric 
1:30-1:50pm:  C. Stock - Magnetic and ferroelectric relaxor properties in PbFe1/2Nb1/2O3  
1:50-2:10pm:  S. Vakhrushev - Diffuse scattering in perovskites 
2:10-2:40pm:  P. M. Gehring (invited) - Anisotropic Acoustic Lattice Dynamics in PbMg1/3Nb2/3O3 
 
2:40-3:00pm:  COFFEE 
 
Session 8:  Flexoelectricity (Session Chair: J. Junquera) 
3:00-3:20pm:  D. Vanderbilt - First-principles theory of flexoelectricity 
3:20-3:40pm:  A. Tagantsev - Flexoelectric effect in finite samples 
3:40-4:00pm:  I. Naumov - Flexoelectric effect in 2D sp2-bonded crystals 
 
4:00-6:00pm:  POSTERS (TCS Conference Center, Bldg. 240) 
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Wednesday, February 1, 2012 (TCS Conference Center, Bldg. 240) 
 
Session 9:  Modeling (Session Chair: K. M. Rabe) 
8:00-8:30am:  R. Resta (invited) - Dynamical matrix in magnetoelectrics 
8:30-8:50am:  N. Benedek - Coexistence of ferroelectricity and octahedral rotations in ABX3 perovskites 
8:50-9:10am:  H. Moriwake – Structural analysis of ferroelectric phase of CdTiO3 from first-principles 

calcuations 
9:10-9:30am:  J. Hong - Spin-phonon coupling effects in transition-metal perovskites: a DFT+U and hybrid-

functional study 
9:30-9:50am:  E. Walter - First-principles calc of Sc NMR parameters in Pb(Sc2/3W1/3)O3  
9:50-10:10am:  J. Wojdel  - All-atom ab-initio models for perovskite ferroelectrics and lattice mode interactions in 

PbTiO3 
 
10:10-10:40am:  COFFEE 
 
Session 10:  Techniques (Session Chair: M. J. Highland) 
10:40-11:00am:  N Barrett - Full field electron spectromicroscopy of ferroelectric materials 
11:00-11:20am:  J. W. Freeland - Structural Control of Magnetic Anisotropy in a Multiferroic EuTiO3 Thin Film 
11:20-11:40am:  Y. Li - Ultrafast optical manipulation of the ferroelectric order in multiferroic bismuth ferrite 
11:40-12:00pm:  A. Lindenberg - Ultrafast terahertz and x-ray probes of ferroelectric structural and electronic 

dynamics 
 
12:00pm: LUNCH (ANL Guest House) and adjourn 
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Poster Session, Tuesday, Jan 31, 4-6pm (TCS Conference Center, Bldg. 240) 
 

 Author(s) Title Subject 

PS01 M.C. Ehmke, J.E. Blendell, K.J. Bowman The Influence of Phase Coexistence and Ferroelastic Domain Texture 
on the Performance in Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 Piezoceramics 

Domains 

PS02 J. Karthik, A. R. Damodaran, L. W. Martin Effect of 90° domain walls on the dielectric and pyroelectric 
susceptibilities of epitaxial ferroelectric thin films 

Domains 

PS03 T. Nishimatsu, K. Aoyagi, T. Kiguchi, T.J. 
Konno, Y. Kawazoe, A. Kumar, U.V. 
Waghmare 

Heating-up and cooling-down molecular-dynamics simulations of 90-
degree domain structures in PbTiO3 

Domains 

PS04 C.M. Schlepütz, Y. Yang, C. Adamo, D.G. 
Schlom, R. Clarke 

Stripe domain evolution in ultrathin BiFeO3 films grown on TbScO3 
(110) 

Domains 

PS05 T. Sluka,  A.K. Tagantsev, D. Damjanovic, 
M. Gureev, N. Setter 

Enhanced Electromechanical Response of Ferroelectrics Due to 
Charged Domain Walls 

Domains 

PS06 Z. Zhao, J. Blendell, K. Bowman, R. Edwin 
Garcia 

Modeling Domain Dynamics in Single- and Polycrystalline 
Ferroelectrics 

Domains 

PS07 R. Adhikari, H. Fu Electronic structure of LaO doped SrTiO3 Modeling  

PS08 S. Amisi, E. Bousquet, K. Katcho, P. 
Ghosez 

First-principles study of structural and vibrational properties of SrZrO3 Modeling  

PS09 Y. Cao, S. Bhattacharya, C.A. Randall, 
L.Q. Chen 

Phase-field modeling of resistance degradation and I-V characteristics 
in perovskite-based ferroelectric oxides 

Modeling  

PS10 R. Grigalaitis, S. Lapinskas, J. Banys, E.E. 
Tornau 

Dynamics of Relaxation Times in the Three-Dimensional Ising Model Modeling  

PS11 R. Herchig, K. Schultz, K. McCash, I. 
Ponomareva 

Terahertz Frequency Dynamics of Ferrolectric Nanowires Modeling  

PS12 S. Liu, T. Hiroyuki, I. Grinberg, A.M. 
Rappe 

Development of Classical Potential for PbTiO3 Modeling  

PS13 N. Ng, K. Bhattacharya Multiphysics model of semiconducting ferroelectrics and its application 
to memory devices 

Modeling  

PS14 A. Prikockyt!, C. Dubourdieu, P. Ghosez Role of electrical and mechanical boundary conditions 
on the ferroelectric properties of YMnO3 epitaxial thin films 

Modeling  

PS15 A. Raeliarijaona, H. Fu Response of zone-center phonon structure to epitaxial strain in BaTiO3 Modeling  

PS16 D. Rahmedov, L. Bellaiche, D. Wang, J.  
Iniguez 

Magnetic cycloid of BiFeO3 from atomistic simulations Modeling  

PS17 M. Rose, R.E. Cohen The Electrocaloric Effect and the Relationship Between Homogenous 
Polarization Switching and Phase Transitions in Ferroelectrics 

Modeling 

PS18 S. Subramanian, T. Ozaki, K. Yamauchi, T. 
Oguchi, N. Baskaran 

A first principle structure dynamics study of doping lone pair A cations 
to HoMnO3 

Modeling  

PS19 L.F. Wan, T. Nishimatsu, S.P. Beckman The piezoelectric tensor components of the known phases of KNbO3 
calculated by first-principle methods 

Modeling  

PS20 N. Barrett, J. L. Wang, A. Pancotti, P. 
Jégou, G. Niu, B. Gautier, Y.Y. Mi, L. 
Tortech, S. Yin, B. Vilquin 

Ferroelectricity in Quasi-Amorphous BaTiO3 Ultra-thin Film Novel 
Materials 

PS21 J.W. Bennett, K.F. Garrity, K.M. Rabe, D. 
Vanderbilt 

Switchable polarization in stuffed wurtzite compounds, a new class of 
ferroelectrics 

Novel 
Materials 
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PS22 V.R. Cooper, S. Takagi, D.J. Singh First principles prediction of morphotropic phase boundaries in Bi-
based ferroelectrics 

Novel 
Materials 

PS23 S. Ducharme Applications of ferroelectric polymer and oligomer thin films Novel 
Materials 

PS24 C. Fancher, J.E. Blendell, K.J. Bowman Poling Induced Fatigue in <100> Textured Lead-Free Piezoelectric 
Na0.5Bi0.5TiO3 (NBT) 

Novel 
Materials 

PS25 A.T. Mulder, N.A. Benedek, C.J. Fennie Crossover between hybrid improper ferroelectricity and proper 
ferroelectricity in layered perovskites 

Novel 
Materials 

PS26 W. Ren, Y. Yang, W. Chen, L. You, Z. 
Chen, Y. Qi, X. Zou, J. Wang, T. Sritharan, 
P. Yang, L. Chen, L. Bellaiche 

Sm-doped BiFeO3 films under compressive strain Novel 
Materials 

PS27 S.K. Saha, P. Ghosez Structural, electronic, and vibrational properties of chloride-based 
perovskites : A first-principles study 

Novel 
Materials 

PS28 Z. Gui, S. Prosandeev, L. Bellaiche Properties of epitaxial (110) BaTiO3 films from first principles Phase 
Transitions 

PS29 D. K. Jackson, R. Pattnaik, J. Toulouse Temperature evolution of the linear birefringence in striated single 
crystals of KTa1-xNbxO3 (KTN) 

Phase 
Transitions 

PS30 F. Kadlec, C. Kadlec, P. Kuzel, J. Petzelt Ferroelectric phase transition in GeTe studied by time-domain THz 
spectroscopy 

Phase 
Transitions 

PS31 A. Kvasov, A. Tagantsev Can we trust the temperature - misfit strain thin film phase 
diagrams? 

Phase 
Transitions 

PS32 K. McCash, A. Srikanth, I. Ponomareva Polarization Reversal in Ultrathin Ferroelectric Nanowires under 
High Electric Fields 

Phase 
Transitions 

PS33 Y. Xie, A.A. Bokov, X. Long, Z.-G. Ye Studies of Domain Structure and Phase Transitions in PbZr1-xTixO3  
Single Crystals 

Phase 
Transitions 

PS34 M. Ahart, S. Kojima, Z.-G. Ye, R.J. 
Hemley 

Structural transition in Pb(In1/2Nb1/2)O3 under pressure Relaxors 

PS35 A. Al-Barakaty, L. Bellaiche The effects of Oxygen vacancies on properties of PMN-25%PT: a first-
principles-based study 

Relaxors 

PS36 P. Ondrejkovic, M. Kempa, J. Hlinka, J. 
Kulda, H. Luo, Q. Zhang 

Waterfall anomaly in (Na0.5Bi0.5)0.96Ba0.04TiO3 single crystal Relaxors 

PS37 H. Takenaka, I. Grinberg, A.M. Rappe Molecular Dynamics Study of Local Structure and Dynamics in a 
Relaxor Ferroelectric 

Relaxors 

PS38 S.J. Callori, J. Gabel, D. Su, J. Sinsheimer, 
M.V. Fernandez-Serra, M. Dawber 

Compositional inversion symmetry breaking in PbTiO3/SrRuO3 
superlattices 

Superlattices 

PS39 R.S. Katiyar, N. Ortega, A. Kumar Ferroelectric and Dielectric Properties of BaTiO3/Ba(1-x)SrxTiO3 
Superlattices 

Superlattices 

PS40 J. Sinsheimer, S.J. Callori, Y. Benkara, B. 
Bein, J. Daley, D. Su, M. Dawber 

Engineered polarization rotation in PbTiO3/CaTiO3 superlattices Superlattices 

PS41 Y. Yang, W. Ren, M. Stengel, X.H. Yan, L. 
Bellaiche 

Phase transitions in epitaxial PbTiO3/BiFeO3 superlattice 
from first principles 

Superlattices 

PS42 V. "elezn#, C. Kadlec, A. Soukiassian, 
X.X. Xi, D.G. Schlom 

Folded acoustic phonons in infrared spectroscopy of BaTiO3/SrTiO3 
superlattices 

Superlattices 

PS43 J. Banys, S. Rudys, M. Ivanov, R. 
Grigalaitis, N.P. Vyshatko, A.D. Shilin, 
A.N. Salak 

Meyer-Neldel rule for electrical conductivity observation in xNBT–(1-
x)LMT ceramics 

Techniques 

PS44 E. Buixaderas, I. Gregora, J. Hlinka, J. Dec Raman and IR phonons in SrxBa1-xNb2O6 single crystals Techniques 
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PS45 I.S. Golovina, B.D. Shanina, I.N. Geifman EPR study of KTaO3:Mn nanopowder Techniques 

PS46 N. Inoue, R.A. Maier, A. Honda, H. 
Takagi, C.A. Randall 

Evaluation of defect dipole dissociation energy in rare earth and 
magnesium co-doped BaTiO3 by TSDC (Thermally Stimulated 
Depolarization Current) measurement 

Techniques 

PS47 Y.-M. Kim, M.D. Biegalski, J. He, H.M. 
Christen, S.T. Pantelides, S.J. Pennycook, 
A.Y. Borisevich 

Direct Atomic-Scale Measurement of Oxygen Stoichiometry in 
Cobaltite Thin Films 

Techniques 

PS48 J.H. Lee, S.-H. Chang, I.C. Tung, S.M. 
Nakhmanson, J. Eastman, D. Fong, H. 
Hong, J.W. Freeland 

Development of molecular-beam epitaxy for in-situ synchrotron x-ray 
study of layered complex oxides 

Techniques 

PS49 B. Ma, M. Narayanan, S. Liu, S. Chao, S. 
Tong, U. Balachandran 

Ferroelectric PLZT Films Grown on Metal Foils by Chemical Solution 
Deposition 

Techniques 

PS50 I. C. Tung, J. Liu, B. Gray, J. Chakhalian, 
J.M. Rondinelli, E.A. Karapetrova, J.H. 
Lee, M.J. Bedzyk, J.W. Freeland 

Influence of Symmetry on the Octahedral Rotations of Epitaxial RNiO3 
Thin Films 

Techniques 

PS51 Y. Yang, C.M. Schlepütz, C. Adamo, D.G. 
Schlom, R. Clarke 

Structural Investigation of Ultrathin BiFeO3 Films on SrTiO3 (001) 
Substrates 

Techniques 

 
 
 
Withdrawn: 

 E. Iolin Neutron Scattering by the Transverse Optic Wave in Relaxors. Effect of 
Interaction between TOW Vortex and Polarized Nano Regions 

Relaxors 
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Professor Robert Blinc – In Memoriam 

 

On September 26, 2011, Professor Robert Blinc passed away. Robert Blinc was born on 

October 31, 1933, in Ljubljana, Slovenia. He graduated in 1958 and completed PhD in 

1959 in physics at the University of Ljubljana. His doctoral research on proton 

tunneling in ferroelectrics with short hydrogen bonds was supervised by Professor 

Du!an Had"i. After a postdoctoral year spent in the group of Professor John Waugh at 

M.I.T., Cambridge, Mass., Robert Blinc was appointed as a professor of physics at the 

University of Ljubljana at a time when there was scarce research in the field of 

condensed matter physics in Slovenia. With his far-sighted mind, Robert Blinc initiated 

the NMR laboratory at the Jo"ef Stefan Institute in Ljubljana. He immediately realized 

the enormous potential of NMR methods in the research of structure, dynamics, and 

phase transitions in solids. In the subsequent years he made significant contributions in 

applying magnetic resonance to the research of ice, ferroelectric materials, liquid 

crystals, incommensurate dielectrics, pseudospin glasses, relaxor ferroelectrics, 

fullerenes, and fullerene nanomagnets. His work led to the detailed understanding of the 
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microscopic nature and properties of those materials. To mention only a few of his 

achievements: Robert Blinc and coworkers elucidated the isotopic effect in ferroelectric 

crystals, developed the tunneling model of hydrogen bonded ferroelectrics (known as 

the Blinc–de Gennes model), predicted the phason Goldstone mode in helicoidal 

ferroelectric liquid crystals and the first theory of unwound ferroelectric liquid crystals, 

discovered the relaxation mechanism via nematic order fluctuations in liquid crystals 

(the Pincus–Blinc  model), detected solitons and phasons in incommensurate systems 

using NMR, determined the Edwards-Anderson order parameter in proton and deuteron 

glasses, developed the random bond–random field Ising model of proton and deuteron 

glasses (the Pirc–Tadi#–Blinc model), developed the spherical random bond–random 

field model of relaxors, revealed the nature of ferromagnetism in organic ferromagnet 

TDAE-C60 and discovered the origin of giant electromechanical effect in PMN-PZT 

relaxors via the existence of critical end point. He also pioneered the application of 

NMR to the nondestructive oil-content measurements in plant seeds, the hardening-rate 

determination of cements and concrete by NMR relaxometry and the TNT explosive 

detection by nitrogen NQR, where he is the holder of three patents . In the early stage of 

the double resonance technique, he succeeded in obtaining the first nitrogen NMR 

spectra in nucleic acids and peptides. 

 The bibliography of Robert Blinc is very rich, containing more than 700 original 

research papers in international scientific journals. Among these, he has published three 

papers in Nature (1958, 1966, 2006), two in Science (both in 1996) and 47 in Physical 

Review Letters. His publications were cited more than 14.000–times in SCI. One of the 

most important achievements of Professor Robert Blinc, which attracted considerable 

attention in the broad scientific community, is the book Soft Modes in Ferroelectrics 

and Antiferroelectrics (North Holland, 1974), written together with Bo!tjan $ek!. The 

book was translated into Russian (1975) and Chinese (1982) and belongs to the 600 

most-cited scientific books in the world. Another of his books, written together with 

Igor Mu!evi% and Bo!tjan $ek!, The Physics of Ferroelectric and Antiferroelectric 

Liquid Crystals, was published in 2000 by World Scientific. His last book Advanced 

Ferroelectricity (Oxford Science Publications) appeared in August 2011, shortly before 

he passed away. 
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 Being a professor of physics at the University of Ljubljana, Robert Blinc was the 

supervisor of 67 diploma works and 35 PhD theses in the field of condensed matter 

physics and NMR spectroscopy. He was the founder and the head of the Condensed 

Matter Physics Department at the Jo"ef Stefan Institute for 47 years and a member (and 

vice-president in the years 1980–1999) of the Academy of Science and Arts of 

Slovenia. Robert Blinc maintained a wide range of contacts with scientists worldwide. 

To mention only a few of them, he was a visiting professor at the University of 

Washington in Seattle; ETH Zurich, Switzerland; Federal University of Minas Gerais in 

Belo Horizonte, Brazil; University of Vienna in Austria; University of Utah in Salt Lake 

City; Kent State University in Ohio, Argonne National Laboratory, and several others. 

In the years 1990–1996 he was the president of the Groupement AMPERE, and the 

president of the European Steering Committee on Ferroelectricity (1986–1999). He was 

a member of seven foreign Academies of Sciences and has received numerous national 

and international scientific prizes. 

 As the head of the Condensed Matter Physics Department at the Jo"ef Stefan 

Institute, Robert Blinc promoted, in addition to NMR, other experimental techniques: 

ESR, dielectric measurements, optical spectroscopy and atomic force microscopy. He 

took active part in solving theoretical problems related to the systems under study. He 

can therefore be recognized as the founder and tireless promoter of the condensed 

matter physics research in Slovenia. We, his former students and coworkers, owe him a 

debt of gratitude for his enthusiasm and dedication to the phenomena of solid-state 

physics and magnetic resonance spectroscopy. He will remain in our memories. 

 

Prof. dr. Janez Dolin!ek 

J. Stefan Institute, University of Ljubljana, Jamova 39, SI-1000 Ljubljana, Slovenia 

AMPERE Vice-president 
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Abstracts for Oral Presentations

(Listed in order of presentation)
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Session 1
Novel materials: multiferroics
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Abstract 
 
Search for multi-ferroic materials, where magnetism and ferroelectricity are strongly coupled, is 
of fundamental technological and theoretical importance. Room temperature magnetic 
ferroelectricity, showing unique sensitivity to applied magnetic fields could lead to several new 
revolutionary magneto-electronic devises. Typically, both phenomena tend to be mutually 
exclusive because ferroelectricity is usually present for d0 (for example M=Ti4+, V5+, Nb5+) and 
magnetism for non-d0 (for example, M=Cr4+, Mn3+, Mn4+, Fe3+, Co3+) transition metals. Coupling 
between post-transition metal’s (for example, Pb2+, Bi3+) ferroelectricity of s- and p-electrons 
and transition metal’s d-electrons magnetism is known (for example, Bi3+Fe3+O3), but it is weak 
and not of practical usage. 
  
As a result of over 20 years of research on transition metal perovskites AMO3 we have 
developed empirical “tolerance factor synthesis-properties design rules” for predicting and 
obtaining perovskite compounds exhibiting unique properties [1,2]. These “design rules” rely on 
simple geometrical factors; for example, tolerance factor t = [A-O]/!2[M-O] to correlate stability 
of the perovskite structure and it’s properties to the M–O–M bond angle, the M formal valence, 
and the [A-O] and [M-O] equilibrium interatomic distances. By using temperature dependent 
neutron diffraction studies in conjunction with thermogravimetric analysis we have observed that 
t = t(x,T,d) is a strong function of chemical composition, temperature, and oxygen non-
stoichiometry (see Fig. 1 for measured and modeled compositional and temperature dependence 
of t(x,T) for Sr1-xCaxMnO3 system (a) and CaTiO3 (b)). When t = 1 perovskites exhibit cubic 
crystal structure because lengths of [A-O] and [M-O] bonds are perfectly matched. Vast majority 
of known perovskites have t < 1 at room temperature. Their bonds lengths mismatch is 
accommodated by rotations of the MO6 octahedral units, which decrease the M–O–M bond 
angles form 180o and lower the crystal symmetry. When t > 1 the mismatch is accommodated by 
elongation of [M-O] bonds beyond their equilibrium lengths but cubic crystal structure it usually 
retained (see Fig. 2 (a) for room temperature extrapolated t(x) for Alkaline Earths substituted 
Lanthanum titanates). In a few cases when the tension is too large (for example, Ba2+Ti4+O3), the 
classical ferroelectric effects occur above room temperature at TF ~ 400 K, once the M (d0) ions 
move out of the center of the MO6 octahedral units resulting in large electric dipole for each unit 
cell.  
 
We have projected that similar effects should be observed for non-d0 insulating and 
antiferromagnetic (TN ~ 240 K) perovskites of Mn4+ (d3), resulting thus, in a strong ferroelectric-
magnetic coupling of the same d-electrons of Mn [3]. Figure 2(b) shows extrapolated room 
temperature t(x) for Alkaline Earths substituted Lanthanum manganites. Clearly, t(x,T) are much 
larger than 1 at room temperature and should achieve even higher values on heating for both La-
Sr-Ba substituted titanates and manganites. However, to date we were not able to observe 
ferroelectric distortion in manganites because the [Mn-O] bonds have not been put under 

15



sufficient tension; for example, we were able to synthesize the Sr1-xBaxMnO3 samples only with 
x " 0.4 [4]. Recently, Tokura group [5] managed to achieve x = 0.45 and 0.50 compositions and 
observed spectacularly strong multi-ferroic behavior with TF ~ 400 K and TN ~ 220 K. I will 
describe our recent attempts to obtain these and similar magnetic manganites with elongated Mn-
O bonds. Structural, magnetic and ferroelectric properties will be discussed. 

 

 
Fig. 1 (a)      Fig. 1 (b) 
 

  
Fig. 2 (a)     Fig. 2 (b) 
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The set of multiferroic materials is markedly limited in nature. Many multiferroics only exhibit a 
coexistence of antiferromagnetic and ferroelectric ordering and therefore their magnetoelectric 
coupling is small. In type-II multiferroics, the ferroelectric state is induced by a special antiferro- or 
ferrimagnetic ordering and for that reason the magnetoelectric coupling is large in such materials. 
Unfortunately, the critical magnetic and ferroelectric temperatures are mostly low in such systems, 
which so far rule out any practical applications of multiferroics in memory, magnetic sensors and 
other magnetoelectric devices.  
 Fennie and Rabe1 suggested a new route for preparation of multiferroics with a strong 
magnetoelectric coupling. They proposed the use of biaxial strain in epitaxial thin films to induce 
the ferroelectric and ferromagnetic state in materials that are typically paraelectric and 
antiferromagnetic in bulk form. A requirement for such a material is the existence of strong spin-
phonon coupling. Fennie and Rabe1 proposed, based on their first principles calculations, the use 
EuTiO3 for such a purpose. Recently, some researchers have confirmed their theoretical prediction 
and revealed ferroelectric and ferromagnetic ordering in tensile strained EuTiO3 thin films 
deposited on DyScO3 substrates.2 In this case 1% tensile strain induced ferroelectricity at 250 K and 
ferromagnetisim at 4.2 K. Unfortunately, the magnetic Curie temperature in EuTiO3 is too low for 
practical applications, but the new approach for the preparation of artificial multiferroics, which do 
not exist in bulk form, was demonstrated.  
 This contribution is devoted to the experimental search for other strain-induced multiferroics, 
that should have higher critical temperatures than EuTiO3. We will concentrate on the study of EuO, 
Ca3Mn2O7 and SrMnO3 thin films, which were recently predicted to be multiferroic using first 
principles calculations.3-5 All the films were grown using reactive molecular-beam epitaxy. Direct 
low-frequency dielectric measurements are mostly impossible due to the leakage current present in 
the strained thin films. Therefore we have used contactless infrared (IR) and microwave dielectric 
measurements, which are affected only slightly or even not at all by conductivity of the films. 
 Semiconducting binary oxide EuO crystallizes in a simple rocksalt structure and it 
undergoes a ferromagnetic phase transition at 69 K.6 Its Curie temperature can be enhanced up to 
170 K by proper Gd doping.7 Bousquet et al.3 have shown, based on their first-principles density 
functional calculations, that EuO can become ferroelectric under epitaxial strain and the 
ferromagnetic Curie temperature can increase with strain. The critical strain predicted for the onset 
of ferroelectricity is 3.3% compressive and 4.2% tensile.3 The ferroelectric polarization is 
anticipated to be rather strong, i.e., comparable to BaTiO3.  
 We have investigated three kinds of EuO thin films deposited on yttrium-stabilized ZrO2 
(YSZ), LuAlO3 and YAlO3. The 100nm thick film deposited on YSZ is virtually lattice-matched 
with 0.04% compressive strain. The films deposited on LuAlO3 and YAlO3 had thickness 15 nm 
and were biaxially strained in an anisotropic way with in-plane strains up to +1.5% and +2.2%, 
respectively. In all samples only one phonon is IR active in EuO. At room temperature it exhibits 
frequencies of 177, 168 and 171 cm-1 in the films deposited on YSZ, LuAlO3, and YAlO3, 
respectively. This indicates that only a small shift in frequency with strain is observed. The phonon 
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frequencies usually slightly increase (harden) on cooling due to thermal contraction. In our case a 
small (< 3 cm-1) decrease (softening) of the phonon frequency was observed with lowering 
temperature. This indicates a tendency towards lattice instability in strained EuO thin films. 
Unfortunately, the strain was too low for the observation of a ferroelectric phase transition; strains 
at least twice this amount (>4%) are necessary according to theory.3    

Lee and Rabe8 predicted that a biaxial tensile strain larger than 3% can simultaneously 
induce ferroelectric ferromagnetic ordering in SrMnO3 thin films. Cubic SrMnO3 crystallizes with 
the perovskite Pm3m structure and it undergoes a magnetic phase transition at TN  230 K to a G-
type antiferromagnetic state. The possibility of strain-induced ferroelectricity requires strong spin-
phonon coupling, which was theoretically predicted, but never experimentally confirmed in bulk 
SrMnO3. We have performed IR reflectivity measurements of bulk SrMnO3 ceramics and found that 
the lowest polar phonon frequency exhibits strong (17%) hardening on cooling below the Neel 
temperature resulting in a 32% decrease of static permittivity below TN. Such a huge change of 
permittivity due to antiferromagnetic ordering was, according to our knowledge, never observed 
and it gives evidence for extremely strong spin-phonon coupling in SrMnO3 bulk ceramics. The 
presence of the strong spin-phonon coupling is very promising for the possibility of stabilizing the 
ferroelectric phase in strained films of SrMnO3. We have investigated commensurate epitaxial 
SrMnO3 films grown on NdGaO3, DyScO3 and TbScO3 substrates, which exhibit strains of 1.2%, 
3.4% and 3.9%, respectively. Microwave permittivity in the films deposited on NdGaO3 and 
DyScO3 revealed a monotonic decrease with temperature similar to bulk SrMnO3. The most 
strained film on TbScO3 showed an increase of ’ on cooling. However, no dielectric anomaly 
typical for the predicted improper-ferroelectric phase transition was observed.  The phonon 
frequencies observed in all SrMnO3 films also do not exhibit any significant anomalies, which 
would be a signature of a ferroelectric phase transition. 

The last system, which we investigated, was Ca3Mn2O7. This material exhibits an 
antiferromagnetic phase transition near 110 K. The Ruddlesden-Popper type crystal structure can be 
tetragonal or orthorhombic (possible polymorphism). Benedek and Fennie4 predicted from first-
principles calculations that the two modes from the Brillouin zone edge describing rotation of 
oxygen octahedra are coupled with one polar phonon and therefore should induce ferroelectricity in 
Ca3Mn2O7. The magnetoelectric coupling should be anomalously strong in this system and 
therefore the thin film with 1.5% compressive strain should allow 180° switching of magnetization 
and simultaneous switching of ferroelectric polarization in an external electric field. Our IR 
reflectivity spectra of bulk Ca3Mn2O7 revealed no significant changes of phonon frequencies near 
TN, i.e., the spin-phonon coupling is smaller than in SrMnO3. We also did not observe any signature 
of an improper ferroelectric phase transition in the IR spectra, i.e., no new phonons arise on cooling. 
Nevertheless, the phonon spectra were partially influenced by the free carrier plasma stemming 
probably from the oxygen non-stoichiometry of the measured ceramics. We have also measured an 
epitaxial Ca3Mn2O7 thin film deposited on YAlO3. Again no signature of a ferroelectric phase 
transition was revealed in IR or microwave measurements.   
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Bi-containing perovskites and perovskite-related compounds have received a lot of 

attention as multiferroic materials and lead-free ferroelectric materials [1]. Bi-based 
compounds have strong tendency for ion off-centering because a Bi3+ ion has the 
stereochemically active 6s2 lone pair. Among simple BiMO3 compounds, only BiAlO3, 
BiFeO3, BiCoO3, and BiInO3 have polar perovskite-type crystal structures. BiScO3, 
BiCrO3, BiMnO3, and BiNiO3 crystallize in centrosymmetric perovskite-type crystal 
structures. BiAlO3 and BiFeO3 are quite promising lead-free ferroelectrics with 
switchable polarization. Chemical simplicity of BiMO3 makes them ideal systems for 
materials fabrications, theoretical understanding, and thin-film growths. They can only be 
prepared at high-pressure high-temperature conditions (except for BiFeO3) in a bulk 
form. 

BiGaO3 was predicted to have the PbTiO3-type perovskite structure with a huge 
tetragonal distortion [2]. Experimentally, however, BiGaO3 was found to crystallize in a 
pyroxene-type structure (with tetrahedral coordination of Ga3+ ions) compared with other 
members of the BiMO3 family [3]. 

In our talk, we will present results on the high-pressure synthesis and properties of Bi-
based perovskites. Simple BiMO3 compounds and solid solutions BiM11-xM2xO3 will be 
discussed. In some solid solutions, the existence of a Cm phase was found in a wide 
compositional range. The Cm phase exists in solid solutions of PbTixZr1 xO3 at a very 
narrow compositional range of x = 0.55 and is believed to be at the origin of excellent 
piezoelectric properties of this composition [1]. Therefore, thin films of BiM11-xM2xO3 

may be promising lead-free materials to replace 
PbTixZr1 xO3. 

(Mn,Fe)O6 

InO6 

Fig. Crystal structure of (In1-xMx)MO3
M = Fe0.5Mn0.5, x = 0.176. 

We will also discuss a new class of 
multiferroic materials: In-based perovskites. We 
show that In1 xMxMO3 with x = 0.112 0.176 and 
M = Fe0.5Mn0.5 has the same structure with 
BiFeO3 (Fig.) and high Curie temperature; 
In1 xMxMO3 is a canted antiferromagnet with the 
Néel temperature close to RT [4]. In1 xMxMO3 
presents a new class of perovskite materials (with 
In3+ in the A site of a perovskite ABO3) that is 
almost completely unexplored. This class of 
materials is unique because (1) long-range 
magnetic ordering survives near RT despite of 
significant disordering in the A and B sites, (2) the 
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same transition metals are located in both A and B sites, and (3) a polar distortion is 
realized without presence of ions with the lone electron pair. Our results give a significant 
contribution to the development of RT multiferroics and open wide possibilities for thin-
film research and future improvement of In-based perovskites. Our results also show new 
ways for the preparation of perovskite-type materials. 
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This study is motivated by first principles simulations that predict new ferroelectrics with large 

electromechanical strain and polarization by substituting atoms such as Sn with smaller ionic radii in the 

Pb sites of PbTiO3 [1, 2]. However few studies concerning the fabrication of these compounds have been 

reported to date. This is mainly due to the difficulty of realizing Sn2+ in perovskite ABO3 in usual 

atmospheric environment and Sn ions are apt to occupy B-sites as Sn+4. Therefore we synthesized not pure 

SnTiO3 or (PbSn)TiO3 but the mixed state of PbTiO3-SnTiO3-PbSnO3 (PST), because the mixture state 

could assist existences of PbSnO3 and even SnTiO3. For this purpose we adopted nucleation-mixture 

depositions using three ceramic targets of PbO, SnO and TiO2 in the pulse laser deposition (PLD) method 

where PbO, SnO and TiO2 nucleation islands are mixed in a single layer. To find the most suitable 

condition for synthesizing these thin films, we changed substrate temperature, O2 atmospheric gas pressure, 

the deposition sequence, PbO/SnO/PbO/TiO2/PbO or TiO2/PbO/TiO2/SnO/TiO2, and laser pulse shots for 

three targets that make three raw materials on the substrate uniform to promote the solid reaction. Finally 

we found that the deposition sequence of PbO/SnO/PbO/TiO2/PbO provides better quality PST films, 

while TiO2/PbO/TiO2/SnO/TiO2 sequence accelerates mainly PbTiO3 (Fig.1). The optimum condition of 

the film synthesis is the substrate temperature of 650 ℃, O2 gas pressure of 30 mTorr and the repetition 

frequency of laser pulse of 5Hz. For dielectric measurements, SrRuO3 was deposited on the substrate as a 

bottom electrode and Au was evaporated on the film as top electrodes. The thickness of PST films is 

300-500 nm. XRDs with Bragg-Brentano and in-plane geometries reveal that PST films are c-axis oriented 

and belong to the pseudo-tetragonal system with a~b~ 0.3993 nm and c=0.4051 nm, thereby c/a~1.015. 

 Temperature dependences of dielectric constant !c and tan! of PST thin film are shown in Fig.2. 

Around room temperature, !c (~700) is almost temperature independent and starts to increase above 

100 ℃ due to ferroelectric phase transition taking place at 277 ℃. Dielectric loss (tan!) is lower 

than 0.1 below 250 ℃. Fig.3 shows a D-E hysteresis loops of PST thin film. This result confirms the 

ferroelectricity of PST thin film. The remnant polarization Pr is 35 µC/cm2 at room temperature and 
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coercive electric field is 100 kV/cm. Pr value is smaller than the predicted value of 120 µC/cm2 of 

(Pb1/2Sn1/2)TiO3 [1] due to the three mixed phases and effect of the substrate. 

 Fig.4 shows temperature dependences of the lattice parameter c and FWHM of XRD profiles of 

PST thin film. Small but distinct change in c and a marked change in FWHM are observed at 277 ℃. 

This fact suggests that ferroelectric phase transition takes place at 277 ℃. 

 Piezoelectric response was observed at room temperature using PFM. It is interesting to point out 

that PST thin film appears as an assembly of comparatively large grains and small grains, which 

exhibit opposite piezoelectric responses.  

 A result of TEM-EDX of PST film shows that Pb, Sn and Ti atoms in PST films are 

inhomogeneously distributed forming clusters with Pb rich and Sn rich sites. 
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Fig.1. Changes in XRD profile of thin films 
synthesized under different conditions  

PST PTO 

Fig.2. Temperature changes of dielectric 
constant !c and tan(#) of PST with different 
frequencies 

Fig.3. D-E hysteresis loops of PST observed at some 
temperatures. 

Fig.4. Temperature changes of lattice constant c 
and FWHM of PST film.  
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Epitaxial Strain Tunes Polarization and Electronic Band Gap in perovskite SnTiO3
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The existence of a polar SnTiO3 has been controver-
sial. By stoichiometry and analogy with PbTiO3, Sn
should have a lone electron pair that creates a polar dis-
tortion, yet syntesis attempts employing sintering [1] and
pulsed-laser deposition [2] with SnO2 and TiO2 precur-
sors have failed to produce a clearly polar SnTiO3. While
several theoretical investigations [1, 3, 4] have examined
the properties of a hypothetical perovskite SnTiO3 utiliz-
ing ab initio techniques, two other surveys [5, 6] indicate
that the ground state is a non-polar ilmenite structure.

We use first-principles density functional calculations
to study the structural stability of tin titanate poly-
morphs with SnTiO3 stoichiometry. We find that
the low-energy phases are distorted-perovskite (tetrag-
onal P4mm and monoclinic Cm) and ferroelectric-
LiNbO3 (R3c), all possessing corner-sharing TiO6 octa-
hedra and polar cation displacements.

We also evaluate the relative phase stability of the
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FIG. 1. Polarization [left vertical axis] and tetragonality [right
vertical axis, star data points] of epitaxially-strained P4mm
and Cm SnTiO3 phases as functions of biaxial misfit strain ε.
Polarization of the R3c ferroelectric-LiNbO3-type structure is
also marked on the left as an open square for comparison. The
shaded area outlines the region of the Cm phase stability.

polar perovskite structures under bi-axial strain. We
use the theoretical lattice parameter of cubic perovskite
(Pm3̄m) SnTiO3 to define zero strain (ε = a/a0−1) and
show that the elastic strain energy induced by lattice mis-
match with the substrate promotes the stereochemical
lone-pair activity and simultaneously enables control over
the direction and magnitude of the net electric polariza-
tion (shown in Figure 1). The growth-direction-oriented
polarization in P4mm transforms to an off-growth-axis
polarization in Cm under tensile strain. In contrast with
SrTiO3, which only produces an in-plane polar distor-
tion under compression, SnTiO3 retains an out-of-plane
polarization under all strains between ±2%, strongly at-
testing to the presence of a lone pair.
Additionally, we find that as the polarization moves

away from the growth axis under tensile strain, the elec-
tronic band gap increases (Figure 2). We attribute this
behavior to the broken four-fold symmetry of the Cm
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FIG. 2. Valence band maxima (VBM) and conduction
band minima (CBM) of epitaxially-strained P4mm and Cm
SnTiO3 phases as functions of biaxial strain. Values for the
corresponding non-polar P4/mmm structures are also shown
in dotted lines. Open square and circle at zero strain mark
the VBM and CBM positions in the cubic Pm3̄m structure.
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Cm SnTiO3 with biaxial strain. PDOS for the corresponding
non-polar P4/mmm structures is also shown in dotted lines.

structure, which allows the Ti dxy and O px, py orbitals
to hybridize at the Γ-point (Figure 3). The mixing fur-
ther repels the conduction band minimum and valence

band maximum. The dependence of the gap on the di-
rection of the polar distortion presents the opportunity
to tune it dynamically, through applied electric field or
elastic strain, if SnTiO3 is grown as a thin film close to
the phase boundary of P4mm and Cm.
Finally, motivated by the propensity for tin to exist

in the 4+ oxidation state, we investigate antisite point
defect pairs, namely the substitution of Sn on a Ti site
(SnTi + TiSn). Simulating a 12.5% defect density, we
show that antisite substitution leads to metallic behav-
ior from the partial occupation of the formerly empty Ti
d bands. The metallic screening decreases the repulsion
between the Sn2+ lone pairs and oxygen atoms and sub-
sequently reduces the magnitude of but does not quench
the cooperative polar distortions.
This project was supported by the U. S. Department

of Energy, Office of Science, Office of Basic Energy Sci-
ences and by American Recovery and Reinvestment Act
(ARRA) funding through the Office of Advanced Scien-
tific Computing Research under contract no. DE-AC02-
06CH11357.
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Recent studies on the behavior and stability of ultrathin fer-
roelectrics have found that the extent of the compensation of
the polarization by free charge at interfaces strongly affects
the phase transition and switching properties of these materi-
als [1–4]. Incomplete charge compensation due to finite elec-
tronic screening lengths in compensating layers results in a
residual depolarizing field and a reduction in the Curie tem-
perature TC [5–7]. Insufficiently compensated interfaces can
result in the appearance of equilibrium 180◦ stripe domain and
vortex polarization structures [3, 4, 8–11]. Competitions be-
tween energy terms that scale with surface area and those that
scale with volume largely dictate the behavior of these system
as there size decreases.

Charge compensation of ferroelectric surfaces without elec-
trodes can involve ions arising from the environment of the
ferroelectric material [12–19]. Sufficient ionic compensation
can occur so that ultrathin films remain polar [13, 14, 21], and
their polarization orientation can be altered by changing the
chemistry of the environment [15, 18]. When the polariza-
tion orientation of a PbTiO3 film is inverted by changing the
external oxygen partial pressure controlling ionic compensa-
tion, recent experiments [19] have found that, depending upon
film thickness and temperature, the transition can occur ei-
ther through the nucleation and growth of inverted domains
or by a continuous mechanism, in which the polarization uni-
formly decreases to zero and inverts without the formation of
domains. This crossover could be explained as an effect of
either kinetics (e.g. limited nucleation rate) or thermodynam-
ics (e.g. limited phase stability) in ultrathin films [19]. These
considerations motivated efforts to determine the equilibrium
polarization phase diagrams of ultrathin ferroelectric PbTiO3

films as a function of temperature and the external chemical
potential controlling their ionic surface compensation [20] .

The equilibrium phase diagrams in Fig. 1 show the suppres-
sion of TC as a function of pO2 for three different film thick-
nesses. Here the color scale represents the net polarization
�P � ≡ |P |(2xpos − 1), while the symbols show the phase ob-
served at each point measured . In figure 1 triangles pointing
up and down indicate monodomain up or down polarization
respectively. Square symbols indicate stripe domain forma-
tion and circles indicate the paraelectric state. At lower T , the
polarization has opposite sign for high and low pO2 (xpos = 1
and 0, respectively). The observed TC (solid line) is minimum
at the pO2 value where the polarization orientation below TC

changes sign. The degree to which TC is suppressed at these

FIG. 1: Temperature vs. pO2 phase diagrams for three thicknesses of
PbTiO3 on SrRuO3 coherently strained to SrTiO3 (001). Color scale
indicates net polarization. Symbols show points measured and phase
observed. Solid lines indicate TC , and dashed lines are boundaries
of 180◦ stripe domain regions.

intermediate pO2 values becomes greater as film thickness de-
creases. The square symbols show points where the CTR fit-
ting indicates a mixed domain structure. At these points we
typically observe diffuse scattering satellite peaks in the in-
plane directions around the Bragg peak, indicating formation
of equilibrium 180◦ stripe domains with periods in the range
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12-25 nm [8, 9].
These results provide an explanation for the recent obser-

vation [19] of polarization switching without domain forma-
tion at the intrinsic coercive field in sufficiently thin PbTiO3

films. Figure 2 shows the observed film thickness and temper-
ature diagram [19] giving the regions for which polarization
switching by changing pO2 at constant temperature occurs by
nucleation of oppositely polarized domains, or alternatively
by a continuous mechanism in which the local polarization
magnitude passes through zero. Superimposed upon this dia-
gram are three points corresponding to the minimum TC from
Fig. 2 for the three film thicknesses studied here.

They correspond well with the boundary between the con-
tinuous and nucleated mechanisms of switching. This agree-
ment implies that the change in switching mechanism occurs
because of equilibrium behavior rather than simply kinetic
effects – the continuous mechanism occurs when the polar
phase loses stability with respect to the nonpolar phase rather
than the oppositely polarized or stripe phase. On the other
hand, the regions of equilibrium 180◦ stripe domains on the
phase diagrams of Fig. 2 indicate that the nucleated switching
mechanism observed at these lower temperatures may occur
through the initial formation of stripe domains.

These studies show that the chemical environment at the
surface of an ultrathin ferroelectric film has strong effects on
its phase transition. The nonpolar phase is stabilized and TC

is suppressed at intermediate chemical potentials where the
concentrations of surface ions are insufficient to compensate
either orientation of the polar phase. Such ionic compensation
offers a new tool for tuning ferroelectric properties and a new
avenue for devices, and must be considered when comparing

studies carried out in different environments, e.g. ambient air
or vacuum. Further development of the theory for ionic com-
pensation and its validation through experiment will lay the
ground work for fully understanding how a ferroelectric thin
film interacts with its environment, and for fully realizing the
potential of ferroelectric materials.

This work was supported by the U.S. Department of En-
ergy, Office of Science, Office of Basic Energy Sciences un-
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Due to a large, persistent response to electric fields, ferroelectric substrates offer a unique opportunity to tune the

properties of a surface via an external field, potentially providing an avenue for advanced surface chemistry. By using

an electric field to change the polarization direction of a ferroelectric substrate, one can potentially reversibly modify

the surface Fermi level, atomic geometry, or even stoichiometry, all of which can alter the performance of the surface

in applications.1,2 This extra control over surface chemistry could potentially allow one to bind and release molecules

from the surface or to turn reaction pathways on and off, enabling a new level of control over surface catalysis.3,4

In this work, we use first principles density functional theory to investigate the effects of polarization on the (001)

surface of PbTiO3. We both investigate the consequences of changing polarization on stoichiometric surfaces and

determine the thermodynamically stable (non-stoichiometric) surface structures as a function of the film polarization.

We then consider the adsorption of CO2 and H2O to both stoichiometric and non-stoichiometric surfaces. Finally, in

addition to looking at the PbTiO3 surface itself, we also consider the effects of adding a single epitaxial surface layer

of several different materials in order to combine the high polarization of PbTiO3 with a material that has superior

catalytic properties.

We begin by examining the effects of polarization on the stoichiometric TiO2-terminated surface. We find that

both the positively-poled and negatively-poled surfaces compensate the depolarization field with an electronic recon-

struction. On the positively-poled surface, electrons move into the conduction band, while on the negatively-poled

surface, holes move into the valence band. This screening charge has a large effect on both CO2 binding modes and

binding energies.

While the results for the ideal surface seem promising, our first principles surface thermodynamics calculations

indicate that polarized PbTiO3 always prefers to compensate its surface charge by adjusting the surface stoichiometry,

rather than through an electronic reconstruction. Over most of the available phase space, the positively-poled surface

has a PbO termination with 0.5 ML adsorbed O. The negatively-poled surface is also PbO-terminated, but with 0.5

ML O vacancies. Both of these reconstructions allow the surface to compensate the surface charge while maintaining

favorable oxidation states on all surface atoms. These surface reconstructions also modify CO2 and H2O binding;

however, the total binding tends to be much smaller than on the stoichiometric TiO2-terminated surface. In particular,
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FIG. 1: (Color online) Binding of 0.5 ML CO2 to selected thermodynamically stable surfaces (see Table ??). a) Physisorption

to positively-poled surface with 0.5 ML O. b) Carbonate bonding to positively-poled surface with 0.5 ML Pb vacancies. c)

Carbonate bonding to negatively-poled surface with 0.5 ML oxygen vacancies. d) Carbonate bonding to stoichiometric PbO-

terminated paraelectric surface.

we find that the thermodynamically stable negatively-poled surface with oxygen vacancies binds CO2 in a carbonate

geometry with a binding of 0.5 eV, while the stable positively-poled surface only binds CO2 through physisorbtion

(see Fig. 1).

Finally, we attempt to improve binding of CO2 to the surface by adding a monolayer of a catalytically active material

to the surface. Unfortunately, many traditional catalysts (e.g. Pt) are not thermodynamically stable as monolayers

on PbTiO3. We do find several oxides and alkali metals which are stable on the surface and which improve CO2

binding.

In summary, our work demonstrates that ferroelectric polarization can have a large effect on the chemistry of an

oxide surface. In particular, our results highlight the importance of considering the effects of polarization on surface

stoichiometry, which suggests new avenues for tuning catalytic properties through substrate polarization.
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 Properties of intrinsic ferroelectric surface in extreme clean limit:                         
 Giant 2D conduction on atomically clean surface of stoichiometric BaTiO3 in UHV   

 
Y. Watanabe, D. Matsumoto and S. Kaku  

Department of Physics, Kyushu University, Fukuoka, Japan 812-8581 

Synopsis  We report both nanoscopic and quasi-simultaneous macroscopic multiple-measurements 
BaTiO3 single crystals in ultrahigh vacuum (UHV), which are fully oxygenated top-seed-solvent-growth 
(TSSG) having atomically-ordered clean surface realized for the first time. The surface conductance 
changes 105 times by the spontaneous polarization (PS) and reaches almost metallic one for PS-up state. 
Both macroscopic-multiple and UHV-AFM (atomic force microscopy) measurements consistently 
clearly show intrinsic existence of e- and h+ layers on ferroelectric surface, which are favorably 
compared with ab-initio calculations [1] and GL theory. The result can be interpreted with the aid of ab-
initio studies of BaTiO3 surfaces [1,6,7]. 

Introduction: Surface  Ferroelectric is unique among condensed matters, because the macroscopic electrical 
features reside predominantly at the surface. For example, 180°domains are attributed to the surface 
charge, i.e, !""""P; memory and energy conversion uses the screening charge in electrodes, which is 
determined by charges near the surface; the thickness or size dependence of the properties and, therefore, 
nano-ferroelectrics are critically controlled by the surface. In particular, in ferro 2010 in Aspen, we have 
shown that the nanoscopic study of the BaTiO3 domains in UHV, which indicated the intrinsic screening 
at the surface. The progress of this possibility using TSSG crystal is presented in this presentation. 

Aim: Clean free surface  In particular, insufficiently screened surface such as free-surface is essential in 
ferroelectric field effect transistors, energy conversion, nano-ferroelectrics and 180°domains. Here, the 
surface of ferroelectrics poses a wide variety of puzzles, because its properties critically depend on strain, 
strain gradient, interdiffusion, stoichiometry, surface relaxation, defects, dislocations, injected carriers, 
electrical properties of adjacent material and band banding. We believe that a basic approach for these 
surfaces is to study a simplified limit, e.g., an ideal free-surface of ferroelectrics. 

Previous results: Self-field effect Prototypical ferroelectrics such as pure stoichiometric BaTiO3 are 
considered to be good insulator as confirmed by various experiments. On the other hand, free carrier 
layer is shown to form at the surface of ferroelectrics # PS for insufficiently screened depolarization 
field Ed because of enormous Ed [1-4]. These theories were supported by all-perovskite ferroelectric 
FETs [5] and the conductance of poled free surface in ultrahigh vacuum (UHV) [3]. Nonetheless, free-
carrier layer on ferroelectric is usually considered due to extrinsic effect such as oxygen vacancies, and 
therefore not included in the discussions of ferroelectric basics.  
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Present results: First atomic control of surface & Giant conductance  To resolve these controversies, we’ve 
recently succeed to obtain atomically ordered clean surface of fully oxygenated top-seed-solvent-growth 

 (TSSG) BaTiO3 single crystals for the first time. We investigated their 
properties, by quasi-simultaneous macroscopic multiple-measurements of 
the surface and bulk and multiple-scanning microscopy. All 
measurements are carried out in UHV.  

Atomically ordered surfaces of BaTiO3 single crystals are obtained 
and are cleaned in UHV so that oxygen vacancy formation is adequately 
suppressed. These surfaces possess wide well-defined atomic lattice steps, 
indicating a high surface crystallographic quality. The surface conduction, 
the bulk conduction and the linear and nonlinear permittivity were quasi-
simultaneously measured with the electrode having a gap of 10 µm. The 
PS-up and down state are formed by application of external field of 100 
V between the surface and bottom electrode. 

The surface I-V characteristics in Fig. 1 show that significantly 
high conductance for the PS-up state ( 105) and an appreciably 
enhanced conductance for the PS-down state, whereas no change in 
bulk conductance. The PS direction is confirmed by 2nd harmonic 
permittivity (Fig.2) and polarization microscopy. The conductance 
of both PS-up and down state disappears above Curie temperature 
where PS vanishes. The high sensitivity of the surface conductance 
to the adsorbents indicates that the thickness of the layer is approx. 
a few lattices in accordance with theories [1,3].  
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Fig. 1 I-V characteristics of 
surface conductance of BaTiO3 
in UHV of PS-up (e-), down (h+) 
and random(a/c, a) state.  

 (a/c, a)  

Fig. 2 Temperature dependence of 
nonlinear permittivity of poled and 
unpoled states simultaneously 
measured with conductance. 
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Atomically-defined interfaces between complex oxides offer a paradigm of novel 
electronic and coupled functionalities. Among those, devices based on ferroelectric are an 
attractive option due to possibility of direct control by electric field. Engineering ferroelectric 
response via coupling with other order parameters enables new device concepts such as Mott 
transistors and strain coupled electronics; however, realizing such coupling is often difficult. 
Recently, it was suggested that tilt transitions at interfaces can be used to engineer interface 
properties.[1,2] A representative multiferroic material, BiFeO3 (BFO) possesses a number of low-
laying structurally dissimilar ground states differing in octahedral tilt patterns (see, e.g. [3]). Here, 
we report the stabilization of the ferroelectric and antiferroelectric phases at the BFO-LSMO 
interface through termination control and reveal associated atomic-scale mechanisms with the 
help of quantitative aberration-corrected scanning transmission electron microscopy (STEM) 
combined with EELS and first-principles theory. 

Figure 1 shows annular dark field (ADF) STEM images for the BFO thin film structures 
with different LSMO interface terminations and their corresponding polarization changes across 
the interfaces. The terminations of LSMO interface were engineered through the surface 
termination control of STO substrate. The BFO thin film grown on MnO2-terminated surface of 
LSMO exhibits stabilized ferroelectric phase at the interface. The interfacial and bulk 
polarization are antiparallel, giving rise to a head to head ferroelectric domain wall mostly 
parallel to the interface. In comparison, the film grown on (Sr/La)O-terminated surface of LSMO 
exhibits non-polar phase in the vicinity of the interface, with associated ferroelectric-non-polar 
domain wall in the bulk. Quantitative atomic position mapping and extensive STEM simulations 
were used to study the octahedral tilt and the cation displacement behavior in the BFO depending 
on the interface termination. The electronic properties at the interfaces including charged domain 
walls and FE-non-polar walls, were further probed by energy loss spectroscopy (EELS). These 
results imply that the structural parameters such as octahedral tilt and ferroelectricity in BFO can 
be directly controlled by modifying the interface structure. Specifically, this approach allows 
octahedral tilt induced stabilization of non-polar form in zero fields. The results of related first 
principles simulations and considerations on the nature of the non-polar phase, as well as 
considerations on possible device applications will also be reported. 
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Figure 1. Thin film structures and polarization maps across interface: (a) ADF STEM image for 
the BFO structure grown on MnO2-terminated surface of LSMO (topmost panel) and the 
corresponding two dimensional displacement maps (out-of-plane displacement, dz, and in-plane 
displacement, dy) of Fe in the pseudo-cubic perovskite structure (two middle panels). Line 
profiles for the displacement maps are represented in the bottom panel. (b) The same 
arrangement for the figures applies to the BFO structure grown on (La/Sr)O-terminated surface 
of LSMO. 
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Vortex-antivortex pairing is a fundamental process that has been observed in a variety of materials, 

such as superfluids, superconductors, and magnets. This pairing of topological defects is often 

associated with complex phenomena, including nanoscale magnetization dynamics [1-3] or the 

occurrence of the so-called and intriguing Berezinskii-Kosterlitz-Thouless (BKT) transition [4-7]. 

 

Interestingly, pairs of electric vortices and electric vortices have just been created in BiFeO3 (BFO) 

thin films [8-9], which opens the possibility of studying such pairs and their effects on physical 

properties in ferroelectrics and multiferroics. 

 

The purpose of this Talk is report/discuss phenomena that all involve the binding of electric vortices 

and antivortices in different ferroelectric and multiferroic nanostructures. Examples of such 

phenomena (that have been discovered via the use of ab-initio and first-principles-based techniques) 

are: 

 

1) The occurrence of a strain-induced, pure gyrotropic phase transition in BFO thin films grown 

along the [1-10] direction [10]. Gyrotropic phase transitions are characterized by the appearance 

of a spontaneous optical activity, and are rare in nature [11-14]. As a matter of fact, we are not 

aware of any gyrotropic phase transition having been previously reported in any perovskite 

material. 
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2) The prediction of the so-called magnetotoroidic effect in BFO nanodots [15]. Such latter effect 

characterizes the control of magnetic order parameters by the application of curled (rather than 

homogeneous) electric fields [15,16].  

 

3) The search for a BKT transition happening in a ferroelectric material. BKT transition is an unusual 

transition that is associated with a change in the response of the system to applied fields and to a 

diverging correlation length [4,17]. Moreover, some correlation functions decay exponentially with 

distance above this transition, while they adopt a power law in the low-temperature phase [4,17]. 

Preliminary results strongly suggest that some specific ferroelectric nanocomposites exhibit all these 

fingerprints of the BKT transition, which would imply that these nanocomposites can be considered as 

the ``missing link'' that brings ferroelectrics into the realm of materials that have been demonstrated to 

possess BKT transitions. 
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Static and dynamics conductance of topological defects in ferroelectrics  
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Domain walls and vortices in ferroelectric and ferroelastic materials have recently attracted much 
attention as a playground of novel physical phenomena including charge accumulation and asso-
ciated band bending,1 ferroelastic transitions,3 band gap narrowing due to intrinsic symmetry 
changes,4 vacancy segregation,5 and order parameter couplings.6, 7 While the underpinning theo-
retical concepts have been explored for several decades, only recently unique functional proper-
ties of isolated domain walls have become accessible for direct observations through scanning 
probe microscopy methods, whereas associated structures including order parameter components 
are now amenable to atomic resolution electron microscopy techniques.    
 The recent upsurge of the interest to domain wall phenomena was instigated by the sem-
inal work by Seidel8 that directly visualized conductive channels at 109  domain walls in BiFeO3. 
Following this initial report, conductivity was demonstrated for other types of domain walls in 
BiFeO3 and domain walls in hexagonal manganites, lead zirconate titanate and LiNbO3, suggest-
ing universality of this behaviour. Recently, metallic conductance in ferroelectrics was demon-
strated. However, the detailed studies of conductivity at the walls have demonstrated an intri-
guing set of hysteretic and memory effects and time dynamics.  
 In this presentation, I will discuss recent studies of hysteretic and memory effects in do-
main wall and vortex conductance, as well as metallic conductance of ferroelectric nanodomains 
(P. Maksymovych et al, Nano Lett, AOP). These observations suggest that domain wall conduct-
ance is a dynamic process that is intrinsically linked to slow polarization dynamics (i.e. evolution 
of wall shape9) or slow vacancy segregation processes (e.g. compare to recent studies at metal-
ferroelectric junctions10, 11). In the former case, as established domain wall has non-equilibrium 
orientation and associated charge, which then induces conductivity according to Guro-Tagantsev-
Morozovska mechanisms.1, 12, 13 The hysteresis and time dynamics of conductivity is then that of 
wall geometry. In the second model, the conductivity for the static wall is determined by the ki-
netics of strain- and field controlled segregation of oxygen vacancies. Realistically, both mecha-
nisms can be active. More generally, these studies suggest that ionic phenomena can provide sig-
nificant contribution to the physics of transition metal oxides probed by SPM, and potential ex-
periemtnal pathways to decouple these phenomena are discussed. 
 
* This research is sponsored by the Materials Sciences and Engineering Division (SVK, PM, AB) 
and Scientific User Facilities Division (NB), Office of BES of the U.S. DOE. 
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Figure 1. Temperature dependence of conductance 

in ferroelectric nanodomains 
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Figure 2. (a) Ferroic coupling diagram 2. (b) Modified 

diagram taking into account chemical effects (graphics 

by S. Jesse, ORNL). 
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As the conventional transistor is approaching its ultimate physical limits with a huge power 

dissipation issue, there is a need for new switches operating at lower voltages [1]. In 2008, it was 
proposed that introducing a ferroelectric as a gate oxide could decrease the sub-threshold slope below 
the thermodynamic limit of 60 mV/dec in field-effect transistors (FETs) operating at room temperature 
[2]. If the thicknesses of the ferroelectric and of the dielectrics (including the silicon substrate 
contribution) in series are carefully balanced, the ferroelectric may contribute with a negative 
capacitance to the dielectric stack, increasing its overall capacitance, without causing hysteresis. As a 
result, a small gate voltage swing would produce a larger swing in the internal potential which gates 
the device, therefore enabling low-voltage operation. So far, the only experiment providing evidence 
for this phenomenon in field-effect devices on Si employed an organic material as the ferroelectric [3].  

In this work, we study BaTiO3 epitaxially grown on SrTiO3-buffered Si as a candidate for the 
negative capacitance phenomenon. The perovskite BaTiO3 compound is ferroelectric with a Curie 
temperature of 120°C and has a crystalline tetragonal structure. A ferroelectric FET requires that the 
polarization be perpendicular to the Si channel. Thus it is a key milestone to first demonstrate 
ferroelectricity for BaTiO3 films on silicon, with out-of-plane polarization, in order to eventually 
optimize the relative thicknesses of each material for the stabilization of negative capacitance. So far, 
the only demonstration for ferroelectricity in epitaxial BaTiO3 films on Si has been shown by 
piezoforce microscopy (PFM) with domain write/read experiments [4]. However, no switching of the 
domains nor piezoelectric hysteresis were demonstrated. In this work, we show a hysteretic behavior of 
the electromechanical response by PFM pointing to ferroelectricity, at least at a local scale, in films of 
thickness 8-40 nm.  

In a first part, we will discuss the possible occurrence of negative capacitance in 
SiO2/SrTiO3/BaTiO3 stacks based on a 1D modeling of a field-effect transistor device. The inversion 
charge was calculated as a function of gate voltage for varying SiO2, SrTiO3 and BaTiO3 thicknesses.  
We will show that minimizing the low-  interfacial layer (IL) is a crucial point for allowing negative 
capacitance stabilization, as illustrated in Fig. 1(a).  

In a second part, the structural and microstructural characterization of the heterostructures will 
be presented. The epitaxial stacks SrTiO3/BaTiO3 were grown by molecular beam epitaxy on p-type 
Si(001). A SrTiO3 film (6 to 16 ML) was first deposited at 590°C. BaTiO3 film was then grown at 
750°C, with thicknesses in the range 1.2 to 40 nm. The crystalline structure of the stacks was studied 
by X-ray diffraction at the National Synchrotron Light Source (Fig. 1(b)). The films are found to be 
tetragonal with the c-axis out of plane. Thicker films (40 nm) consist of a mixture of tetragonal and 
cubic phases. These results are also confirmed by electron diffraction. The c/a tetragonal distortion 
decreases with increasing thickness. The TEM images show a high crystalline quality of the films with 
well defined interfaces. Dislocations are typically observed after 2-3 monolayers, indicating a rapid 
strain relaxation. An interfacial layer with Si is formed as shown in Fig. 1(c). The elemental 
distribution within the stack was studied by EDX and EELS and will be discussed. Interdiffusion is 
observed in the interfacial layer, with the presence of Sr and Ti, which is favorable as it should 
enhance its dielectric permittivity. 
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Finally, we will discuss ferroelectricity in these heterostructures. Capacitance versus voltage 
measurements were performed on MOS capacitors using TiN top electrodes. Stacks of ~ 16 nm 
BaTiO3 /~6.0 nm SrTiO3 / ~4.5nm IL exhibit a high capacitance density of 1.07 µF/cm2 (see Fig. 2(a)), 
which indicates a relative permittivity of the order of 300 for BaTiO3 (assuming 40 for SrTiO3). The 
corresponding equivalent oxide thickness is 2.8 nm. The flatband voltage (~ -0.60 V) is shifted towards 
negative values, which is typical for earth-alkaline-based dielectrics.  In contrast to many high-  
dielectrics, the CVs show little hysteresis, suggesting limited charge trapping in these films. The CVs 
response at different frequencies and under different stress conditions including pulsed voltage will be 
discussed. A ferroelectric hysteresis is not observed in the CVs. This may be due to a significant 
voltage drop across the Si depletion region and across the conventional dielectric. Ferroelectricity is, 
however, evidenced locally by PFM. Domains are written and switched under a typical DC voltage of 

10V. The piezoresponse gives hysteresis loops as those shown in Fig 2(b), whose amplitudes depend 
on the location on the film surface and on the film thickness. In order to shed light on the possible 
origins of such hysteresis, experiments were also conducted on similar stacks deposited on n-type 
silicon. Moreover, since partial screening by the silicon substrate may lead to a large depolarization 
field, the same heterostructures were deposited on n+ and p+ Si substrates.  The results obtained for the 
different Si substrate types and doping levels will be discussed.   
 
1. T.N. Theis and P.M. Solomon, Science 327, 1600 (2010) 
2. S. Salahuddin and S. Datta, Nano Letters 8, 405 (2008) 
3. A. Rusu, G.A. Salvatore, D. Jimenez, A. Ionescu, IEDM p.16.3.1- 16.3.4 (2010) 
4. V. Vaithyanathan et al., J. Appl. Phys. 100, 024108 (2006) 
 
(a)         (b)             (c) 

  
 
Figure 1: (a) Inversion charge as a function of gate voltage for a field-effect device with BaTiO3/SrTiO3/SiO2 as a 
gate oxide. The SrTiO3 and BaTiO3 film thickness were fixed to 4 and 40 nm respectively while the SiO2 thickness 
was varied from 0 to 0.4 nm. (b) X-ray diffraction out-of-plane scan (NSLS) and TEM image for a 
BaTiO3/SrTiO3/SiO2 stack (the TEM shows the presence of an amorphous interfacial layer between Si and STO). 
 
 

(a)      (b) 
    
 
 
 
 
 
 
 
 
 
 
Figure 2: (a) Capacitance density as a function of voltage for 16 nm BaTiO3/ 6 nm SrTiO3/SiO2 stack – (b) PFM 
hysteresis loops recorded on a 40 nm BaTiO3/ 6 nm SrTiO3/SiO2 heterostructure on different location of the surface. 
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Abstract 
 
Researchers have studied the effect of ferroelectric fields in controlling the spin state via electric fields in 
multiferroic composite structures [1-2]. For instance, in a bilayer system composed of a ferroelectric 
perovskite (PbZr0.2Ti0.8O3) and a colossal magnetoresistive (CMR) manganite (La0.8Sr0.2MnO3, LSMO), 
the spin state in the CMR film can be controlled by switching the ferroelectric polarization state, thereby 
generating a large magnetoelectric coupling [3]. Since switching between the depletion and accumulation 
states is controlled by the domain switching of the ferroelectric film, the domain’s structure and 
switchability is critically important to the device’s performance.   
We describe transmission-electron-microscopy study of the ferroelectric domains in a epitaxial 
Pb(Zr0.2Ti0.8)O3(PZT) film grown on La0.8Sr0.2MnO3/SrTiO3(001)[4]. By applying electric fields in situ, 
we find that the 90o domain walls cannot be displaced with electric fields up to 0.40 MV/cm. We directly 
observe the pinning of 90o domain walls by pairs of misfit dislocations with Burgers vectors a[100] and 
a[001]. Electron energy-loss spectroscopy(EELS) measurements show a deficiency of oxygen at the 
dislocation core which may lead to a surrounding depolarization field. But our model calculations based 
on the elastic theory suggest that the strain field of misfit dislocation-pair still play the primery role on the 
formation of 90o domains and pin it down from possible switching under the applied electric fields. On 
the other hand, the interficial coupling between PZT and LSMO layer is also demonstrated using EELS 
line scan. The measurement of Mn valence is in agreement with the suggested change in the valence state 
of Mn induced by electrostatic charge modulation.  
 
 
Reference: 
[1] W. L. Brown, (1957). U.S. Patent 2, 791, 759. 
[2] S. Mathews, R. Ramesh, T. Venkatesan, and J. Benedetto, Science 276, 238 (1997) 
[3] C. A. F. Vaz, J . Hoffman, Y. Segal, J. W. Reiner, R. D. Grober, Z. Zhang, C. H. Ahn, and F. J. 
Walker, Phys. Rev. Lett. 104, 127202 (2010) 
[4] Dong Su, Qingping Meng, Myung-Geun Han, C. A. F. Vaz, Yaron Segal, Fred J. Walker, Monica 
Sawicki, Christine Broadbridge, and Charles H. Ahn, Applied Physical Letters, 99, 102902(2011) 
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Figure 1: (a) A TEM bright-field image close to [010] zone axis taken with diffraction vector 
g=00-2. “A” and “B” indicate two a-oriented ferroelectric domains. The inset illustrates the 
setting of the biasing experiment. (b) and (c) are the corresponding SAED patterns of domain A 
and B, respectively, while (d) is the SAED pattern taken from the area including both domains 
and the STO substrate. (e) and (f) are, respectively, the enlarged images of the squares in (d) 
marked in blue and red.  (g) and (h) STEM ADF images along the [010] zone axis of the A and B 
domains, respectively. Domain walls are marked by the blue lines. (i) Schematic diagram of the pinning 
of the domains A and B in (g) and (h). (j) and (k) STEM ADF images taken at higher magnifications on 
the areas marked in (i). (l) Calculated spatial variation of the elastic field c

xxdis /! in the PZT film. The x 
and y coordinates are given in Å. The interface between PZT and substrate is at y=0. 
 

 
Figure 2, (a) ADF-STEM image showing the interfaces between PZT, LSMO and STO. The 
scanning-line is indicated by the green line. (b) colorful spectrum-image of the line-scan showing 
the signals of Ti, O and Mn. (c) Comparison of Mn signal and Mn L3/L2 ratio (in red) as a 
function of position. (d) The energy difference between O-Ka and Mn-L3 edges crossing the 
LSMO layer.  
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Domain Wall Dynamics of Ferroelectric Ultrathin Films
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Nanosize objects are known to have properties that are very different from their bulk
counterparts. As a result, they have become a subject of intense scientific and technological
interest recently. One example is that nanoscale ferroelectric films and superlattices can ex-
hibit nanostripes that are nanoscopic regions of ”up” and ”down” polarizations [1–3], hence
forming domain walls which separate nanodomains with different polarization directions.
The dynamical properties of domain walls are of technological importance since they are at
the heart of ultradense ferroelectric memory technology and may play an important role in
nanoscale ferroelectric sensors, actuators, and others.

We take advantage of accurate first-principle-based simulations[4] to reveal the intrinsic
dynamics of nanodomains. We used classical molecular dynamics (MD) with the force-field
derived from first-principles-based effective Hamiltonian [5–7] to investigate nine ferroelectric
ultrathin films made of PbTi0.6Zr0.4TiO3 ferroelectric alloy and with thicknesses ranging from
2 to 20 nm. We simulate films grown along [001] direction subjected to −2.5% epitaxial
compressive strain and 84% partial screening of the surface charge. Ground state dipole
patterns of these films consist of periodic nanostripe domains of alternating polarization
(180◦ domains), whose morphology is in excellent agreement with experimental findings [2].

To study the oscillatory dynamics of these nanowalls we use non-equilibrium MD [8] and
apply sub-switching ac electric field with frequencies 1 GHz - 4 THz along the film’s out-of-
plane direction at T = 10 K. Under the electric field, the dipoles near the nanowalls flip to
align with the field which leads to a sideways motion of the domain wall. Since the direction
of the electric field alternates, so does the direction of the domain wall motion resulting in
the oscillatory dynamics of the nanowall. Typically we simulate at least thirty periods of ac
field to achieve steady state.

We first focus on the oscillatory dynamics in the thinnest film and trace the time evolution
of the average nanowall’s displacement from its equilibrium position ∆X. This displacement
is obtained from the count of dipoles flipped during the simulation. After the first few
transient oscillations the dynamics reaches its steady state where the displacement follows
the harmonic solution ∆X = X sin(ωt + φ), indicating that the nanowall moves as an
elastic object. Here X is the amplitude of the nanowall’s displacement, ω is the ac field
frequency, t is time, and φ is the phase-shift with respect to the electric field. By analyzing
the nanowall’s response to an electric field of different frequencies we obtain dependence
X(ω) and φ(ω) given in Fig.1, and then combine them into a complex response function
η(w) = X cos φ + iX sin φ. Below 0.3 THz the domain response is independent of the
frequency (Fig.1(a)) with the nanowalls oscillating in phase with the electric field (Fig.1(b)).
Above 1.5 THz the nanowalls have difficulty following the electric field as indicated by the
drastic decrease in the amplitude X and increase in phase-shift φ. Surprisingly, there are
two peaks in the amplitude of nanowall’s oscillations that occur at 0.7 THz (low-frequency
peak) and at 3.2 THz (high-frequency peak). Existence of these peaks suggests that the
nanowalls exhibit a resonance dynamics and must have a mass associated with them.

We will report our computational findings for other films and analyze them using the
model of a damped harmonic oscillator. Such analysis reveals intrinsic features of ultra-
fast nanodomain dynamics that includes: existence of exotic transition from resonance to
relaxational dynamics; unusual domain mediated electromechanical coupling and others.
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FIG. 1: Frequency dependent response of a nanowall to the electric field in a 0.2 nm thick film.

The arrows indicate positions of the peaks.
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Conduction of topologically-protected charged ferroelectric domain walls 
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Topology is the foundation for numerous robust phenomena such as topological defects [1], quantum hall 
effect [2] and topological insulators [3] in condensed matter physics because it is insensitive to 
continuous deformation or perturbation. Topological defects are pervasive in complex matter such as 
superfluid, liquid crystals and the early universe [1, 4]. However, little is known about topological defects 
in systems with coupled order parameters such as multiferroics, where magnetism and ferroelectricity 
coexist [5, 6]. A unique kind of topological defect, where six interlocked structural antiphase and 
ferroelectric domain walls merge into a vortex core, was unambiguously identified in multiferroic 
hexagonal YMnO3 [7]. The intriguing vortex-antivortex network pattern has elegantly been analyzed 
using graph coloring theory [8]. The band gap of hexagonal (h-) REMnO3 (RE = Sc, Y, Ho, … Lu) is 
relatively small (~1.7 eV) [9], so the conduction properties of ferroelectric vortices may show interesting 
behavior. In fact, a significant conduction difference between opposite-polarization “domains” has been 
observed, and this conduction contrast was shown to originate from a polarization modulated Schottky-
like barrier [7, 10]. Interestingly, the topology of vortex-antivortex network in 3-dimensional crystal 
naturally results in the presence of numerous “charged ferroelectric domain walls” where opposite 
polarizations are facing to each other [8, 11, 12]. Thus, it is imperative to find out the conduction 
properties of these charged domain walls.   

Domain walls are kink solitons that separate domains with different orientations of ferroic order. They 
may host emergent phases or novel properties such as local conduction in an insulating matrix [13-15]. In 
conventional ferroelectrics, most studied domain walls are neutral while charged domain walls are rarely 
observed, which is likely due to unfavorable electrostatic and/or strain energy cost [16, 17]. 
Experimentally, observed charged domain walls are often associated with defects or needle-shape 
domains during polarization reversal [18-20]. Theoretically, charged domain walls may be stabilized by 
charged defects or free charge carriers [21-23]. In contrast to conventional ferroelectrics, the formation of 
charged domain walls in multiferroic h-REMnO3 is topologically inevitable because of the presence of 
highly curved vortex cores [8, 11, 12]. Herein, we report the observation of distinct nanoscale conduction 
characteristics of charged ferroelectric domain walls in h-HoMnO3 (a p-type semiconductor) using in situ 
conductive Atomic Force Microscopy (cAFM), piezo-response force microscopy (PFM), and kelvin-
probe force microscopy (KPFM) at low temperatures. Local conduction spectra indicate that the 
conduction at tail-to-tail (TT) domain walls is significantly (slightly) enhanced at high forward (reverse) 
bias compared to that of the domains themselves, probably stemming from the accumulation hole-like 
carriers. In contrast, the conduction of head-to-head (HH) domain walls shows no enhancement at high 
forward bias and even suppression at high reverse bias, probably due to depletion of hole-like carriers. 
Our results pave the way for understanding the semiconducting properties of the domains and domain 
walls in small-gap ferroelectrics. 

How vortices propagate along the c-axis can be revealed by in-plane PFM with the c-axis in the surface 
plane [11, 12]. As seen in the topography image (shown in fig. 1(a)), we are able to obtain an atomically 
flat (110) surface of a HoMnO3 single crystal by mechanical cleaving. Fig. 1(b) shows the PFM images 
taken at room temperature to reveal ferroelectric domain pattern. We aligned the orientation of conductive 
cantilever so that it was parallel to the c-axis, which is along the slow scan axis (vertical direction). In this 
configuration, the PFM signal (vertical deflection) originates from the buckling of the cantilever caused 
by shear deformation of in-plane ferroelectric domains in the presence of an out-of-plane electric field [12, 
24]. The dark and bright contrasts represent in-plane up and down ferroelectric domains, respectively. 
The direction of local polarization is determined by the phase of the PFM signal and is further confirmed 
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by KPFM measurements at 65 K. Fig. 1(c) shows the derivative image of PFM (b) image that highlights 
the HH (dark) and TT (bright) domain walls, respectively.  

In cAFM images with Vtip=-10 V, there is no conduction (current) contrast between different domains, as 
shown in Fig. 1(d). In contrast, there are line features with significant extra current. More interestingly, 
these lines overlap with the ferroelectric domain walls observed by PFM at the same location. By 
correlating PFM and cAFM images at the same location, we can identify two vortices in this area, as 
illustrated in the cartoon sketch in Fig. 1(e). Note that the fast rastering of the cantilever artificially 
broadens the apparent width of some conduction lines. In the conductance image with very slow rastering 
the observed width of conduction peaks is ~80-100 nm, which is comparable with the tip radius (~50 nm).  
We acknowledge support from NSF DMR-0844807 and DMR-1104484. Use of the CNM was supported 
by the U. S. DOE, Office of Science, Office of BES, under Contract No. DE-AC02-06CH11357. 

FIG. 1  (a) Topographic and (b), PFM images taken 
simultaneously at 300 K. (c) derivative map of PFM image 
along the c-axis (vertical) where bright (dark) lines are TT 
(HH) domain walls. (d) cAFM image taken at the same 
location as PFM at 300 K with Vtip=-10 V. (e) A cartoon 
sketch of ferroelectric domain walls according to PFM 
(overlaid) and its derivative images. The arrows indicate in-
plane polarization orientation determined from the phase of 
PFM signal. Color scales are 4.5 nm, 8 pm and 0.4 nA for 
topography, PFM and cAFM images respectively.  
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Elastic Relaxation and Local Strain in BiFeO3 Nanostructures 
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We report an elastic relaxation and increase in local strain variation correlated with 

ferroelectric domains within epitaxial BiFeO3 thin film nanostructures fabricated by combined 

electron-beam and focused ion-beam nanolithography.  Nano-focused x-ray diffraction 

microscopy provided new insights into the relationship between film strain and ferroelectric 

domains in nanostructures, namely: i) an out-of-plane (C-axis) elastic relaxation of as much as -

1.8% !c/c in a BFO film-based nanostructure relative to the planar film lattice constant; ii) an 

out-of-plane rotation trending from the center towards all released edges of the nanostructure; 

and iii) an increase of inter-domain strain variation within the nanostructure of approximately 10 

times the inter-domain variation found within the planar film, correlated with ferroelectric 

domain boundaries as confirmed by piezoresponse-force microscopy (PFM).  These results 

indicate that the release of in-plane BFO/SRO mismatch strain in a planar film is taken up by the 

local ferroelectric domain structure after patterning, resulting in greatly increased mechanical 

strain gradients within the structure.  

 

 
Figure 1.  Results of nanofocused x-ray diffraction lattice 
mapping in a single 500nm BFO nanostructure [(b)-(d)] 
compared to the ferroelectric domain structure observed via 
PFM (a).  Repeated 2D lateral scans were taken while varying 
the sample angle across the BFO (002) rocking curve, from 
which the integrated intensity (b), out-of-plane lattice strain 
(c), and out-of-plane lattice (C-axis) rotation (d) were 
extracted.  The lattice constant of the film in the nanostructure 
is relaxed relative to the planar film by a strain value of as 
much as -1.8% dc/c, with a strain distribution that generally 
corresponds to the ferroelectric domain structure (from [1]). 
 

 

 
[1] “Elastic relaxation and correlation of local strain gradients with ferroelectric domains in (001) BiFeO3 
nanostructures”, J. Klug, M. Holt, R. N. Premnath, A. Joshi-Imre, S. Hong, R. S. Katiyar, M. J. Bedzyk, and O. 
Auciello, Appl. Phys. Lett. 99 052902 (2011). 

50



Session 5
Superlattices

51



Nanosecond Dynamics in Ferroelectric/Dielectric Superlattices 
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Ferroelectric/dielectric superlattices (SLs) have novel properties including the stabilization 
of two-dimensional nanoscale domain patterns and the extension of remnant polarization into 
layers with normally dielectric compositions. 1,2  The steady-state and quasi-static properties of 
these materials are beginning to be understood in both theory and experiment using density 
functional theory (DFT) calculations and a variety of experimental probes such as x-ray 
scattering, electron microscopy, and electrical measurements.  The effect of the novel electronic 
and structural phenomena of ferroelectric/dielectric superlattices on their dynamical properties is, 
however, still less well understood.   We will present two recent experimental studies of the 
nanosecond dynamics of ferroelectric/dielectric superlattices with two compositions.  Together 
these two results show that the dynamics of ferroelectric/dielectric superlattice can provide 
important insight into fundamental structural and electronic issues in these materials.  

Superlattice based on unit-cell-scale layers of PbTiO3 and SrTiO3 exhibit a relatively weak 
coupling of the polarization between adjacent ferroelectric layers.3  As a result, the remnant 
polarization in the PbTiO3 layers self-organizes into a domain pattern with a characteristic repeat 
length of several nanometers.  For the 
particular composition of the repeating unit of 
the superlattice in our experiments, 12 unit 
cells (u.c.) of PbTiO3 and 3 u.c of SrTiO3, the 
domain period is 6 nm.  The modulation of the 
atomic structure due to the domain pattern 
leads to a series of diffuse scattering satellite 
reflections previously reported by Zubko et al., 
ref. 1.  Applied fields modify this domain 
structure and the domain diffuse reflections 
thus provide insight into the dynamics of the 
electronic response of the system.  We have 
studied the nanosecond-scale time dependence 
and electric field dependence of the intensity of 
the diffuse scattering reflections, as shown in 
Fig. 1(a).  Our approach is based on x-ray 
microdiffraction, using time resolution provided by the inherently short x-ray bunch duration at 
synchrotron radiation light sources.3 

Figure 1 (a) Time evolution of the domain diffuse 
scattering in a PbTiO3/SrTiO3 superlattice in an electric 
field with a magnitude of 0.84 MV/cm starting at t=0(b) 
Electric-field dependence of the characteristic time of the  
domain dynamics.   
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The transition between the initial stripe domain state and the high-electric-field uniform 
polarization state occurs in a characteristic time that depends on the magnitude of the applied 
electric field.  At the highest electric fields of our study the transition occurs with a characteristic 
time of several nanoseconds, Fig. 1(b).  The transition is reversible, and the stripe pattern is 
reestablished in the interval between electric-field pulses.  The piezoelectric distortion of the 
superlattice is influenced by the domain dynamics, but exhibits a shifted component even at 
times at which the stripe pattern is not switched.  Based on these observations we have proposed 
a model for the domain dynamics based on the progressive switching of nanoscale regions of 
domains. 

A second series of experiments probed BaTiO3/CaTiO3 superlattices in which the 
dynamics are dramatically slower than the PbTiO3/SrTiO3 system.  The comparatively slow 
dynamics of a superlattice with a repeating unit of 2 u.c. of BaTiO3 and 4 layers of CaTiO3 is 
apparent in the piezoelectric distortion shown in Fig. 2.  The piezoelectric strain developed at 
short times is nearly an order of magnitude smaller than the strain eventually reached under 
longer millisecond-duration pulses.4  The piezoelectricity observed in longer duration electric 
fields is qualitatively consistent with the introduction of a large continuous polarization 
throughout the superlattice, and is also in quantitative agreement with the predictions of DFT 
calculations with an imposed highly polar tetragonal symmetry.  DFT calculations also show, 
however, that the tetragonal symmetry is likely to be unstable in zero electric field.  We thus 
hypothesize that the applied electric field induces a symmetry transformation between a distorted 
and comparatively unresponsive zero-field state to a more symmetric state with large 
piezoelectric coefficients. 

 

 
 

1 P. Zubko, N. Stucki, C. Lichtensteiger, and J. M. Triscone, Phys. Rev. Lett. 104, 187601 
(2010). 
2 S. M. Nakhmanson, K. M. Rabe, and D. Vanderbilt, Appl. Phys. Lett. 87, 102906 (2005). 
3 J. Y. Jo, P. Chen, R. J. Sichel, S. J. Callori, J. Sinsheimer, E. M. Dufresne, M. Dawber, and P. 
G. Evans, Phys. Rev. Lett. 107, 055501 (2011). 
4 P. Chen, J. Y. Jo, H. N. Lee, E. M. Dufresne, S. M. Nakhmanson, and P. G. Evans, New J. 
Phys. (in press) (2011). 

Figure 2 Reflections of the BTO/CTO SL as a 
function of the elapsed time and wavevector qz during 
(a) 300-ns electric field pulses and (b) 2.5-ms 
triangle-wave electric fields.  The intensity scale is 
normalized to the peak intensity in each plot.  
Electric field waveforms are shown to the right of the 
plots. (c) Diffraction patterns acquired at an elapsed 
time of 291 ns in the plot shown in (a) (circles) and at 
1.2 ms in the plot shown in (b) (squares). The electric 
fields are 0.94 MV/cm and 0.96 MV/cm respectively.  
The line at !q=0 indicates the wavevector of the 
maximum intensity at zero electric field. 
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New PbTiO3 based superlattices with exceptional properties

M. Dawber,1 S.J. Callori,1 J. Sinsheimer,1 J. Gabel,1 Y. Benkara,1

B. Bein,1 J. Daley,1 Dong Su,2 and M.V. Fernandez-Serra1

1Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800 USA
2Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, NY,USA

Artificially layered perovskite oxide superlattices present excellent opportunities for the devel-

opment of tailored materials with intriguing properties. PbTiO3 in particular is a compound which

when combined with other perovskite oxides in a finely layered structure enables new phenomena,

for example, interfacially driven improper ferroelectricity in PbTiO3/SrTiO3. Recently we have

been studying in detail a broad range of superlattices based on PbTiO3, for example, we have

grown series of samples combining PbTiO3 with BaTiO3, SrTiO3 and CaTiO3.
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FIG. 1. θ − 2θ x-ray diffraction scans around the (001) peak of PbTiO3/BaTiO3, PbTiO3/SrTiO3 and

PbTiO3/CaTiO3 superlattices grown in our laboratory. The superlattices are grown on top of SrRuO3 films

on SrTiO3 substrates.

Through a combination of different experimental techniques, including x-ray diffraction, trans-

mission electron microscopy, electrical measurement and atomic force microscopy our aim is to

understand how electrostatics, strain and interactions at layer interfaces can lead to material prop-

erties markedly different and superior to those of the parent materials.
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FIG. 2. TEM images of representative samples of, left,

PbTiO3/SrRuO3 and, right, PbTiO3/CaTiO3

In this talk we will focus on

two new PbTiO3 based systems we

have fabricated and studied. These

two systems, PbTiO3/SrRuO3 and

PbTiO3/CaTiO3 demonstrate quite

different, yet equally fascinating, be-

havior. In the first we use a ma-

terial normally considered to be a

good metal as novel dielectric. In the

second we look at the competition

between the preference of PbTiO3

for out -of-plane polarization and the

preference of CaTiO3 for in-plane

polarization when they are grown on

SrTiO3 substrates.
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FIG. 3. Polarization-field hysteresis loop measured

on a 5/1PbTiO3/SrRuO3 superlattice.

In a set of PbTiO3/SrRuO3 superlattices

which contain SrRuO3 layers of single unit cell

thickness we measured good polarization hys-

teresis loops, suggesting the SrRuO3 layers were

acting more like dielectrics than metals. Us-

ing a combined experiment and theory approach

we show that as the PbTiO3 layers are reduced

in thickness the conduction properties change

markedly and there is an increasingly impor-

tant effect from compositional inversion symme-

try breaking, which arises from the combined A

and B site variation in the superlattice.
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FIG. 4. d33 in PbTiO3/CaTiO3 superlattices (arbi-

trary units) as a function of the PbTiO3 volume frac-

tion, X =
NPTO

NPTO+NCTO
. The CaTiO3 layer thickness

in each bilayer was held constant at 3 unit cells.

In PbTiO3/CaTiO3 superlattices we show

that changes in the relative thickness of the con-

stituent layers allows rotation of the polariza-

tion direction, leading both to fascinating do-

main structures and a greatly enhanced piezo-

electric response when compared to the PbTiO3

parent material. The piezoresponse measured

with piezo force microscopy complements electri-

cal measurements that show a related enhance-

ment of dielectric constant and tunability. The

structural details of the polarization rotation are

revealed by grazing incidence x-ray diffraction

performed at X21 and X22 at NSLS, BNL. Our

results highlight a route to engineering enhanced

piezoresponse through the layering of material

with competing desires regarding their polariza-

tion direction, even when the entire film is epi-

taxially constrained to a substrate.

Beyond the exceptional properties of the materials themselves these two new examples serve to

highlight the virtually limitless potential of the artificial superlattice approach to materials design.
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2Physique Théorique des Mat riaux, Université de Liège, Allée du 6 août 17 (B5), B-4000, 
Sart Tilman, Belgium 

 

We report first principles characterization of the structural and electronic properties of 
(SrTiO3)5/(SrRuO3)1 superlattices. We show that the system exhibits a spin-polarized two-dimensional 
electron gas extremely confined to the 4d orbitals of Ru in the SrRuO3 layer. Every interface in the 
superlattice behaves as minority-spin half-metal ferromagnet, with a magnetic moment of µ= 2.0 
µB/SrRuO3 unit. The shape of the electronic density of states, half metallicity and magnetism are 
explained in terms of a simplified tight-binding model, considering only the t2g orbitals plus (i) the bi-
dimensionality of the system, and (ii) strong electron correlations. 
As already observed in other confined 2DEG [H. Ohta et al., Nature Materials 6, 129 (2007)], these 
interfaces exhibit an extremely large Seebeck coefficient S , of the order of 1700 µV/K. However, this 
enhancement of the Seebeck coefficient does not reflect on the power factor, defined as the numerator 
of the thermoelectric figure of merit (S2! , where ! is the electrical conductivity). The reason is that, 
wherever the Seebeck coefficient is large the electrical conductivity is very small or even zero. 
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Phase Evolution and Stabilization in Highly-Strained Epitaxial BiFeO3 Films: Implications for 
Enhanced Electromechanical Response 
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BiFeO3 is a widely studied multiferroic perovskite exhibiting antiferromagnetism that is coupled with 
ferroelectric order. The bulk ground state of BiFeO3 is a rhombohedrally distorted perovskite structure 
(R3csymmetry, a ~ 3.96 Å, and r ~ 0.6°), but BiFeO3 also exhibits a strain-induced structural phase 
transition under large compressive strains to a tetragonally-distorted perovskite phase (P4mm symmetry, 
a ~ 3.665 Å, c ~ 4.655 Å). Moreover at the critical compressive stain level of ~4.5%, as is the case in 
BiFeO3/LaAlO3 (001) heterostructures, so-called mixed-phase structures have been observed in which 
both the tetragonal- and rhombohedral-like phases coexist. It is in these mixed-phase films, that reversible 
electric field induced strains between 4-5% have been reported. Recent studies suggest that such films 
exhibit an exotic structural evolution accompanied by exciting properties that could make these materials 
candidates for future lead-free piezoelectric devices. The enhanced electromechanical response in these 
films has been attributed to the emergence of the complex mixed-phase structures and the ability for this 
material to reversibly transform under applied electric fields between these various phases.  

 
In this presentation, we will discuss a number of intriguing aspect of these complex and interesting 
materials including the structural evolution of these films as a function of strain, thickness, and 
temperature, the observation of new phases of BiFeO3, the implications of these phases for the observed 
large electromechanical response, a model for the formation of these structures that builds upon the idea 
of a spinodal-modulated structure, and routes to stabilize these structure for future applications. We begin 
by first examining the nanostructural evolution of the strain-induced phase boundaries in BiFeO3/LaAlO3 
(001) heterostructures of varying thickness. Films were produced via pulsed laser deposition and 
characterized using a combination of high-resolution X-ray diffraction and scanning-probe microscopy-
based studies (Fig. 1). We have uniquely identified the numerous phases present at these phase 
boundaries and their nanoscale spatial arrangement. We show that the mixed-phase regions in these films 

are made up not of a mixture of 
tetragonal-and rhombohedral-
phases of BiFeO3, but of an 
intimate mixture of highly 
distorted, monoclinic phases  
one a monoclinic version of the 
so-called tetragonal-phase (MII,tilt-
phase, c~ 4.667) tilted 1.6° from 
the surface normal and the other 
an intermediate, monoclinic 
phase (MI-phase,  c ~ 4.168 Å) 
tilted 2.8° from the surface 
normal in the opposite direction. 
We also employ piezoresponse 
force microscopy (PFM)-based 
techniques to show that the added 
complexity associated with the 
strain-induced structural phase 
boundaries in BiFeO3 films are 

Fig. 1. A) Reciprocal space map study about the 001-diffraction conditions for a 
140 nm BiFeO3 / LaAlO3 (001) heterostructure reveals a complex set of phases. 
B) High-resolution atomic force microscopy image of the so-called mixed-phase 
structures with areas corresponding to each phase labeled. Inset shows a line 
trace across the mixed-phase regions and the corresponding surface 
displacements associated with the tell-tale saw-tooth structure. 
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key in determining the electric field response of these materials. We will present a detailed model of the 
nature of the nanoscale structural evolution between the dramatically different phases including evidence 
of an asymmetric boundary structure and we will discuss PFM-based switching experiments that indicate 
our ability to reversibly write pure-tetragonal-like and mixed-phase regions with a high degree of spatial 
control and will end with a proposed model for the enhanced electromechanical coupling observed in 
these materials. 
 
We will also present the temperature- and thickness-dependent structural and morphological evolution of 
these strain induced transformations. Using high-resolution X-ray diffraction and temperature-dependent 
scanning-probe-based studies we have observed a complex temperature- and thickness-dependent 
evolution of phases in this system. It is observed that the fraction of the mixed-phase regions decreases 
with increasing temperature and that in 40 nm thick films, all evidence of the mixed-phase structure is 
removed. Upon cooling the films, the mixed-phase structures are observed to return. This suggests that in 
some films (i.e., those less than ~250 nm) the mixed-phase structures form via a strain induced spinodal-
instability and the resulting mixed-phase structures represent a strain-relaxation mechanism in these films. 
Details of the thermodynamic landscape and connections with other systems will be discussed. 
Furthermore, in films > 250 nm, a breakdown of this strain-stabilized metastable mixed-phase structure to 
non-epitaxial microcrystals of the parent rhombohedral structure of BiFeO3 is observed. By a thickness of 
300 nm, the entire film is observed to have experienced epitaxial breakdown. We will discuss a proposed 
mechanism for this breakdown and present a proposed phase stability map as a function of strain and film 
thickness at the growth temperature. Such an irreversible transformation of the mixed-phase structure, in 
turn, limits the magnitude of the net surface displacement associated with these field-induced phase 
transformations. Therefore, we have investigated chemical alloying routes to further stabilize the mixed-
phase structures to greater 
thicknesses. By alloying the 
BiFeO3 with Pb (up to 50%) 
(Fig. 2) we have observed the 
ability to stabilize the mixed-
phase structures in films in 
excess of 500 nm thick and 
have demonstrated surface 
height depressions in excess 
of 20 nm. 
 
This work adds on to our understanding of the complex and technologically exciting phase boundaries in 
highly-strained BiFeO3 thin films. Again, we will show that the presence of a variety of polymorphs of 
the BiFeO3 is essential for the strong electromechanical response in these films.  
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Fig. 2.Atomic force microscopy images of 100 nm thick A) BiFeO3, B) 
Bi0.75Pb0.25FeO3, and C) Bi0.5Pb0.5FeO3 thin films grown on LaAlO3 (001) substrates. 
D) Corresponding analysis of the total areal fraction made-up of the highly-distorted 
MII-phase. Increasing Pb-content stabilizes the highly-distorted MII-phase. 
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 BiFeO3 (BFO) films that are grown along the [001] direction and that are under high compressive strain 
have recently attracted a lot of attention, mostly because of the occurrence of novel monoclinic phases 
with giant axial ratio and the prediction of large magnetoelectric coefficients [1-8]. 
 
Here, we report the discovery of several other novel features in BFO films [9-11].  
More precisely: 
 
1) Density-functional calculations were performed to predict structural and magnetic properties of (001) 
BFO films under tensile epitaxial strain. These films remain monoclinic (Cc space group) for misfit 
strains between 0% and 8%, with the polarization, tilt axis and magnetization all rotating when varying 
the strain. At a tensile strain of around 8%, these films undergo a first-order phase transition towards an 
orthorhombic phase (Ima2 space group). In this novel phase, the polarization and tilt axis lie in the 
epitaxial plane. An unexpected additional degree of freedom, namely, an antiphase arrangement of Bi 
atoms, is also found for all tensile strains [9].  
 
2) Two tilted triclinic phases were found via synchrotron x-ray diffractions in the mixed-phase regions of 
highly strained (001) BFO films. First-principles calculations suggest that these two triclinic phases 
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originate from a phase separation of a single monoclinic state accompanied by elastic matching between 
the two phase-separated states and further suggest that the ease of phase transition between these two 
energetically close phases is responsible for the large piezoelectric responses observed in Zhang et al., 
Nat. Nano. 6, 98 (2011) [10].  
 
3) The effect of misfit strain on properties of epitaxial BFO films that are grown along the pseudocubic [-
110] direction, rather than along the usual [001] direction, were predicted from density-functional theory. 
These films adopt the monoclinic Cc space group for compressive misfit strains smaller in magnitude 
than 1.6% and for any investigated tensile strain. In this Cc phase, both polarization and the axis about 
which antiphase oxygen octahedra tilt rotate within the epitaxial plane as the strain varies. Surprisingly 
and unlike in (001) films, for compressive strain larger in magnitude than 1.6%, the polarization vanishes 
and two orthorhombic phases of Pnma and P212121 symmetry successively emerge via strain-induced 
transitions. The Pnma-to- P212121 transition is a rare example of a so-called pure gyrotropic phase 
transition, and the P212121 phase exhibits original interpenetrated arrays of ferroelectric vortices and 
antivortices [11].  
 
The work in Arkansas is mostly supported by ONR grants N00014-11-1-0384, N00014-08-1-0915 and 
N00014-07-1-0825 (DURIP). We also acknowledge the Department of Energy, Office of Basic Energy 
Sciences, under contract ER-46612, and NSF grants DMR-1066158, DMR-0701558 and DMR-0080054 
(C-SPIN). Some computations were made possible thanks to a Challenge grant from HPCMO of the U.S. 
Department of Defense and thanks to the MRI NSF grant 0722625. 
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 First order transformations under mechanical constraint, particularly in epitaxial 
films and nanowires with fixed length, can result in formation of heterophase states 
consisting of two or more coexisting phases (Fig. 1).  However, equilibrium two phase 
areas on theoretically calculated temperature-misfit diagrams are usually absent.  The 
attempt to obtain two phase area using Landau-Devonshire potential renormalized by 
constraint with fixed domain arrangement does not describe the thermodynamic 
equilibrium state [1].  This approach takes into account only elastic interaction between 
the film and substrate, neglecting interaction between the phases.  On the other hand, 
elastic domain theory which considers thermodynamics at relatively small deviation from 
equilibrium state of phases can correctly describe elastic interaction between 
incompatible phases [2].  This theory shows that the stability of two phase equilibrium is 
determined by competition of phase-substrate elastic interaction which initiates mixture 
formation and phase-phase elastic interaction which opposes phase mixture.  If phase-
substrate interaction is dominant, formation of polydomain heterophase structure with 
nonconvex dependence of its free energy on phase (domain) fraction.  If phase-phase 
interaction dominates, the two phase state is unstable and direct and reversible 
transformations proceed with hysteresis (Fig. 2).  

 
 For stable two phase state, changing temperature or external electrical or 
mechanical fields leads to domain evolution which results in enhanced extrinsic 
properties, including large electrical susceptibility, piezo effect, or elastic compliance [3].  
This enhancement is more pronounced for mixture of incompatible phases than for 
mixture of compatible phases or twins because non-convex free energy lowers the 
stability of the two-phase state and makes it more sensitive to influence of external field.  
Besides that, the elastic distortion of coherent phases decreases the interface energy and 
the Peierls’ barrier for interface movement.  The essential elastic distortions, which are 
uniform in phase domains, can mimic intermediate low-symmetry phases.  On the other 
side, polydomain mixture with small domain thickness can be interpreted as average 
“polysynthetic” or “adaptive” phases.   
 

The concepts above are all valid for heterophase ferroelastics.  For ferroelectrics, 
additional electrostatic interactions between phases and substrate should be taken into 
account.  However, the electrostatic effect is diminished as a result of formation of 180 
degree domains or redistributions of free charges.  The presented thermodynamical 
concept on stability and evolution of heterophase polydomain structure is applied for 
analysis of recent experimental observations of nanostructure and field induced response 
of BiFeO3 epitaxial film as well as PZT crystal near morphotropic boundary.  Extension 
of these ideas to constrained nanowires is discussed.    
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Figure 1:  Free energy – misfit and temperature-misfit diagrams for tetragonal-orthogonal 

transformation of compatible phases. 

 
Figure 2:  Free energy – misfit and phase fraction – misfit diagrams for rhombohedral-

tetragonal and rhombohedral-orthorhombic transformation.  !T, !R, and !o are self strains 
for tetragonal, rhombohedral and orthorhombic phases correspondingly. 
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For many years Pb(Zr1-xTix)O3 (PZT) has been a canonical piezoelectric material due to 

excellent electromechanical properties observed in the solid solution compositions close to 

the morphotropic phase boundary (MPB). Besides MPB, in the temperature-composition 

(T-x) phase diagram of PZT, tricritical points are expected to be present, which separate the 

compositions exhibiting first and second order phase transition at the Curie point (TC). 

However, the exact positions of tricritical points have not been verified. Recent 

investigations suggest that the positions of the tricritical points with respect to MPB can 

influence the properties significantly and may be at the origin of large piezoelectric effect 

of PZT and some other high-performance ferroelectric materials [1, 2]. However, the 

theoretical conclusions are contradictive. It was suggested initially that the high 

piezoelectricity stems from the composition proximity of the tricritical point to the triple 

point at which MPB ends [1]. In contrast, other authors [2] found that a single tricritical 

point coinciding with the triple point does not enhance the piezoelectric response and the 

response is larger if the two tricritical points exist far apart from one another. To clarify the 

picture, the experimental investigations are needed which are aimed at determining the 

tricritical point concentrations and the properties of the crystals at these points. In our 

previous study of PZT crystals in a wide composition range 0.2 < x < 0.6  [3], we 

confirmed the existence of tricritical points at xt1 ≈ 0.55 and xt2 ≈ 0.42 and found another 

tricritical point at xt3 ≈ 0.25. In the present work we investigate the ferroelectric properties 

at the tricritical Curie points and compare them with the behaviour at other compositions. 

The temperature dependences of the dielectric susceptibility χ and birefringence ∆n were 

measured. The spontaneous polarisation (the transition order parameter) was calculated 

from P ∝ (∆n)1/2. For tricritical compositions, the scaling relations γ
χ

−

−∝ )(
C

TT !and 
β)(

C
TTP −∝  are valid around TC (in the fluctuation-dominated critical region) with the 

non-classical values of critical exponents γ =1.49 and β = 0.33 equal to those observed in 

the concentration range of the second-order phase transition. The size of the critical region, 

τ ≡(T-TC)/TC, is about 0.1.!Above and below the critical region, the behaviour predicted by 
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the mean-field theory is observed, namely, γ = 1 and β = 1/4 for the tricritical compositions, 

and γ = 1 and β = 1/2 for the second-order phase transition compositions (see Fig. 1). 

  

Figure 1. Critical behaviour of the order parameter, P ∝ (∆n)1/2 a) for Pb(Zr0.77Ti0.23)O3 

crystal with the composition close to tricritical point; b) for Pb(Zr0.50Ti0.50)O3 crystal with 

the composition far from tricritical points. Experimental data are represented by symbols; 

the lines are the fits to scaling relation. 

 

The work was supported by the U.S. Office of Naval Research (Grants No. N00014-06-1-

0166 and No. N00014-11-1-0552). 
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Recently we have shown that the almost multiferroic system EuTiO3 undergoes a 
structural phase transition at TS=282K [1]. This transition is analogous to the one of 
SrTiO3 at TS=105K, where the oxygen octahedral rotations freeze out caused by the 
softening of a transverse acoustic zone boundary mode. Besides of this similarity 
between SrTiO3 and EuTiO3 also others exist, namely strong zone center optic mode 
softening reminiscent of a ferroelectric instability, however, suppressed by quantum 
fluctuations [2 – 5]. Both compounds have almost the same lattice constants since the 
ionic radii of Sr and Eu are the same. As such it is rather amazing that TS in the Eu 
compound is more than doubled as compared to the transition temperature of SrTiO3.  
In order to explore the origin of this distinction, we have characterized the phase diagram 
of Sr1-xEuxTiO3 as a function of x experimentally by electron paramagnetic resonance 
(EPR) techniques and resistivity measurements. Theoretically a lattice dynamical study 
of the phase transitions has been performed and complemented by density functional 
calculations for the end members of the system.  
Both, EPR and resistivity data show distinct anomalies in their temperature dependencies 
which are related to the structural phase transition. From these anomalies the phase 
diagram has been constructed which is shown in Fig. 1.  
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Figure 1) Temperature dependence of the EPR line width for Sr1-xEuxTiO3 samples with 
x=0.03!x!1. The arrows indicate the structural phase transition temperature TS.  
 
Obviously a nonlinear dependence of TS on x is realized appearing as a kink in the EPR 
line width for x!0.5, whereas a minimum in the line width at TS is seen for x"0.25. These 
differences in the temperature dependencies of the line widths are due to a crossover from 
metallic to semiconducting between x=0.25 and x=0.5 as evidenced by the resistivity 
measurements (Fig. 2). 
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)300(0 KT == !! for x ! 0.5. The inset shows the same for the sample with x=0.25.  
 
The results from lattice dynamical calculations and density functional theory explain the 
x-dependent structural phase transitions in terms of a crossover of the dynamics from 
displacive to order-disorder, since the double-well potentials change from broad and 
shallow to deep and narrow with increasing x [6]. Simultaneously, the elastic constants 
are altered from very soft to hard due to optic-acoustic mode-mode coupling for small x 
and absence of this coupling for x!0.25. Both theoretical results are mapped onto each 
other and almost perfect agreement for the double-well potentials is obtained, thus 
confirming the conclusions about substantial changes in the dynamics. Further 
implications for the long wave length optic mode frequency are discussed. 
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Polar oxides with chemical formula ABO3 and the perovskite crystal structure offer high electromechanical 
coupling, leading to their use as piezoelectric materials.  In many cases, these systems are solid-state solutions of 
antiferroelectric and ferroelectric materials.  The highest piezoelectric response comes from solutions with one 
component that is a "relaxor ferroelectric." 
 
Unlike normal ferroelectrics, which exhibit Curie-Weiss behavior and a narrow peak in dielectric constant at the 
phase transition temperature, relaxor ferroelectrics show elevated dielectric response over hundreds of kelvins, 
making them extraordinarily useful for real-world applications such as next-generation Naval SONAR.  Further 
exploration of this class of materials is hampered by the complex behavior of relaxors, which is thought to arise 
from poorly-understood "polar nanoregions." 
 
We use atomistic molecular dynamics simulations to study relaxor behavior in the 0.75[Pb(Mg1/3Nb2/3)O3]-
0.25[PbTiO3] (PMN-PT) material. Even for a fairly small simulation size of 1000 atoms, the system exhibits 
frequency dispersion and deviation from the Curie-Weiss law typical of relaxor materials.  Analysis of the time 
autocorrelation functions for individual atoms allows us to identify the Nb atoms with a high concentration of 
neighboring Ti atoms as the nucleation sites for the relaxor behavior. This is due to the higher coupling between 
the cation displacements induced by the presence of overbonded oxygen atoms. 
 
To reveal the nature of time-dependent dipolar coupling and relaxation, we employ the dynamical pair distribution 
function appproach introduced by Dmowski et al.  This time-resolved and space-resolved technique provides 
direct information about the shape and extent of regions with oriented dipoles. 
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Diffuse scattering in perovskites: typical features, parameterization and microscopic origin 
 

S.B. Vakhrushev1,2, R.G. Burkovsky2, A. Bosak3, D. Chernyshev4, D. Damjanovic5, A. Filimonov2, 
A.Tagantsev5, 

1Ioffe Institute, St.-Petersburg 194021, Russia. 
2St.-Petersburg State Technical University, St.-Petersburg 194021, Russia. 

3European Synchrotron Radiation Facility, Grenoble, France 
4Swiss-Norwegian Beamlines, ESRF, Grenoble, France 

5LC, EPFL, Lausanne, Switzerland 
 
 

Diffuse scattering (DS) in crystals in general is one of the major indications of the existing of 
different types of disorder. For the first time diffuse scattering in diamond was observed in 1940[1]. 
This observation was one of the important reasons for the future development of the classic lattice 
dynamics theory. Later new interest to the diffuse scattering was developed due to the study of 
different types of the defects in solids.  

In perovskites first observation of the X-ray critical diffuse scattering in LaAlO3 at the BZ 
boundary was reported in 1968 [2] and was considered by W. Cochran as a proof of the soft mode 
hypothesis. DS in the zone center was described by R. Comes et al. in 1969 [3] and reproduced 
many times. 3 "shining planes" (SP) perpendicular to principal cubic axes were observed in the 
cubic (C) phase with one of these (perpendicular to z-axis of the tetragonal (T) phase disappear at C 
-- T transition and only one (perpendicular to nonpolar axis) kept in the orthorhombic phase. In 
rhombohedral phase no SP were observed. Appearance of the SP can be considered as a 
consequence of the static [3] or dynamic [4] (anisotropic phonon branches) short-range correlations 
between chain-like objects, oriented perpendicular to the chain axis. Disappearance of one of he SP 
indicates creation of the long-range order with the SP intensity being transformed into the intensity 
of the Bragg peaks. 

In cubic relaxors strong temperature dependent DS was originally reported by Vakhrushev  
et al., [5] and was interpreted in terms of fluctuations of ferroelectric order parameters. In a large 
number of later publications (for a brief review see introduction to [6]) this DS was considered as a 
scattering from anisotropic polar nanoregions in nonpolar matrix. However recently DS in 
PMNPT10 compound was carefully remeasured and was shown to be inconsistent with such 
nanoheterogeneous model. 

In this report w would like to present new results of the DS measurements in the lead-free 
Li0.02(k0.5Na0.5)0.98O3 (KNN), PMNPT10 
and PZT and to demonstrate possibility of 
describing generic features of the DS in first 2 
compounds using simple dynamic model of 
Vaks [8], while for the high-temperature diffuse 
scattering in PMN and DS in PZT at room 
temperature can be easily described in terms of 
microscopic elastic lattice distortions (Huang 
scattering). 

We have carried out DS and inelastic X-
ray scattering with small single crystals cleaved 
from the larger ones and carefully polished and 
etched. For KNN observed pattern of the DS 

was similar to that described in [3] and was used to determine the polarization rotation path as it will 
be discussed. DS was shown to be preliminary dynamic in nature and in not so close vicinity of the 

-point was determined by the strongly anisotropic TA phonons. We have used a model of 

Figure 1 Experimental and simulated DS pattern in 
cubic phase of KNN 
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interacting acoustic (both TA and LA) and transverse optic modes to parameterize observed DS. 
Parameters describing the dispersion of the acoustic mode were taken from elastic tensor, TO 
unperturbed dispersion and anisotropic acoustic-optic coupling was considered to be the same as in 
KTaO3. In the Figure 1 experimental and simulated DS patterns around (220) Bragg point are 
shown demonstrating good agreement. Temperature evolution was easily followed by including of 
triply degenerated soft mode splitting.  

We have attempted to use similar 
model for describing the DS in PMN 
related compound. The only essential 
difference was change of the sign of the 
parameter describing the TO mode 
anisotropy. Results of the simulations 
are presented in the Figure 2. The 
simulation perfectly reproduces major 
details of the experimental 2D intensity 
map including strong suppression of the 
DS in the direction along the nearest 
reciprocal lattice vector. This important 
detail in principle cannot be reproduced 

by nanoheterogeneous models 

-0.3 -0.2 -0.1 0 0.1 0.2
-0.3
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0

0.1

0.2

Figure 2 Experimental and simulated DS PMNPT10 near 
(310) Bragg point 

Finally we would like discuss 2 other cases, namely high-temperature DS in PMN and DS in 
PZT. Unlike the situation considered above that are related to the polarization correlations that are 
suppressed in the longitudinal geometry in the latter cases we saw suppression of the scattering in 
the transverse geometry. This situation is very typical for the Huang scattering and we have 
succeeded to describe it using corresponding formalism. More details will be discussed. 

Work was supported by RFBR grant 11-02-00687-a 
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Anisotropic  Acoustic  Lattice  Dynamics  in  PbMg1/3Nb2/3O3  
  

C.  Stock,1,  2  P.  M.  Gehring,1  H.  Hiraka,3  I.  Swainson,4  Guangyong  Xu,5  H.  Luo,6  Y.  Qiu,1  J.  Li,7  and  
D.  Viehland7  
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Upton,  NY    11973  
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Using  neutron  inelastic  scattering  methods  to  probe  transverse  acoustic  (TA)  phonons  in  single  
crystal  PbMg1/3Nb2/3O3  (PMN),  we  demonstrate  the  presence  of  a  highly  anisotropic  TA  phonon  
damping  mechanism.    For  temperatures  below  ~420  K,  where  truly  static,  short-­‐range,  polar  
correlations  (i.e.  polar  nanoregions)  first  appear  [1],  we  find  that  TA  phonons  propagating  along  
[1-­‐10]  and  polarized  along  [110]  (TA2  phonons)  are  heavily  damped  across  the  entire  Brillouin  
zone,  as  is  shown  in  the  lower  left-­‐hand  panel  of  Fig.  1.    On  the  other  hand,  at  the  same  
temperature,  the  lower  right-­‐hand  panel  of  Fig.  1  illustrates  that  phonons  polarized  along  [001]  
and  propagating  along  [100]  (TA1  phonons)  are  only  damped  for  wave  vectors  close  to  the  zone  
center.    In  both  cases  the  damping  vanishes  at  high  temperatures  as  is  shown  in  the  two  upper  
panels  of  Fig.  1.  

The  anisotropy  and  temperature  dependence  of  the  TA  phonon  lifetime  are  directly  related  to  
the  elastic  diffuse  scattering  cross  section  [2];  this  suggests  that  the  polar  nanoregions  are  the  
cause  of  the  damping.    The  anisotropic  TA  phonon  damping  further  points  to  polar  nanoregions  
that  are  highly  anisotropic  in  real  space,  which  would  be  consistent  with  the  so-­‐called  Pancake  
model  [3]  previously  derived  from  x-­‐ray  and  neutron  diffraction  studies.    We  emphasize  that  
our  data  are  inconsistent  with  TA-­‐TO  phonon  coupling  [4]  or  the  existence  of  an  extra,  soft  
quasi-­‐optic   TO  mode  [5],  and  they  provide  an  alternate  explanation  for  the  origin  of  the  extra  
neutron  scattering  cross  section  observed  at  low  energies  in  some  Brillouin  zones.  The  strong  
coupling  between  the  diffuse  scattering  (polar  nanoregions)  and  the  TA  phonons  may  provide  
an  explanation  for,  or  at  least  a  signature  of,  the  unusually  large  piezoelectric  constants  that  are  
observed  in  these  and  related  materials  [6].  
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Fig.  1:    The  left-­‐hand  panels  show  constant-­‐intensity  contours  of  the  TA2  phonon  scattering  
cross  section  at  600  K  and  300  K  that  illustrate  how  the  TA2  mode  disperses  out  from  the  (110)  
Bragg  peak.    The  right-­‐hand  panels  show  the  same  for  the  TA1  mode  near  the  (010)  Bragg  peak.  
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First-principles theory of flexoelectricity

David Vanderbilt and Jiawang Hong1

1Department of Physics and Astronomy, Rutgers University
Piscataway, New Jersey 08854, USA

Flexoelectricity refers to the linear response
of electric polarization to an applied strain gradi-
ent. Because a strain gradient breaks inversion
symmetry, flexoelectricity is always symmetry-
allowed, unlike piezoelectricity which arises only
in noncentrosymmetric materials. The flexoelec-
tric effect is normally negligible on conventional
length scales, but it may become very strong at
the nanoscale, where huge strain gradients can
significantly affect the functional properties of
dielectric thin films, superlattices, and nanos-
tructures. The possibility of large effects at the
nanoscale with application to functional devices
has caused a recent explosion of experimental in-
terest in flexoelectricity [1-3].

There have been remarkably few theoretical
studies of flexoelectricity, the main difficulty be-
ing that strain gradients are inconsistent with
translational symmetry. A classical phenomeno-
logical theory focused on lattice-mediated contri-
butions was proposed by Tagantsev [4] and later
applied to study flexoelectric properties of di-
electrics by Maranganti and Sharma [5]. A first
attempt at a first-principles calculation of flex-
oelectricity is due to Hong et al. [6]. Recently,
Resta [7] developed a first-principles theory of
flexoelectricity, extending a previous formulation
of Martin [8] for flexoelectricity. Resta’s theory
was, however, limited to simple elemental insula-
tors such as Si, and was not implemented in prac-
tice. Thus, unlike piezoelectricity, which is rou-
tinely calculated using modern first-principles
methods in a mature theoretical framework, the
theory of flexoelectricity has remained in a rela-
tively primitive state.

Just like the piezoelectric coefficient, the flex-
oelectric coefficient (FEC) can be divided into
two contributions: the “frozen-ion” and “lattice”
parts. The “frozen-ion response” is the result of
atomic coordinates being displaced strictly ac-
cording to an ideal strain gradient, e.g.,

∆Rlix =
1

2
νxxx R2

lix , (1)

where ∆Rlix is the x displacement of atom i in
cell l located at Rli, and νxxx = dηxx/dx de-
scribes the strength of a gradient of the strain

ηxx in the x direction The “lattice” response then
arises from additional displacements of atoms in
response to the strain and its gradient. Previous
works, e.g., Refs. [4-5], have focused mainly on
the lattice response.

We discuss first the frozen-ion response. A
partial formulation of this problem was recently
introduced by Resta [7] based on an approach
similar to one developed by Martin to treat
piezoelectricity [8]. Resta’s formulation was,
however, limited to elemental solids. Here we
present a complete theory of the frozen-ion FEC,
appropriate to insulating crystals of any symme-
try. Without loss of generality we can assume
the gradient of the strain to be along the x di-
rection, and we then adopt mixed electric bound-
ary conditions in which Dx, Ey, and Ez are con-
strained. Note that Dx is a component of the
electric displacement field, while Ey and Ez re-
fer to the ordinary electric field; the reasons for
this choice will be explained. We then demon-
strate that the contribution of a given atom to
the frozen-ion FEC is just proportional to the
third moment of the change in charge density
induced by its displacement (or, more precisely,
by the simultaneous displacement of a plane of
atoms having the same x coordinate). This is
true for all insulating crystals, from elemental
dielectrics to piezoelectrics and ferroelectrics.

Furthermore, we propose several practical
supercell-based methods for extracting the FEC
from ab initio calculations, based on displacing
a plane of atoms and computing the induced
change in charge density. Three possible geome-
tries for such calculations are shown in Fig. 1. In
each case, the system is maintained at fixed elec-
tric displacement field Dx in the long direction
x of the supercell. In (a), this is done by making
equal and opposite displacements of two layers
in the supercell; in (b) it is done by controlling a
dipole layer in a vacuum region; and in (c) it is
done by using a code capable of enforcing fixed-
D boundary conditions. We show that all three
methods give consistent results, and discuss the
relative advantages and disadvantages of each.

We use this supercell approach to compute
the frozen-ion FECs for C, Si, MgO, NaCl,
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(a)

(b)

(c)

FIG. 1: (Color online) Supercell geometries. Large
(red) and small (green) dots are two species of atoms;
open dots are atoms before being displaced as shown
by arrows. Rectangles indicate supercells. (a) Bulk su-
percell for Method A. (b) Slab supercell for method B;
vertical lines indicate dipole correction layers in vac-
uum. (c) Bulk supercell for Method C.

SrTiO3, BaTiO3, and PbTiO3, and discuss the
trends that emerge from this data. Some of our
results are summarized in Table I. We find that
all FECs µxxxx are negative, and surprisingly,
they are of roughly comparable magnitude for
the rather wide variety of materials shown in
Table I, from simple semiconducting elements to
dielectric and piezoelectric perovskites. Trends
in the data will be discussed.

We will also briefly discuss three important
subtleties: (i) the issue of pseudopotential de-
pendence; (ii) the question of “surface contribu-
tions” to the flexoelectricity, and (iii) the treat-
ment of transverse components using current-
density response.

Finally, in the last part of the talk we will dis-
cuss work in progress on a careful formulation of

TABLE I: Lattice constants and frozen-ion flexoelec-
tric coefficients computed from first principles.

a µxxxx

(Bohr) (pC/m)
C 6.69 −175.4
Si 10.22 −105.7
MgO 7.73 −95.6
NaCl 10.66 −47.9
SrTiO3 7.31 −144.7
BaTiO3 7.52 −141.9
PbTiO3 (PE) 7.43 −156.0
PbTiO3 (FE) 7.35 −148.9

the lattice contribution to the flexoelectric re-
sponse, based on a long-wave analysis. Previous
workers seem not to have noticed that a deep
subtlety arises in the very definition of the lat-
tice flexoelectric response: what does it mean to
relax the atoms in the presence of a strain gra-
dient? It is impossible; if the atoms are allowed
to relax fully, the strain gradient will disappear!
To put it another way, the presence of a strain
gradient implies the presence of a stress gradi-
ent, and a stress gradient produces a force den-
sity. Thus, in the presence of a general strain
gradient, there must be a net force acting on
the atoms inside each unit cell. How should we
partition this force? We demonstrate that the
value of the flexoelectric coefficient depends on
how this choice is made. One natural choice is to
weight the forces by the atomic masses, but no
choice can be singled out as fundamentally pre-
ferred. Of course, in many situations of phys-
ical interest, such as in the interior of a stati-
cally loaded bent beam, the force density is zero
because the various Fourier components of the
strain and stress fields give canceling force den-
sities, and the ambiguity disappears. However,
for simple cases like that described by Eq. (1),
the difficulty cannot be avoided.

The work was supported by ONR Grant
N00014-05-1-0054. Computations were done at
the Center for Piezoelectrics by Design.
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Flexoelectric effect in finite samples 
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b)644076, Omsk, Russia 
 
The flexoelectric effect consists of a linear response of the dielectric polarization to a 
strain gradient. This is a high-order electromechanical effect which is expected, in 
general, to be rather weak. However, some of its features make this effect interesting 
from both fundamental and applied points of view. This has stimulated recent intensive 
experimental and theoretical activity in the field. 

On the practical side, of first importance is that this effect, in contrast to the 
piezoelectric effect, is allowed in centro-symmetric material. It is believed that it is the 
flexoelectric effect that is responsible for the generation of an electric field in acoustic 
shock waves propagating in centro-symmetric solids. The most applied interest is focused 
on the "piezoelectric metamaterial" -- composites made of non-piezoelectric components, 
which exhibit effective piezoelectric response generated due to the flexoelectric effect. 
The work in this direction was initiated by pioneering experimental studies by Professor 
Cross with coworkers1 and was later also supported by theory. Presently, (Ba,Sr)TiO3-
based composites have been shown to yield effective piezoelectric coefficients 
comparable to those of commercial piezoelectric ceramics.  
 Presently, the analysis of experimental data is customarily performed in terms of 
the so-called bulk static contribution to the flexoelectric response treated in an infinite 
medium. The goal of this paper is to show that an adequate treatment of the flexoelectric 
response under static or quasi-static conditions requires (i) taking into account the finite 
size effects and (ii) taking into account at least two contributions: the aforementioned 
static bulk contribution and the contribution of the surface piezoelectricity.  

(i) It was argued, based on the constitutive equation for the flexoelectric response, 
that a mechanical sensor made of the aforementioned metamaterials should exhibit a very 
unusual property. Specifically, in contrast to piezoelectric based devices, it will not 
behave as an actuator. There are several reasons to question such statement. First, already 
in the 60's of the past century, the group of Professor Bursian reported experimental data 
on (Ba,Sr)TiO3 crystals2 and gave arguments based on equilibrium thermodynamics3, 
which contradict this statement. Second, the existence of a linear sensor-not-actuator may 
come into conflict with the general principles of thermodynamics. 

In this paper we address theoretically this conflict situation to demonstrate that 
despite an explicit asymmetry of the constitutive equations for the bulk flexoelectric 
effect, when this effect is characterized in a realistic finite sample the apparent 
asymmetry of the electromechanical response will vanish. In particular, this implies that 
the aforementioned piezoelectric metamaterial should exhibit the identical effective 
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piezoelectric constants when characterized in "direct" and "converse" regimes. These 
constants are directly calculated for the bending mode of a “flexoelectric 
sensor/actuator”. 

(ii) As was recognized at the first thorough treatment of the flexoelectric response 
the polarization response to a strain gradient in a finite sample, generally speaking, may 
not be fully controlled by the contribution of the bulk static flexoelectricity, even in 
materials with high values of the dielectric constant (high-K materials)4. The competing 
effect that is due to surface piezoelectricity, was not, however, properly addressed 
theoretically. Thus, it is not clear if it can in fact compete in high-K materials with the 
static bulk flexoelectricity. In high-K materials, the contribution of the static bulk 
flexoelectricity is enhanced, since it scales as the dielectric susceptibility4. At the same 
time, the effect associated with surface piezoelectricity originates from the presence of 
the interface adjacent layers where the piezoelectricity is induced by the inversion-
symmetry-breaking effect of the interface. Since the sign of the effective piezoelectric 
coefficients of the layers on the opposite sides of a plate should be opposite (as controlled 
by the orientation of the surface normal), bending of the plate should result in dipole 
moments in these layers, the sign of which are the same. The dipole moment in a layer is 
proportional to the strain in it, which, in turn, is proportional to the product of the strain 
gradient and the plate thickness. Having calculated the resulting change of the average 
polarization of the whole system, this will give rise to a net polarization proportional to 
the strain gradient. From this reasoning it is not obvious that such response will be 
enhanced once that the dielectric constant of the bulk of the material is high. However, 
such reasoning does not provide a proper vision of the whole effect. In this paper, we will 
show that such enhancement does take place: in high-K materials, surface contribution to 
the flexoelectric response scales with bulk value of the dielectric constant and can be 
readily comparable to that of the bulk contribution.  

This finding is of a crucial importance for the interpretation of experimental data 
on the flexoelectric response. This point is that in earlier publications4 it was 
hypothesized that these dependences are expected to be different. Based on this 
hypothesis, the fact that an experimentally measured flexoelectric coefficient scales as the 
dielectric constant of the material was customarily taken as an indication that the 
measured flexoelectric response is controlled by the static bulk contribution to the 
flexoelectric effect. This finding essentially changes the situation. Now one can state that 
the fact that the experimentally measured flexoelectric coefficient scales as the dielectric 
constant of the material does not imply that the measured flexoelectric response is 
controlled by the static bulk contribution to the flexoelectric effect. 

 
1 W. Ma and L. E. Cross, Appl. Phys. Lett. 79, 4420 (2001). 
2 E. V. Bursian and Zaikovskii.O.I, Sov. Phys. Solid State 10, 1121 (1968). 
3 E. V. Bursian and N. N. Trunov, Sov. Phys. Solid State 16, 760 (1974). 
4 A. K. Tagantsev, Phys. Rev. B 34, 5883 (1986). 
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Flexoelectricity refers to an electromechanical property
to generate a voltage either in response to director field
gradients ∂inj (in liquid crystals[1, 2]) or to strain gra-
dients ∂i∂jul (in insulating solids [3]), where n (r) is the
director, u (r) the displacement vector, ∂i the gradient
operator, i the Cartesian index. In contrast to the liquid
crystals, in bulk three-dimensional (3D) solids the flex-
oelectric effect is usually small and evades experimental
detection unless large strain gradients are externally im-
posed or artificially designed inhomogeneous metamate-
rials are used [4, 5].

Contrary to 3D systems, truly two-dimensional (2D)
sp2-bonded crystals, like graphene and boron nitride
(BN) [6], are able to sustain huge elastic structural distor-
tions and, thus, exhibit exceptional forms of electrome-
chanical coupling, especially non-centrosymmetric BN,
which is our main subject. The BN sheet, for example,
becomes pyroelectric when it is wrapped into a chiral or
a zigzag nanotube with the macroscopic polarization pro-
portional to the inverse square of the tube radius, 1/R2,
and directed along the tube [7–9]. Formally, this effect
can be considered as a quadratic flexoelectric effect, since
(∂i∂juk)2 ∝ 1/R2.

Here we show that 2D sp2-bonded non-
centrosymmetric crystals like BN exhibit another
unusual flexoelectric effect: generation of a macroscopic
in-plane polarization in response to out-of-plane periodic
atomic displacements uz(r) = A sin(k · r + ϕ). We show
further that this phenomenon opens up the way to the
development of a novel type nanogenerator.

To describe periodically and commensurately distorted
hexagonal BN sheets, we introduce the corrugation wave
vector k = 2πe/λ, where the unit vector e and the wave-
length λ are expressed via the lattice vectors a1 and
a2 of a 2D sheet in the following way: e = λ/λ, with
λ(n, m) = na1 + ma2, λ = a

√
n2 + nm + m2, where n

and m are integers, a1 = a2 = a. The corrugation with
the wave-length λ(n, m) leads to a rectangular supercell
whose translational vectors are λ(n, m) and some trans-
lation vector T = Na1 +Ma2, which is perpendicular to
λ.

It is also convenient to define the vector k in the polar
coordinate system (k, θ), where θ is the angle between
the k and (a1 + a2). Borrowing the terminology from
the theory of nanotubes, we shall call the sine-wave dis-
tortions with θ = 0 ± πl/3 the “armchair”-like and with
θ = π/6 ± πl/3 the “zigzag”-like, where l is an integer.
All other distortions falling between the two will be called
“chiral”.

The corrugation-induced polarization is computed
from first principles by using the Berry’s phase approach

[10] or from the geometrical phases accumulated by the
occupied electronic states in the slow (adiabatic) process
of corrugation: P = P (u)- P (0), where P (0) corresponds
to the initial flat sheet. To analyze how the polarization
is distributed in real space over the supercell λ × T , we
also calculate P in terms of the shifts of the Wannier
function (WF) centers corresponding to π and σ chemi-
cal bonds. Although we used different codes to calculate
Berry’s phases and WFs (ABINIT [11] and PWSCF [12],
respectively), the obtained results are remarkably consis-
tent with each other.

The calculations show that the polarization P (k)
strongly depends on k. The mutual orientation of the
P and k evolves as the latter rotates through the an-
gle θ. P becomes purely longitudinal along the armchair
k−directions and purely transversal along the zigzag di-
rections. Along the chiral k-directions, it has both com-
ponents.

To analyze the relationship between electronic struc-
ture and P (k), we notice that the WF in a flat BN
sheet have roughly the character of the σ- and π-bond
orbitals (σ and π WFs.) The π−like WFs are centered
on N atoms exactly, while their σ counterparts are some-
where in the middle of the B-N bonds closer to N atoms
(Fig. 1c). The contributions of the π and σ WFs to a
‘clamped-ion’ polarization induced by an in-plane uniax-
ial stretching have the same sign, with the π WFs domi-
nating and amounting up to as much as 85% of the total
(see also Ref. [9]).

Although the corrugation of a flat BN sheet leads to the
rehybridization effects like mixing of π and π∗ electronic
bands due to breaking of the z → −z mirror symmetry,
it is still possible to classify all the WFs into π and σ
types, Fig. 1. It might naively appear that in the cor-
rugated structures the main contribution to P (k) would
also come from the π WFs. In fact, this is not the case.
The contribution of σ WFs generally increases, becom-
ing strongly dominant in some special cases in corrugated
films.

Consider first the case of zigzag corrugation with n =
4, m = −4, A/λ = 0.1 and ϕ = 0, Fig. 1. Here, the shifts
of π WFs are still dominant but not so apparently, and
|Pπ/Pσ| is only about 2.5. In contrast to the flat case,
the π and σ WFs have the opposite sign contributions
to P (k) exhibiting inhomogeneous shifts within the two-
dimensional supercell λ×T . Upon the corrugation, the π
WF centers shift relative to the initial positions, as shown
in Fig. 1d. Apparently, electron density shifts along the y
axis of right-most column of N-atoms exactly cancel each
other while the rest shift along the x-axis, which means
the appearance of a macroscopic transverse polarization,
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FIG. 1: The Wannier functions (a,b) and their shifts (c,d)

in a corrugated BN sheet corresponding to a “zigzag” vector

λ(4,−4) (θ = 90
◦
), A/λ=0.1 and ϕ= 0. (a,b) Side and top

views of a π-like WF contributing most to the polarization

(isosurface = ±0.9). The yellow arrow indicates the shift of

the WF, which is antiparallel to the locally induced polariza-

tion P. (c,d ) The positions of the centers of the π− (black

circles) and σ WFs (black squares) in a flat and corrugated

BN sheet, respectively. In the flat state, π WFs coincide with

N atoms. The red arrows show the (scaled up) shifts of π
WFs.

P ⊥ k.
Now, we turn our attention to another case, repre-

sented by the armchair undulation with n = 4, m = 4,
A/λ = 0.1, and ϕ = 0. Here again, the π and σ WFs give
the compensating contributions to the polarization. But
now, in contrast to the zigzag case, σ WFs dominate by a
wide margin: |Pσ/Pπ| ∼ 4.5. All the WFs move in such a
way that the sum of their shifts along the x axis cancels,
so that the induced polarization is purely longitudinal.
The dominant σ WFs move towards the N-atoms, thus
further increasing the polarity of the σ B-N bonds.

The important characteristic, the voltage drop U be-
tween opposite sides of the BN strip, Fig.2, can be es-
timated as (P/π��0) ln(L/b), where P is the usual 2D

polarization (in units of C/m), L the separation between
the charged strip edge states (strip width), and b the
effective radius of those states, �0 the dielectric permit-
tivity of vacuum. Taking b to be on the order of the
lattice parameter a, for a reasonable L = (100 − 1000)a
and P = 10−2 e/aB , we obtain U � 5− 8V for BN strip
suspended in vacuo and smaller values for the strip on
dielectric substrate like SiO2 with � = 3.9) (the actual
bias U will be limited by a charge transfer between edges
to about half-bandgap of BN, so in practice U � 2 V.)

From general considerations it is clear that the thermal
ripples in a BN sheet will produce zero net polarization.
However, if the ambient wave-like movements have pref-
erential orientation in space, they will induce a macro-
scopic polarization in the corresponding direction. Many
such types of movements, artificial as well as natural, are

FIG. 2: Schematic showing generation of a bias voltage be-

tween the edges of a corrugated BN nanosheet. Note that the

induced polarization is longitudinal, because the corrugation

is of the armchair type.

likely to be frequently met in practice. The ability of
a BN sheet and similar materials to generate electricity
from ambient agitation can be used to power small elec-
tronic devices like medical implants, remote sensors, etc.
A possible realization of such a nanogenerator would be
a BN strip suspended between supports and compressed
(statically or periodically), or the strip placed on a flexed
insulating membrane (e.g. Si3N4) with deposited elec-
trodes, etc.
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Dynamical matrix in magnetoelectrics

Raffaele Resta
Dipartimento di Fisica, Università di Trieste,
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In magnetoelectrics (MEs) the fields E and H are both coupled to the lattice on
the same footing, and both contribute to the dynamical properties in the infrared
regime. If the crystal symmetry is high enough (orthorombic or higher) the zone
center optical modes are either longitudinal (LO) or transverse (TO); the free energy
of the fields E and H provide an additional restoring force which accounts for the
LO-TO splitting. The field-lattice coupling is also at the root of the difference be-
tween the two magnetoelectric response tensors at ω = 0 (static) and ω = ∞ (“static
high frequency”, a.k.a. “clamped nuclei”). It has been recently shown that a scalar
function of these two tensors, together with the zone-center frequencies, fulfill a gen-
eralized Lyddane-Sachs-Teller relationship [1]. Notably, the fields E and H enter this
relationship and its derivation in a very symmetric way.

In ordinary dielectrics the dynamical matrix at the zone center in general is a
nonanalytic function of degree zero in the wavevector q. Its expression (for a crystal
of arbitrary symmetry) is well known and is routinely implemented in first principle
calculations. The nonanalytic behavior occurs in polar crystals and owes to the
coupling of the macroscopic electric field E to the lattice. Here I provide the explicit
generalization to ME crystals of arbitrary symmetry. As for ordinary dielectrics, the
dynamical matrix is the sum of two contributions: an analytic and a nonanalytic one.
The latter term is a homogeneous function of order zero in q. The present expression
is exact in the harmonic approximation; once more, the E and H couplings are
accounted for in a symmetric way.

The next issue to be discussed is: which fields and why? In presence of a long
wavelength phonon of wavevector q, the solid is macroscopically homogeneous in
the plane normal to q, while all macroscopic properties display a modulation in the
direction of q. It is immediate to realize that the components of D(q) and B(q)
parallel to q and the component of E(q) and H(q) normal to q vanish: E and H
are both longitudinal, while D and B are both transverse. Therefore the analytic
term in the zone-center dynamical matrix corresponds to E = H = 0. Because
of this most of the ME literature, including Refs. [1-3], is formulated in terms of
a free energy whose independent variables are E and H. These are not the fields
of choice for a first-principle theorist: the macroscopic fields entering the Kohn-
Sham Hamiltonian, in fact, are E and B (not H). Notice also that the macroscopic
fields E and B in a crystal are by definition the cell average of their microscopic
counterparts E(micro)(r) and B(micro)(r). These are the only fields actually measurable
(at least in principle) within the material, while a microscopic H cannot be defined
unambiguously. Modern calculations routinely provide the macroscopic polarization
in zero E and the macroscopic magnetization in zero B (not zero H).

The values of all fields (D, E, B, and H) inside a finite sample depend on the
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value of the fields far away outside (generated by external charges and currents), as
well as on the sample shape (via the depolarization/demagnetization coefficients).
Equivalently, for a long-wavelength phonon in an infinite crystal the fields depend
on the wavevector direction. For TO phonons E = H = 0, but B "= 0; conversely,
for LO phonons D = B = 0, but H "= 0. In ordinary dielectrics a straightforward
frozen-phonon calculation provides the energy of a TO mode. At variance with this,
in MEs a frozen-phonon calculation—or equivalently a second order expansion of
the total energy in the sublattice displacements, performed with the usual periodic
boundary conditions for Schödinger equation—implies E = B = 0: it yields therefore
the energy of a “bastard” mode, neither transverse nor longitudinal, which does not
coincide with the eigenfrequency of any physical mode. The force constants computed
in this way include the restoring forces due to nonvanishing H; this contribution must
be discounted to get the analytic term in the force-constant matrix: The explicit
formula will be given.

The approach of Refs. [1-3] is essentially macroscopic, in the same spirit as the
Huang phenomenological theory of lattice dynamics. Next we may ask what is the
microscopic mechanism responsible for the tensors Z∗

s and ζ∗

s , which couple the lattice
to the macroscopic fields.

The answer for Z∗

s in ordinary dielectrics is well known. By definition the force
exerted by a macroscopic field E on the s-th nucleus at its equilibrium position is
fs = eZ∗

sE. If we adopt an all-electron framework (no pseudopotentials) fs can be
equivalently expressed as fs = eZsE

(micro)(rs), where Zs is the bare nuclear charge
and rs is the nuclear position. Therefore the ratio between the Born charge and the
bare charge equals the ratio between the microscopic field at the nuclear site and the
macroscopic field.

As for MEs, the microscopic force at site s depends on both macroscopic fields E

and H. The tensor ζ∗

s (magnetic analogue of Z∗

s ) is defined via the force exerted by
H (at zero E) as fs = eζ∗

sH. This is apparently paradoxical, given that a magnetic
field cannot exert any force on a classical point charge at rest. Nonetheless ζ∗

s is in
general nonzero, and has been actually computed for the paradigmatic ME crystal
Cr2O3 [3]. The microscopic mechanism behind the magnetic lattice coupling will be
discussed.
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Extended abstract 

CdTiO3 is one of the perovskite titanate, whose ferroelectric phase has been reported to appear at the 

low-temperature region.[1] The recent rigorous Raman scattering study has revealed an ideal classical 

displacive-type phase transition, in which the soft mode softens toward zero-frequency at Tc ! 85.5 K obeying 

conventional Cochran’s law.[2] However, the crystal structure in the low-temperature region is still unclear due 

to the rather small displacement at the phase transition and difficulty in preparation of sufficiently large and 

high-quality single crystals for the structural analysis.[3] Both of possible ferroelectric structures Pna21(#33) 

and P21ma(#26) are found depending on the samples and experimental conditions. The situation is still 

controversial. Lebedev[4] reported theoretical phonon calculation only !-point of the Pnma of CdTiO3. He 

reported two softmode phonon in Pnma phase of CdTiO3, which read to Pna21(#33) and P21ma(#26) phase. In 

the present study, we performed series of a first-principles calculations of CdTiO3, in order to elucidate 

completely the mechanism of the ferroelectric phase transition and the structure of the low-temperature phase. 

The result clarifies that the low-temperature symmetry is Pna21 (#33) with the polarization axis along b-axis of 

the paraelectric Pnma phase. The calculated phonon dispersion structure clearly shows the existence of the 

ferroelectric soft mode in !-point of the Pnma phase, and it vanishes in the ferroelectric Pna21 phase, 

confirming the soft-mode-type phase transition of CdTiO3.(Fig.1) However, energy gain of this ferroelectric 

phase transition is very tiny, its only 0.2meV/f.u. In addition, the phonon dispersion relation, in another word, 

soft-modes are strongly depending on the lattice volume. As shown in fig.3(a), in the tensile condition (+2% of 

theoretical equivalent volume), not only B2u mode which read to Pna21(#33) phase but also B3u mode which 

reads to P21ma(#26) phase show imaginary frequency. On the other hand, As shown in fig.3(b), in the 

compression condition (-2% of theoretical equivalent volume), these soft-modes are vanished. This indicates 

that ferroelectric phase transition of CdTiO3 Pnma phase is very sensitive to pressure/strain. Depending on the 

stress/pressure both of ferroelectric phase Pna21(#33) phase and P21ma(#26) phase can be stabilized. This can 

be a explanation for controversial experimental results of ferroelectric structure of CdTiO3. [5] 
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Fig. 3 Theoretical phonon dispersion curves for the Pnma phase of CdTiO3 when the volume is uniformly (a) expanded 
by 2%, and (b) contracted by 2% relative to the equilibrium value. 

Fig. 2 Directions of ion displacements in the Pnma structure 
corresponding to (a) B2u and (b) B3u modes associated with 
transformations to the Pna21 and P21ma phases, respectively. 
 

Fig. 1 Theoretical phonon dispersion curves for Pnma 
phases of CdTiO3. 
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The understanding and control of spin-phonon cou-
pling effects holds promise for the discovery of new
multiferroics, as demonstrated recently by Fennie and
Rabe [1]. Here we take the frequency shifts ∆ω of low-
frequency phonons between ferromagnetic (FM) and an-
tiferromagnetic (AFM) configurations as a measure of the
spin-phonon coupling, and investigate conditions under
which the desirable enhancement of this coupling might
be achieved.

In the search for materials with large spin-phonon cou-
pling, first-principles calculations have usually been car-
ried out using the DFT+U method [2], which accounts
for correlation effects driven by on-site Hubbard interac-
tions. However, DFT+U suffers from shortcomings as-
sociated with the U -dependence of the calculated prop-
erties [3]. Even if an appropriate choice of U can accu-
rately reproduce the binding energy of localized d states
of transition-metal oxides, it is by no means guaranteed
that the same U can accurately reproduce other proper-
ties of the same compound, such as the volume, which
has a significant effect on the phonons. Another short-
coming of the DFT+U approach is that there is usually
no obvious choice of the U value to be adopted. An-
other paradigmatic approach – that of hybrid functionals
– has been widely applied in solid-state materials science,
showing improved performance with respect to standard
DFT methods. Even when using the more efficient Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional [4], however,
the use of hybrids entails an increased computational cost
which makes the calculation of phonon properties of com-
plex magnetic oxides very difficult.

In this work, we circumvent this bottleneck by com-
bining the DFT+U and HSE approaches, choosing the
appropriate U for each material by fitting to the HSE
results for frequency shifts. This provides a fairly effi-
cient and affordable strategy that preserves the “HSE
accuracy” for lattice constants, spin-phonon related cou-
plings, and related properties, while taking advantage of
the computationally inexpensive DFT+U method for the
detailed calculations.

We investigate spin-phonon coupling effect in AMnO3

perovskites with A = Ca, Sr and Ba, which may be
good candidates for spin-phonon–coupling driven multi-
ferroicity [5-7], as well as the simple perovskite LaMO3

materials with M = Cr and Fe and double perovskite
La2(CrFe)O6, which have Néel temperatures above room
temperature [8] and large band gaps. We have performed
the DFT+U and HSE calculations using the PBEsol [9]

FIG. 1: ABO3 perovskite structure doubled along the [111]
direction. A atoms (largest) shown in green; B atoms shown
in violet; O atoms (smallest) shown in red.

(PBEsol+U) and HSE06 [4] functionals, respectively.
The unit cell for simulating the G-type AFM and FM
magnetic ordering is doubled along the 〈111〉 direction
as shown in Fig. 1. The phonon frequencies were calcu-
lated using the frozen-phonon method.

We first performed the calculation by varying U and
considering the Γ−

4 and R−

5 modes, which are the ones
that compete to determine whether a ferroelectric or
other instability freezes in. From Fig. 2 we see that the
frequencies of the Γ−

4 and R−

5 modes depend strongly
on the chosen U . Notably, the frequency shift ∆ω =
ωAFM −ωFM of the Slater mode (S-Γ−

4 ) can change from
400 cm−1 to 0 as U changes from U=0 to 8 eV. The ∆ω
of the Axe (A-Γ−

4 ) and R−

5 modes also depend on the
U , although ∆ω is nearly insensitive to U for the Last
mode (L-Γ−

4 ) in this range of U . Clearly, the strong U -
dependence of the spin-phonon coupling suggests that it
is crucial to choose the appropriate U value in order to
avoid artifactual “strong” couplings.

However, the lack of the experimentally available data
for our systems prevents us from extracting U directly
from experiments. Here, we propose a practical scheme
to reduce the computational load while still retaining an
accuracy comparable to HSE for the phonons and spin-
phonons couplings. The U is extracted from HSE cal-
culations with respect to the frequency shifts between
AFM and FM magnetic orders. We have tested that
the proposed scheme works well: the calculations of the
phonon frequency shifts ∆ω based on an estimated U
from HSE give almost the same phonon frequency shifts
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FIG. 2: Effect of U on the spin-phonon coupling in SrMnO3

as obtained by using HSE directly. The fact that HSE
works “remarkably well” for transition metal oxides [10]
make us confident that the HSE phonon frequency shifts
are also reliable, and provides a strict benchmark for our
proposed method. By using this method, we obtained
U= 3.0, 2.8, 2.7, 3.8, and 5.1 eV for CaMnO3, SrMnO3,
BaMnO3, LaCrO3 and LaFeO3, respectively.

Our PBEsol+U method gives good lattice constants
and magnetic moments compared with our HSE calcu-
lation. As shown in Tables I and II, the phonon fre-
quency shift (∆ω) for the PBEsol+U and HSE calcula-
tions are in overall good agreement [11], indicating that
our PBEsol+U approach can reproduce the same spin-
phonon coupling effects as HSE but at a lower compu-
tational cost, provided that U is obtained by fitting to
energy differences between the two magnetic orders.

Table I shows that the spin-phonon coupling effects
are large only for some modes and can be negligible for
the others in AMnO3. The frequency shift of the polar
Slater mode are anomalously large, which suggests that
they may be good candidates for multiferroics under ex-

TABLE I: Phonon frequency of AMnO3 with HSE and
PBEsol+U (+U) calculation, in units of cm−1. ∆ω is the fre-
quency difference between AFM state (ωAFM) and FM state
(ωFM), i.e., ∆ω = ωAFM − ωFM.

CaMnO3 SrMnO3 BaMnO3

∆ωHSE ∆ω+U ∆ωHSE ∆ω+U ∆ωHSE ∆ω+U

S-Γ−

4 206.2 195.9 273.1 329.0 95.1 −14.6
Γ−

5 57.4 80.9 38.4 54.7 36.1 30.0
L-Γ−

4 86.6 78.5 9.6 0.2 5.4 5.6
A-Γ−

4 11.3 6.4 7.1 12.2 18.9 −3.4
R−

4 3.1 4.1 2.3 2.6 3.3 3.4
R+

5 −10.2 −7.4 2.8 3.0 27.9 36.4
R−

4 16.7 18.8 13.7 28.7 18.9 31.1
R−

3 21.3 20.7 17.5 27.5 16.2 51.6
R−

5 13.9 16.0 70.1 55.8 21.0 59.9
R−

2 5.1 8.6 21.0 19.7 39.2 70.3

TABLE II: Phonon frequency of LaMO3 with HSE and
PBEsol+U (“+U”) calculation, in units of cm−1 [11].

LaCrO3 LaFeO3 La2(CrFe)O6

∆ωHSE ∆ω+U ∆ωHSE ∆ω+U ∆ω+U

Γ−

5 51.1 61.7 5.5 11.8 −16.8
S-Γ−

4 44.6 46.0 12.6 12.5 −12.8
L-Γ−

4 21.2 24.5 10.7 13.5 −39.1
R−

4 17.6 18.9 11.4 9.9 2.7
A-Γ−

4 15.1 17.1 14.3 11.9 0.4
R−

5 14.1 15.0 10.7 11.2 −3.2
R−

3 14.2 14.3 12.4 10.1 15.0
R+

5 −16.4 −13.7 −9.5 −8.1 −15.7
R−

4 8.0 8.7 9.8 9.8 1.9
R−

2 −3.2 −1.5 −25.9 −23.6 6.5

ternal strain [5-7]. Our phonon calculation also hints that
doping Ca or Sr into BaMnO3 may induce ferroelectricity
even without external strain. In addition, we can see that
∆ω for the R−

5 modes is relatively large for SrMnO3 and
BaMnO3. As is well known, oxygen octahedron rotations
in perovskites have a strong impact on the magnetism,
as they control the metal-O-metal bond angles for the
super-exchange paths. Therefore, different spin configu-
rations will couple via the super-exchange and hence can
induce a large ∆ω for the R−

5 modes.
For the spin-phonon coupling effect in LaMO3, Ta-

ble II shows that most of the Γ and R frequencies are
sensitive to the spin order. However, the Γ phonon fre-
quencies of LaCrO3 and LaFeO3 decrease as the spin or-
der changes from AFM to FM, while the Γ frequencies of
the double perovskite La2(CrFe)O6 increase.
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First-principles calculations of finite temperature Sc NMR parameters in
Pb(Sc2/3W1/3)O3

Eric J. Walter and H. Krakauer
Department of Physics, College of William and Mary, Williamsburg, VA, 23187-8795

High performance solid solution ferroelectrics, based on the ideal ABO3 perovskite structure,
are widely used in technological applications such as ultrasonic transducers, sensors, actuators, and
thin film applications. The strong electromechanical coupling in these materials is related to a
balance of competing instabilities, such as cation off-centerings and oxygen octahedral rotations.
The perovskite structure offers many ways to fine tune these interactions through chemical sub-
stitutions, such as alloying on the A and/or B sites, and through epitaxial control in layered and
thin film geometries. Solid state nuclear magnetic resonance (NMR) is one of the few experimen-
tal techniques, which can directly probe the local structure and dynamics of targeted nuclei in
these complex perovskites [1, 2, 3, 4], probing the coupling of nuclear magnetic dipole and electric
quadrupole moments with the local magnetic field and electric field gradient, respectively. How
these NMR observables change as a function of temperature is also acessible to experiment and
can greatly increase our understanding of the local ordering and structure. The interpretation of
NMR spectra in complex solid solution perovskites is complicated, however, by the presence of
broad spectral features due to disorder. First-principles calculations of electric field gradient [5]
and chemical shielding [6, 7] tensors can play an important role interpreting NMR spectra in these
materials.
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Figure 1: Mean square atomic displacements for PSW, as a func-
tion of temperature. Results for the two 30 atom supercells are
shown.

Here, we present a first-principles
study of the NMR chemical shift
tensors and quadrupole interaction
parameters for Pb(Sc2/3W1/3)O3 (PSW).
Recent NMR measurements of Sc
quadrupole parameters show a three-
fold change in Sc quadrupole cou-
pling over a temperature range of
T = 250 − 330 K[8]. We are inves-
tigating the temperature dependence
of the Sc quadrupole coupling and
chemical shifts in order to see if ther-
mal disorder could be responsible for
these measurements.

Calculations were carried out us-
ing the GIPAW method [9] within
the QuantumESPRESSO package [10].
Three structural models for PSW are considered: two 30 atom unit cells as well as one 15 atom
system. The 15 atom is a simple 2:1 stacking of Sc:W along the [111] direction. The structure
of the two 30 atom cells is consistent with the random site model. This constraint yields two
unique supercells, hereafter designated as “PSW30I” and “PSW30II” and are distinguished by the
symmetry of their ideal (unrelaxed) structures (I4/mmm and Immm, respectively). For all of the
PSW structural models, the experimentally measured unit cell volume[11] was used.

Figure 1 shows a plot of the average atomic mean-square displacement (MSD) vs. temperature
for each of the PSW unit cells. These values are computed using the phonon frequencies and
eigenvectors for each system. From these, the atomic MSD can be derived using the quasi-harmonic
approximation [12]. These curves show that there are significant changes in the atomic positions
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over the in the range of 250-330K in both PSW structural models.
Table 1 shows our preliminary 45Sc quadrupole and chemical shift results for PSW. To validate

the GIPAW pseudopotentials and other aspects of the methodology, results are also presented for
the simpler Sc2O3 and ScVO4 systems (experimental results from Ref [13] are shown in parenthesis).
For both Sc2O3 and ScVO4 there is good agreement for CQ and η. Using the measured isotropic
shift results for Sc2O3, we have computed a theoretical shielding reference of 773 ppm. Using this
reference, we find good agreement for δiso(Sc) in ScVO4. This 773 ppm reference is also used to
determine the PSW chemical shifts in Table 1 from the calculated chemical shielding. The PSW
results in Table 1 are for structures with relaxed atomic positions and do not include thermal
effects.

To model the effects of thermal disorder, we will use an ensemble of frozen-in thermal structures,
sampled from the thermal distribution obtained from the quasiharmonic approximation (as reflected
by the mean-square displacements in Fig. 1). First-principles calculations will be performed for
each sampled structure, and the results for CQ and chemical shielding tensors will be averaged over
the ensemble and compared with the NMR measurements.

Table 1: 45Sc quadrupole and chemical shift results
for Sc2O3, ScVO4, and PSW. Experimental results from
Ref [13]

CQ η δiso

Sc2O3 -26(23.37) 0 (0) 105(108.0)
18(15.37) 0.54 (0.63) 131(128.7)

ScVO4 -26 (21.6) 0 (≤ 0.03) -48 (-34.0)

PSW15 -23 0 202
-22 0 201

PSW30I -13 0.88 179
-43 0.12 188
25 0.66 150
23 0.57 165

PSW30II -11 0.41 195
-14 0.35 169
-17 0.52 167
32 0.33 174

Acknowledgments: This work was sup-
ported by ONR grants N00014-08-1-1235
and N00014-09-1-0300. Calculations were
performed at the Center for Piezoelectric
by Design.
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Figure 1: Spontaneous polarization of PbTiO3 in
Monte Carlo simulation with or without AFD degrees
of freedom

Temperature dependent properties of perovskite
ferroelectric materials play an important role in
their applications in devices [1, 2] and are of ma-
jor interest from the fundamental physical point of
view [3]. It is therefore highly desirable to be able to
model such properties in atomistic simulations. Un-
fortunately, direct ab-initio access to these phenom-
ena is not yet possible due to the high computational
cost associated with running simulations potentially
involving (tens of) thousands of atoms. This compu-
tational constraint has led to the development of ab-
initio based model approaches in which the atomic
system is simplified to a model which captures the
essential features of potential energy surface (PES).
The parameters for such models are obtained from
a limited set of ab-initio electronic structure calcu-
lations [4, 5, 6]. The major simplifying assumption
for such models is that not all structural degrees of
freedom are retained, which changes the phonon dis-
persion spectrum of the system. If only a few important phonon branches remain in the model, they need to
be chosen carefully which requires a priori insight in the dynamics of the system. This latter can be especially
difficult in case of more complex nanostructured materials (such as superlattices of perovskite layers).

We present an all-atom model Hamiltonian method, in which all structural degrees of freedom are ex-
plicitly retained, with all the parameters obtained from the ab-initio calculations. Our method is based
on a rigorous expansion of the PES in Taylor series around the high symmetry perovskite structure. In
the presented approach the terms up to second order are by construction equivalent to the ab-initio calcu-
lated quantities. Phonon spectra, Born charges and elastic constants are calculated using perturbational
scheme, as implemented in ABINIT code [7, 8]. Higher order terms of our model Hamiltonian are properly
symmetrized and adjusted to correctly represent the energetics and the phonon spectra of several selected
structures with lower symmetry. Efficient calculation of the total energy of such a model for arbitrary su-
percell sizes is possible thanks to the fact that the interatomic interactions can be divided into long-range
(electrostatic) and short-range parts [9], which can be evaluated independently. In the presented approach,
we find that the the anharmonic contributions to the energy landscape are of short-ranged nature, which
allows us to limit the number of independent parameters considerably.

1
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In the calculations of the PbTiO3 (PTO) lattice dynamics, we use a model which expands PES up to
a fourth order with respect to atomic displacements. This allows us to correctly represent the double-well
potential shape of the PES in the subspace of polar distortions. We have found that non-polar distortion
energetics is well represented at this order of expansion as well. Our calculations show that without consid-
ering the strain-phonon coupling terms, the PTO model exhibits a groundstate in which both ferroelectric
(FE) and anti-ferro-distortive modes (AFDs – oxygen octahedra rotations) are present. The cubic perovskite
structure is distorted rhombohedrally with the polarization pointing in [111] direction. At the same time the
oxygen octahedra undergo anti-phase rotations along all three axes and the symmetry of the groundstate
resulting from these two types of distortions is R3c.

From our ab-initio calculations we extract also strain-phonon coupling terms, which proved to be sig-
nificantly non-linear in the strain range of interest. For that reason, these coupling terms are calculated
from ab-initio values using finite-difference scheme at the linear (w.r.t. strain) level, while the higher order
coupling terms are fit to the tetragonally distorted groundstate properties (structural distortions, energy
and phonon spectrum). As expected, the introduction of these terms leads to the proper description of the
fully relaxed structure, in which only a FE distortion is present and all AFD modes are absent. We found,
however, that contrary to the previous model approaches [5] the higher order terms of the strain-phonon
coupling are essential for describing properly the groundstate structure, and also that they strongly influence
the character of the phase transition observed in this material.

Using a constrained dynamics simulations, we can also quantify the extent of the effect that inclusion
of all structural degrees of freedom has on the resulting properties of the model. We show that neglecting
the AFD motion of oxygen octahedra in the model leads to a large differences in the transition temperature
for the FE-PE phase transition (see Figure 1). Notably, this transition is found to be very close to the
experimentally measured temperature (and also to the result presented in ref. [5]) only in case the AFD
modes are not allowed to contribute to the dynamics of the material. We have found that this effect is
essentially independent from the details of the model Hamiltonian parametrization, provided that it fits
properly the ab-initio energetics. This result shows that new physical insights can be gained from the
all-atom simulations as compared to previous model approaches.
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














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
   
          
  


          
           



       
 




          
      




             
























     
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          
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       
  
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         µ   

        


             



















  

             
  

 


          
        



       
 




    

     

             




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    


        

       






       






          






  
~



             






   












      
 


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Structural Control of Magnetic Anisotropy in a Multiferroic EuTiO3 Thin Film 
 
J.W. Freeland1, X. Ke2, P. Ryan1, J.W. Kim1, R. Misra3, J.H. Lee1, T. Birol, C.J. 
Fennie4, P. Schiffer3, and D.G. Schlom4 

1Advanced Photon Source, Argonne National Laboratory, Argonnne, IL 60439, 
USA 
2Neutron Scattering Science Division, Oak Ridge National Laboratory, Oak 
Ridge, TN 37831 
3Department of Physics and Materials Research Institute, Pennsylvania State 
University, University Park, Pennsylvania 16802, USA  
4Department of Applied and Engineering Physics, Cornell University, Ithaca, New 
York 14853, USA 
 
 The use of strain in complex oxides has been demonstrated as a unique 
route to activate novel properties in strongly correlated systems. Our previous 
work on EuTiO3 showed that under tensile strain the system converts from an 
antiferromagnetic paraelectric to a multiferroic groundstate with ferromagnetic 
and ferroelectric order[1]. Here we present a study of the uniaxial magnetic 
anisotropy which is connect to a unaxial octahedral tilt pattern that emerges 
under strain. 
 Stoichiometric EuTiO3 was grown on orthorhombic DyScO3(110)  
substrates by reactive molecular-beam epitaxy (MBE). Neutron scattering and 
magnetic measurements show the magnetic moment orders with an easy axis 
along only one of the (110) pseudocubic axis of the unit cell (see Figure 1). Using 
synchrotron based x-ray diffraction uncovers a coubling of the unit cell due to the 
development of octahedral tilts under strain. The tetragonal structure agrees well 
with recent theoretically predicted structure under biaxial strain (see Figure 2). 
Such an easy axis is connected to the uniaxial crystal structure that evolves from 
cubic to tetragonal with octahedral tilting. The magnetic anisotropy for Eu is 
attributed to an asymmetric crystal field due to the uniaxial symmetry of the Eu-O 
coordination that results from the octahedral tilt pattern. 
 Work at Argonne, including the Advanced Photon, is supported by the 
U.S. Department of Energy, Office of Science, and Office of Basic Energy 
Sciences, under Contract No. DE-AC02-06CH11357.  
 
[1] J.-H. Lee et al. Nature 466, 954 (2010). 
 

 

Figure 2 Theoretically predicted and 
experimentally confirmed tetragonal 
structure with strain -induced octahedral 
rotations. 

Figure 1 Zero field cooled magnetic moment 
data measured in an applied field of 100 Oe. 
The response shows a magnetic easy axis 
which favors the (110) pseudocubic axis. 
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Ultrafast  lattice  dynamics  in  an  epitaxial  thin  film  of  bismuth  ferrite  can  be  driven  by  ultrafast  
laser-­generated  photocarriers.  We  report  a  structural  study  of  these  dynamics  conducted  with  a  temporal  
resolution  of  100  ps.  Multiferroics  exhibit  simultaneous  magnetic  and  ferroelectric  (FE)  degrees  of  
freedom  [1,  2].  The  coupling  between  these  degrees  of  freedom  and  their  interaction  with  excitations  is  
beginning  to  be  understood  in  a  static  sense  [3,  4],  but  the  timescales  of  the  interaction  of  polarization  and  
magnetism  with  strain  and  excited  carriers  are  not  yet  known.    Understanding  these  interactions  is  
important  to  testing  theoretical  prediction  of  the  coupling  among  strain,  magnetism,  and  polarization  as  
well  as  in  eventual  applications  of  multiferroics  in  electronics  and  optics.  

We  report  a  laser  pump/x-­ray  probe  experiment  performed  at  the  7ID  beam  line  at  the  Advanced  
Photon  Source  (APS)  that  reveals  ultrafast  variation  of  the  FE  order  in  epitaxial  BFO  thin  film.    The  
optical  pump  pulses  had  durations  of  50  fs  and  a  wavelength  of  400  nm.    This  photon  energy  is  above  the  
BFO  band  gap  and  results  in  the  creation  of  carriers  in  an  absorption  depth  of  approximately  32  nm.    X-­
ray  pulses  with  10  keV  photon  energy  and  duration  of  ~100  ps  are  used  to  probe  the  lattice  dynamics  at  
variable  delays  from  the  pump  pulse.  The  BFO  layer  was  35  nm  thick,  prepared  by  molecular  beam  
epitaxy  on  [001]  SrTiO3.  We  report  a  study  of  the  dynamics  of  the  BFO  layer  based  on  an  analysis  on  the  
dynamics  of  the  (002)  diffraction  peak.        

Figure  1  depicts  the  time  dependence  of  the  Bragg  angle  of  the  002  reflection,  the  strain  
computed  from  this  angular  shift,  and  the  change  in  the  peak  intensity  of  the  002  diffraction  peak  at  
several  laser  fluences.  The  strain  displays  a  fast  rise  of  less  than  100  ps,  followed  by  a  decay  characterized  
by  two  timescales.    The  faster  timescales  depends  on  the  laser  fluence.  The  slower  decay  does  not  show  
an  obvious  laser  fluence  dependence.  Figure  2  shows  the  variation  of  strain  and  diffraction  intensity  as  a  
function  of  the  laser  pump  fluence  at  fixed  time  delays  of  100  ps  and  15  ns.  The  strain  has  a  clear  linear  
dependence  on  the  laser  fluence.  The  intensity  drops  at  fluences  higher  than  a  threshold  of  ~1.5  mJ/cm2.    
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Figure  1Time  dependent    (a)  (b)  strain  and  (c)  change  in  diffraction  intensity  as  a  function  of  delay  between  the  laser  
pulse  and  the  x-­ray  probe  at  different  laser  fluence.  Comparison  in  (b)  highlights  the  different  strain  dynamics  at  
different  laser  fluence.  The  fluence  is  corrected  for  sample  reflection,  in  mJ/cm-­2.      
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An  estimate  based  on  the  thermal  properties  of  BFO  shows  that  the  maximum  strain  due  to  the  
instantaneous  temperature  rise  is  lower  than  the  strains  shown  in  Figure  2  by  factors  of  10  and  5  at  0.1  
and  15  ns,  respectively.  At  short  delay  times,  the  laser-­induced  strain  is  due  to  the  interaction  of  the  FE  
order  with  photo-­carriers  via  screening  the  depolarization  field.  Based  on  a  piezoelectric  constant  of  
d33~50  pm/V  [1],  the  observed  strain  of  0.2%  corresponds  to  a  screened  field  of  40  MV/m.  A  
photostriction  effect  with  a  similar  magnitude  has  been  observed  in  BFO  single  crystals  [5],  and  we  
hypothesize  that  the  photocarrier  screening  mechanism  is  also  responsible  in  that  case.  We  also  note  that  
the  increase  of  the  out-­of-­plane  lattice  parameter  yields  a  rotation  of  the  FE  polarization  in  BFO,  different  
from  the  case  of  tetragonal  PbTiO3  [6].  

The  fluence  dependence  of  the  strain  can  be  explained  via  a  model  involving  the  formation  of  
piezoelectric  polarons  [7].  Free  carriers  induce  a  local  lattice  distortion  via  the  piezoelectric  effect  which  
in  turn  leads  to  a  self-­trapping  of  the  carriers  and  formation  of  polarons.  The  trapping  or  localization  
reduces  the  mobility  of  the  carriers,  leading  to  significant  change  of  their  dynamics,  effectively  slowing  
the  response  of  the  lattice.  The  reduced  mobility  of  polarons  is  consistent  with  the  smaller  than  expected  
THz  response  of  free  carriers  in  BFO  and  the  abrupt  formation  of  a  long  lasting  absorption  band  (see  
Figure  3)  in  a  separate  optical  pump  probe  experiments,  similar  to  observations  in  LiNbO3  [8].    The  
photocarrier  screening  effect  dominates  lattice  dynamics  at  low  laser  fluences.  At  higher  fluences,  
however,  heating  due  to  polaron  recombination  begins  to  have  an  important  role.  The  lattice  distortion  
associated  with  the  formation  of  polarons  increases  the  intensity  of  diffuse  scattering  and  reduces  the  
intensity  of  Bragg  reflections.  Localized  lattice  distortion  due  to  polarons  broadens  diffraction  peaks  and  
is  observable  when  the  broadening  exceeds  the  angular  width  of  the  Bragg  reflection,  e.g.  as  in  a  
manganite  bilayer  [9].    

Our  experiment  opens  the  door  for  studying  the  real  time,  ultrafast  electromagnetic  coupling  
dynamics  in  multiferroics,  a  significant  step  beyond  previous  studies  under  static  conditions  [3,  4].    

Work  at  Argonne  is  supported  by  the  U.S  Department  of  Energy,  Office  of  Science,  and  Office  of  
Basic  Energy  Sciences,  under  Contract  No.  DE-­AC02-­06CH11357.         
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Figure  2  (a)  Laser-­induced  shift  in  the  002  Bragg  angle  and  strain  for  time  
delays  of  100  ps  (black  squares)  and  15  ns  (red  circles).  (b)  Fractional  
change  in  the  peak  intensity  of  the  002  reflection  as  a  function  of    laser  
fluence  at  these  delays.  The  laser  fluence  is  corrected  for  sample  reflection.    

Figure  3  Optical  absorption  
spectrum  as  a  function    delay  
between  the  400  nm  pump  and  
the  continuum  probe.    

  

100



Ultrafast terahertz and x-ray probes of ferroelectric 
structural and electronic dynamics 

 

D. Daranciang1,2, J. Goodfellow2,3  M. Highland4, H. Wen4, S. Young5, P. Fuoss4, A. Rappe5, G.B. Stephenson4, 
and A.M. Lindenberg2,3 

 
 

1Department of Chemistry, Stanford University, Stanford, CA 94305 
2Department of Materials Science and Engineering, Stanford University, Stanford, CA 94305 

3PULSE Institute for Ultrafast Energy Science, SLAC National Accelerator Laboratory, Menlo Park, CA 94025 
4Materials Science Division, Argonne National Laboratory, Argonne, IL 604595 

5The Makeni Theoretical Laboratories, University of Pennsylvania, Philadelphia, PA 19104 
E-mail: aaronl@stanford.edu 

 
 
 The interaction of light with ferroelectric materials has seen renewed interest in recent years 
associated with both electronic and structural responses [1-5].  Here we report femtosecond time-resolved 
x-ray diffraction and ultrafast terahertz (THz) spectroscopic measurements that probe the coupled lattice 
and electronic degrees of freedom following above-band-gap photoexcitation in PbTiO3 and BiFeO3 thin 
films.  X-ray measurements [6] were carried out at the Linac Coherent Light Source and at the Advanced 
Photon Source probing ferroelectric polarization dynamics under above-band-gap visible light excitation, 

probing PbTiO3 nanolayers deposited on both SrTiO3 and DyScO3.  Femtosecond x-ray pulses were 
scattered from the films and collected with either a point detector or an area detector as a function of laser 
delay and x-ray incidence angle in order to directly probe the time-dependent polarization and strain 
within the sample.  Time-dependent rocking curve traces taken at room temperature (Fig. 1a) for 20 nm  
PTO on STO samples with polarization pointing out of the film indicate a symmetric shift of the Bragg 
peak to higher Q (where Q = 4! sin "/#) within 5 ps, corresponding to a uniform contraction of the unit 
cell in the out-of-plane direction and an associated decrease in the ferroelectric polarization. 
Subsequently, we observe a long-lived, uniform polarization enhancement of the entire nanolayer 
developing after 10 ps, evidenced by the symmetric shift of the diffraction peak to lower Q, in contrast to 
what would be expected from simple heating of a ferroelectric. High temperature diffuse scattering 
measurements probing dynamics in a nanoscale stripe phase are displayed in Fig. 1b,c showing dynamics 
consistent with the room temperature response, in which the sample is initially depolarized followed by a 
long-lived polarization increase as well as indications of ultrafast changes in the period of the stripe 

Figure 1. (a) (003) time-resolved diffracted intensity. (b) X-ray diffuse scattering snapshots of stripe phase dynamical response.  
(c) Analysis showing optically-induced changes in polarization and domain period.  (d) Reversible optically-induced switching 

between ferroelectric and paraelectric phase. 
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domains.  We also observe reversible switching between the ferroelectric and paraelectric phases 
associated with simple heating of the thin films (Fig. 1d).  The above effects can be described by a model 
for the photovoltaic response of the thin films, according to a step-wise process in which electrons 
undergo a coherent shift first towards the free surface and then away, associated with both a shift current 
response [7] and a screening of the internal depolarizing field.  This is supported by first principles 
calculations of the expected shift current response, by the observed saturation response as a function of 
incident laser fluence, by LGD model calculations of the expected changes in the c-axis lattice parameters 
associated with a screening of the depolarization field, and by the observed response of the thin films in 
the centrosymmetric paraelectric phase. 

We have also carried out complimentary THz emission measurements in which the emitted field from an 
unbiased PTO or BFO film is directly measured using photoconductive switch techniques to coherently 
sample the radiated field.  The magnitude, time-structure, and polarization of the emitted field then 
provides complimentary information about the internal photo-currents in the sample, including their 
crystallographic direction and time-dependence, supporting as well the above interpretations.  Fig. 2 
shows measurements for the case of in-plane-polarized BFO/DSO samples, showing that the THz polarity 
switches on rotation of the orientation of the ferroelectric polarization.  Also shown is the emitted signal 
from PTO/STO samples. !
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Fig. 2. (left) THz emission from 100 nm BFO sample on DSO with in-plane polarization.  Blue and green curves show 
comparison of emitted waveforms when sample is rotated azimuthally by 180 degrees.  (right) THz emission from 40 nm PTO on 
STO. 
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The motivation to find an alternative for widely used lead-based piezoelectric materials, such as 
lead zirconate titanate (PZT), has been intensified by current legislation1. The challenge is to find 
a lead-free material system that demonstrates properties that are comparable to those in the 
hazardous PZT system. Especially findings by Saito et al.3 and recently by Liu et al.4, in the 
barium zirconate titanate barium calcium titanate (BZT-BCT) system, have drawn a lot of 
attention. Piezoelectric constants with values up to 620 pm/V have been reported for 
BZT-50BCT that even exceed those values of most PZT materials4. 
In our research we discuss the influence of poling, phase coexistence and ferroelastic domain 
texture on the properties in (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 (100xBCT). It has been 
demonstrated that higher piezoelectric performance can be achieved by poling at high fields and 
temperatures exploiting the field cooling poling method. The results can be discussed using an 
internal bias field5.  
We investigated compositions from 40BCT to 50BCT and found that there is a relatively large 
composition and temperature region, in which rhombohedral and tetragonal phases coexist. 
45BCT through 50BCT exhibit a mixed phase at room temperature that prevails up to 60°C. 
These findings were supported by temperature dependent in-situ X-ray diffraction experiments 
carried out at the National Synchrotron Light Source at Brookhaven National Laboratories. 
Figure 1 shows the pseudocubic (200)pc and (222)pc reflections for 45BCT and 50BCT at room 
temperature (25°C), 60°C and 100°C. At room temperature both, 45BCT and 50BCT, show peak 
splitting in both (200)pc and (222)pc reflections. This suggests a phase mixture between 
rhombohedral and tetragonal that prevails up to 60°C. At 100°C both compositions are purely 
cubic. Due to the proximity of the tricritical point4 in 45 BCT and the shape of the reflections it 
is likely that the peaks not only feature a rhombohedral and tetragonal phase coexistence but also 
an additional cubic phase as suggested elsewhere6. This can facilitate the extraordinarily high 
piezoelectric performance through polarization rotation and extension mechanisms6. 
The stability of electric field induced ferroelastic domain texture is probed by transitioning from 
the rhombohdral to tetragonal phase field and back, as depicted in Figure 1Figure 2. (200)pc and 
(222)pc reflections from in-situ temperature dependent X-ray diffraction for a poled 50BCT 
sample at 25°C, after heating to 70°C and after cooling, again at 25°C are shown in Figure 2. The 
low angle contribution of both reflections is enhanced due to the ferroelastic domain texture in 
both coexisting phases. Heating to 70°C brings the material to a purely tetragonal state and 
letting it cool down to 25°C shows that large parts of the ferroelastic domain texture have been 
removed, which suggests limitations to the applicability of materials near the high performing 
compositions in this material system. 
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Figure 1: (200)pc and (222)pc reflections from in-situ 
temperature dependent X-ray diffraction for 45BCT 
and 50BCT at room temperature (25°C), 60°C and 
100°C. At room temperature both, 45BCT and 
50BCT, show peak splitting in both (200)pc and 
(222)pc reflections. This indicates a phase mixture 
between rhombohedral and tetragonal that prevails 
up to 60°C. At 100°C both compositions are purely 
cubic. Data taken from ref2. 

Figure 2: (200)pc and (222)pc reflections from in-situ 
temperature dependent X-ray diffraction for a poled 
50BCT sample at 25°C, after heating to 70°C and 
after cooling, again at 25°C. The low angle 
contribution of both reflections is enhanced due to 
electric field induced ferroelastic domain texture in 
both coexisting phases. Heating to 70°C brings the 
material to a purely tetragonal state and letting it 
cool down to 25°C shows that large parts of the 
ferroelastic domain texture have been removed. 
Data taken from ref2. 
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Domains walls are known to dramatically impact the properties of ferroic materials. In ferroelectrics, such 
domain structures can have a profound effect on the dielectric, piezoelectric, and pyroelectric 
susceptibilities. This is due to the reversible displacement of domain walls under external stimuli (e.g., 
electric field, stress, and temperature) that modifies the relative fraction of the domains and gives rise to 
an extrinsic contribution to the susceptibilities in addition to the intrinsic response of the polarization. 
These extrinsic contributions have been theoretically predicted to give rise to large responses near strain- 
and thickness-induced phase transformations. Such effects are known to contribute significantly to the 
observed dielectric properties at room temperature. Prior experimental studies, particularly focused on 
bulk ceramic and polycrystalline film samples, have shown that extrinsic effects contribute nearly 25-50% 
of the observed room temperature response. Even though 90° domain walls are expected to play a 
significant role theoretically, quantitative investigation of the effect of 90° domain walls to the 
susceptibilities has proven difficult to obtain due to the presence of grain boundaries and a mixture of 
domain wall types in typical ferroelectric samples. Likewise, while dielectric properties are known to be 
increased due to the presence of such domain walls, the overall effect of domain walls on the temperature 
susceptibility (i.e., pyroelectric response) is less well understood. 
 
In this work, we present a combination of theoretical and experimental approaches that directly probe the 
effect of 90° domain walls on the room temperature dielectric and pyroelectric susceptibilities of 
PbZr0.2Ti0.8O3 thin films and will unequivocally demonstrate how these domain walls can affect give rise 
to enhanced responses. Using epitaxial thin film strain, we have tuned the domain structure and the 
resulting properties in PbZr0.2Ti0.8O3 films. Comparisons to polydomain Ginzburg-Landau-Devonshire 
(GLD) models reveal strong similarities and in-depth experimental analysis enables us to extract the 
domain wall contribution to the susceptibilities and relate the measured effects to the microscopic details 
of the domain wall response to the applied stimuli. This work sheds light on the importance of 90° 
domain walls to the room temperature susceptibilities and provides a realistic comparison between 
models and experiment. 
 
In order to understand the effect of these domain walls on the physical properties, we use GLD models for 
polydomain structures to calculate the dielectric and pyroelectric susceptibilities. From such calculations 
at 300 K for PbZr0.2Ti0.8O3, we see that the film undergoes a transformation from     

 domain structures with increasing tensile strain. In the  phase, which possesses 90° 
domain walls, an increasing fraction 
of a-domains with tensile strain is 
accompanied by an increase in the 
out-of-plane dielectric permittivity 
and the pyroelectric coefficient (Fig. 
1). While the domain wall 
contribution to the dielectric 
permittivity is always positive, we see 
a different behavior in the pyroelectric 
coefficient. Unlike the dielectric 
response, the effect of domain walls 
on the pyroelectric properties depends 

Fig. 1.  A) Dielectric constant and B) pyroelectric coefficient as a function 
of strain for PbZr0.2Ti0.8O3 thin films at 300K showing the extrinsic + 
intrinsic contributions (blue) and the intrinsic contributions only (red). 
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on the magnitude of strain. While a tensile strain increases the intrinsic pyroelectric coefficient, a 
compressive strain decreases it. 
 
In order to investigate the effect of 90° domain walls on the susceptibilities, we have grown 150 nm 
PbZr0.2Ti0.8O3 / 20 nm SrRuO3 heterostructures on SrTiO3 (001), DyScO3 (110), TbScO3 (110), and 
GdScO3 (110) substrates using pulsed laser deposition. These substrates provide a lattice mismatch with 
PbZr0.2Ti0.8O3 that ranges from -0.8 to 0.9% and corresponds to the  domain state. As we increase 
the lattice mismatch, we can effectively increase the fractions of a-domains. Detailed X-ray diffraction 
studies reveal single-phase, fully epitaxial thin films and off-axis reciprocal space maps about the 103-
pseudocubic diffraction condition revealed that the c-domain portion of the heterostructures are 
coherently strained to the underlying substrate in all cases (directly matching the models). X-ray 
diffraction and piezoresponse force microscopy were used to measure the average domain periodicity and 
fraction of a-domains in these films.  These films serve as model systems to observe the domain wall 
contributions to the dielectric and pyroelectric susceptibilites. 

                    
The measured dielectric constants show that the 90° domains do indeed contribute significantly to the 
permittivity at room temperature and the values match well with the predictions of the GLD model (Fig. 
2). Coupled with an independent experimental measurement of the domain fractions and remnant 
polarization, this enables a direct comparison to microscopic models of domain wall interaction with 
electric field and enables us to extract the experimentally measured values of force constants for these 
interactions. The measured pyroelectric coefficients also show good agreement with the predictions of the 
GLD models. The pyroelectric 
response, however, shows larger 
deviations from the GLD model. The 
non-linearities in the interaction of the 
domain walls with temperature and 
the trapped defect charges at domain 
walls could be important factors in 
determining the susceptibility to 
temperature. The measured values of 
pyroelectric coefficient help us 
understand the temperature response 
of ferroelectrics and provides the 
foundation for the development of a 
microscopic treatment of domain wall 
response to changes in temperature. 
 
In conclusion, this work offers unique insight into the microscopic coupling between domain walls and 
external stimuli such as electric field and temperature in ferroelectrics. We have fabricated a model set of 
epitaxial thin films that closely match polydomain GLD models and have observed the unambiguous 
contribution of 90° domain walls to response at room temperature. This enables the first realistic 
comparison to theory and is essential to the optimization of ferroelectric materials for various applications 
which utilize their susceptibility to electric fields and temperature. 
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Fig. 2. A) Dielectric constant as a function of percent a-domains for 
PbZr0.2Ti0.8O3 thin films at 300K at various frequencies compared with the 
predictions of the GLD model. B) Measured pyroelectric coefficient as a 
function of percent a-domains for PbZr0.2Ti0.8O3 thin films compared along 
with the predictions of the GLD model. The predictions of the GLD model 
are marked as extrinsic + intrinsic (blue) and intrinsic only (dashed red). 

107
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Figure 1: (Color online) Simulated tem-
perature dependence of lattice constants of
PbTiO3 in heating-up (red solid lines) and
cooling-down (blue dashed lines) molecular-
dynamics simulations.

While lead titanate PbTiO3 has wide-range of ap-
plications, dynamics of domain structures and their
temperature dependence has not been understood due
to the di culty of in situ experiments. Moreover,
it makes experiments rather di cult that the sam-
ple needs to be heated over its transition temperature
TC = 763 K and this heating process leads to the evap-
oration of Pb ions and changes the composition of the
sample[1].

Here, heating-up and cooling-down molecular-
dynamics (MD) simulations of PbTiO3 are per-
formed with our original fast MD code named
feram (http://loto.sourceforge.net/feram/)[2].
The code is based on rst-principles e ective
Hamiltonian[3, 4, 5] and the set of parameters of the
Hamiltonian is transported from [6]. One of the ad-
vantages of MD simulations compared to Monte Carlo
simulations is the ability to simulate time-dependent
dynamical phenomena, e.g. the MD simulator can perform heating-up and cooling-down simulations.

Temperature is kept constant in each temperature step in the canonical ensemble using the Nosé-
Poincaré thermostat. This simplectic thermostat is so e cient that we can set the time step to

t = 2 fs. In our present MD simulations, we thermalize the system for 20,000 time steps, after which
we average the properties for 20,000 time steps. We used a supercell of system size N = Lx×Ly×Lz =
32 × 32 × 32 and small temperature steps in heating-up (+1 K/step) and cooling-down (−1 K/step)
simulations. The heating-up simulation from 100 K to 900 K is started from an z-polarized initial
con guration generated randomly. The cooling-down one from 900 K to 100 K is started from random
paraelectric initial con guration. Temperature dependence of averaged lattice constants is shown in
Fig. 1. While the tetragonal-to-cubic ferroelectric-to-paraelectric phase transition is clearly observed
in the heating-up simulation at 677 K, strange behaviors in lattice constants is found with transition
temperature 592 K in the cooling-down simulation. The averaged value 634 K of these two transition
temperature is slightly lower but in good agreement with the experimental value TC = 763 K.

By taking a snapshot of dipoles in the supercell as shown in Fig. 3, we found that this is due to a 90◦

domain structure, though 4 unit cell = 1.6 nm of the domain size is much smaller than experimentally
observed ones 50–200 nm[7]. Each domain may have the a = b < c tetragonal structure of PbTiO3, but
average in whole crystal gives smaller c′ than c and larger a′ than a. The lattice constant b′ have almost
same values to a, because polar directions of two kind of domains are perpendicular to the b′-axis. It
should be note that this 90◦ domain structure is frozen and found in MD simulations in bulk under
in nite periodic boundary condition (PBC), not in thin lms. Under PBC, there is no depolarization
eld inside the bulk. Moreover, this domain structure can be easily reproduced in cooling-down
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simulations from any random paraelectric initial con gurations and any seeds for the pseudo random
number generator. We have never seen such strange behavior in bulk BaTiO3 simulations[2, 8].
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Figure 2: (Color online) Calculated
total energy surfaces.

To understand the reason of stability of the 90◦ domain struc-
ture even in bulk PbTiO3, we compared “total energy surfaces”
between single and 90◦ domain structures. The total energy sur-
face of single domain structure with [001] polarization is same
as that de ned in Ref. [2, 8]. For the total energy surface of
90◦ domain structure, we sample a snapshot of the supercell at
300K, which is shown in Fig. 3. Calculated total energy surfaces
of single and 90◦ domain structures for PbTiO3 are plotted in
Fig. 2 with solid and dashed lines, respectively. For comparison,
those for BaTiO3 are also plotted assuming the same 90◦ do-
main structure by using the set of parameters listed in [8]. It is
contrastive that while the 90◦ domain structure of PbTiO3 has
u #= 0 minimum, that of BaTiO3 does not. It is why the 90◦ do-
main structures can be found in simple cooling-down simulations
in PbTiO3, but cannot in BaTiO3. To simulate 90◦ domains of

BaTiO3, more realistic conditions for simulations such as larger system sizes, depolarization eld
coming from nite system or some defects may be required.

a´

b´

c´

b´

Figure 3: (Color online) Snapshot of three “sides” of the 32 ×
32 × 32 supercell at T = 300K in a cooling-down simulation of
PbTiO3. Dipole moments of each site are projected onto the
side planes and indicated with arrows. Dipoles of uz > 0.2Å are
indicated with red color. Dipoles of uz ≤ 0.2Å are indicated with
green. Crystalline directions are indicated with a′, b′, and c′ as
indicated in Fig. 1.
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Enhanced Electromechanical Response of Ferroelectrics Due to Charged Domain Walls

Tomas Sluka,∗ Alexander K. Tagantsev, Dragan Damjanovic, Maxim Gureev, and Nava Setter
Ceramics Laboratory, Swiss Federal Institute of Technology, Lausanne, CH-1015 Switzerland

(Dated: November 29, 2011)

Charged domain-walls in ferroelectrics are considered inactive with regards to the piezoelectric response and there-
fore are largely ignored in the search for high performance ferroelectrics. In direct contrast, we demonstrate here
a mechanism that leads to a strong enhancement of the dielectric and piezoelectric properties in ferroelectrics with
increasing density of charged domain walls.

FIG. 1: Free charge concentration and band bending in
(110)c plate of a tetragonal ferroelectric with charged do-
main walls. a, An electroded (110)c plate of BaTiO3. b, A
periodic structure of charged 90◦ domain walls where bound polar-
ization charge (+, -) induced by divergence of polarization, P0, is
almost perfectly compensated by free charge (⊕, ") while the im-
perfection of compensation creates built-in depolarizing field Edep.
c, Phase field simulation-calculated band bending induced by Edep.
The bending causes the edges of the conduction EC or valence EV

bands to approach the Fermi level EF where high concentration
of free electrons or holes are generated and become available for
compensation of the bound charge.

In the past, it has been found that in the classi-
cal lead-free perovskite ferroelectric BaTiO3, a high
density of domain walls with spacing in the microm-
eter range can result in up to a four-fold enhance-
ment of functional properties [1], while it was es-
tablished that the enhancement is not associated
with the domain wall motion. However, the body of
available experimental data is insufficient to clearly
relate the observed effects to features of the do-
main patterns in the samples. This experimental
activity has drawn much attention by theorists [2–6]
who were unable to explain the experimental obser-
vations unless unrealistic assumptions were taken.
Thus, despite intriguing experimental findings, the
future of fine-scale domain patterns as systems with
enhanced electromechanical properties remains ob-
scure.
In the experimental reports on enhanced proper-

ties due to engineered domain structures, the au-
thors recognized that head-to-head and tail-to-tail
domain configurations, such as those shown in Fig.
1b, must have been formed during the frustrated
poling process of BaTiO3 [7, 8]. However, the sig-
nificance of this formation of charged domain walls
passed entirely un-noticed.
Here we show an analysis, based on Landau-

Ginzburg-Devonsire theory and the theory of semi-
conductors, which establishes that the dielectric and
piezoelectric response of such systems with charged
domain-walls increase strongly upon the reduction
of the domain period. This is expected to happen
under two conditions: (i) the ferroelectric phase
transition in the material should be of first order
and (ii) a strong dielectric anisotropy must exist.
We show that an incomplete compensation of

bound polarization charge at these walls creates
a stable built-in depolarizing field across each do-
main (Fig. 1) leading to increased electromechani-
cal response (Fig. 2) which is qualitatively in good
agreement with experimental observations of domain wall density effects on macroscopic properties of [111]c poled
BaTiO3 crystals [1, 7–9]. Our model clarifies a long-standing unexplained effect of domain wall density on macroscopic
properties of domain engineered ferroelectrics.

∗Electronic address: tomas.sluka@epfl.ch
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FIG. 2: Enhancement of dielectric and piezoelectric properties against domain size in a (110)c plate of
BaTiO3with charged domain walls. Permittivity ε33, c, and piezoelectric coefficients d33, a, and d31, b, are plotted
as a function of domain width w. The solid lines represent the inner response of a domain which is exposed to built-in de-
polarizing field due to imperfectly compensated charged domain walls. Circles and rectangles represent phase field simulation
results that include intrinsic contributions of charged domain walls at temperatures 288 and 298 K. Domain wall width DW
against domain width w, d, shows small domain wall broadening when critical domain width is approached. e, The critical
(minimal) domain width wlim against temperature T is shown for bandgap Eg = 2, 3, 4 eV.
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Modeling Domain Dynamics in Single-

and Polycrystalline Ferroelectrics
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Abstract

Ferroelectric materials are extensively used in a variety of electromechanical
applications, owing their performance to their underlying piezoelectric properties.
Current challenges include an ever increasing demand of actuation strain output,
a less pronounced ferreoelctric and mechanical fatigue. In this context, the effect
of bipolar, sesquipolar, and unipolar electric load is studied through a numerical
implementation of Landau-Ginzburg-Devonshire phenomenological theory. Simu-
lation results prove that three polarization populations, represented in terms of
four Gaussian polarization distributions, describe the microscopic switching mech-
anisms of ferroelectric domains. Results also show that in the sesquipolar regime,
tensile stresses are minimized by 33% and compressive stress minimized by 38%,
while maximum strain output decreases by only 1%, Furthermore, an analytical and
numerical method is developed to investigate the effect of compressive mechanical
loads on the macroscopic hysteretic response of single-crystal and polycrystalline
ferroelectric materials. Stress analyses show that the domain mobility and remnant
polarization show an exponential dependence to the externally applied mechanical
stress in good agreement with experimental observations. Furthermore, numerical
simulations for untextured polycrystals predict that the built-in electric field in-
creases quadratically as the increase of applied stress fields, also in agreement with
experiments. Such a trend is a result of thermal expansion and piezoelectric contri-
butions for small compressive stresses, and a result of electrostrictive contributions
and stress-induced phase transformations for large stresses.

1
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Electronic structure of LaO doped SrTiO3

R. Adhikari, Huaxiang Fu

Department of Physics, University of Arkansas, Fayetteville, AR 72701 USA

Abstract

By using density functional calculations within the LDA+U formalism we have investigated

the electronic properties of LaO δ-doped SrTiO3. We found that the system is metallic, with

Fermi energy located inside the conduction bands. Our band structure calculations show that

different conduction bands near the Fermi energy have very different dispersions. The bands with

large dispersions produce high-mobility electrons on the xy plane, while other bands with small

dispersions generate low-mobility electrons. The theoretical results are consistent with, and provide

explanations for, the phenomenon observed in experiments. We have further examined the wave

functions close to the Fermi energy. We found that the conduction states have very different

localizations along the direction perpendicular to the doped plane, which include interfacial, bulk,

and mixed states of Ti d-orbitals. Finally, we have also applied the inplane strain and determined

how the electron states are affected by strain.

1
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First-principles study of structural and vibrational properties of SrZrO3 
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Argonne, USA, 29/01 – 01/02/2012 
Abstract: 
Using first-principles calculations, we investigate the electronic, structural and vibrational 
properties of SrZrO3. We start from the high-symmetry cubic perovskite phase, for which the 
phonon dispersion curves are reported. We point out the coexistence of antiferrodistortive 
instabilities at the R and M zone-boundary points and a ferroelectric instability at the zone 
center. 
We show that the strong antiferrodistortive motions suppress ferroelectricity and are 
responsible for the orthorhombic ground state in a way similar to what was previously 
reported for CaTiO3. The structural properties of the intermediate phases and of the 
orthorhombic Pnma ground-state phase are reported and, for the latter, an assignment of IR 
and Raman zone-center phonon modes is proposed. The main features of the ferroelectric 
instability are also discussed and we show that a ferroelectric ground state can even be 
induced by strain engineering. 
 

Keywords: Ab initio calculations, Lattice dynamics, Ferroelectrics, Phonons modes. 

 

Calculated phonon dispersion curves of cubic SrZrO3 along the path R--X-M-R of the cubic 
Brillouin zone. 
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Phase-field modeling of resistance degradation and I -V characteristics in 
perovskite-based ferroelectric oxides   
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Perovskite based material such as strontium 
titanate (SrTiO3) and barium titanate (BaTiO3) have 
been widely utilized in a variety of electronic devices 
such as sensors, actuators and capacitors. [1] In 
semiconductor industry, modern technology has 
made thousands of capacitors highly integrated in 
even smaller electronic devices, and the dielectric 
layers in multilayer ceramic capacitors (MLCC) 
thinner for high capacitance. Therefore a higher 
electric field is expected under constant voltage load. 
As a result, the reliability of ceramic capacitors of 
reduced sizes has become a major concern. Under 
high dc field stress, the long-term resistance 
degradation, i.e. increasing leakage current under a 
constant voltage stress will eventually occur and the 
lead to the breakdown of the capacitor. 

Dielectric capacitors in real service usually take 
tens of years before the degradation happens. To 
speed up the test, the highly accelerated lifetime tests 
(HALTS) have been widely used. It has been well 
understood that the defect chemistry and defect 
transport play an important role in the resistance 
degradation behavior.  Baiatu and Waser et al. 
studied the electrocoloration of Fe-doped SrTiO3 

single crystal and compared them with the numerical 
simulation showing the oxygen vacancy migration as 
a key mechanism to the degradation. [2] A small 
adiabatic polaron hopping conduction has also been 
suggested as possible explanation to the degradation 
phenomenon in both SrTiO3 and PMN-PT compound 
[3, 4]. On the other hand, several models have been 
propose
well accepted demixing model [5], an increase of 
leakage current is attributed to the oxygen vacancy 
segregation near cathode and the compensating 
charge from electrons [ ]2 OVn in cathode region. 

Meyer et. al. further studied the leakage current 
evolution in Ba0.3Sr0.7TiO3 by taking into 

consideration the effect of metal electrode acting as 
blocking barriers for oxygen vacancy and as an ideal 
Schottky contact for free electron exchange between 
electrodes and thin film. [6] 

Although a number of theoretical and 
experimental works have been done in the study of 
degradation mechanism, almost all the works are 
conducted at elevated temperature (150oC or higher). 
On the other hand, the capacitors in-service are 
working at much lower temperature in the 
ferroelectric state with complex domain structures.  It 
is reasonable to expect that the polarization and the 
associated electrostrictive and piezoelectric induced 
strains have a significant influence on the degradation. 
Therefore the degradation behavior and mechanism 
for dielectric capacitors obtained in HALTS may not 
be representative for ferroelectric materials such as 
BaTiO3 at room temperature because the polarization 
contribution is missing. 

 

FIG.1. Schematic plot of single domain BaTiO3 under 
forward load (a) and reverse load (b) 

In this work, we developed a computational 
model based on phase-field approach as well as 
thermodynamic and transport theories to study the 
resistance degradation behavior of single crystal 
BaTiO3 at room temperature with artificially assigned 
single domain in terms of defect migration, 
polarization change, space charge distribution and 
current density evolution. The evolutions of leakage 
current with time under both forward and reverse dc 
load have been studied and compared with each other.  
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FIG. 2. Evolution of (a) oxygen vacancy, (b) polarization, 
(c) electric field and (d) current density under forward and 
reverse bias in BaTiO3 single crystal of 100 nm thickness 
assuming (001) single tetragonal domain under 0.1V bias 
and at room temperature (25oC) 

The I-V characteristics of single crystal BaTiO3 
have also been investigated and a non-linear I-V 
curve for BaTiO3 single crystal at different 
degradation stage indicate the possibility of electron 
trapping due to oxygen vacancy segregation near the 
electrode. Our simulation results provide some 
insight in the study of resistance degradation 
phenomenon in ferroelectric materials. 

  

  

  
FIG. 3. I-V characteristics of BaTiO3 single crystal at 
different degradation stages under forward load (a) and 
reverse load (b) 
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The static critical properties of 3D Ising model are well-known, and the corresponding critical 
exponents are numerically well estimated both above and below the phase transition point. The 
dependence of the dynamical properties of this model on finite size effects was studied numerically 
in [1-3] mostly above the phase transition point. However the most interesting results are expected 
to occur below the phase transition point, where the response functions and the relaxation times of 
the magnetization [4] are extremely sensitive to finite-size effects. Thus, the problems dealing with 
occurrence of the, so-called, “ergodic relaxation time”[1], which is related to magnetization 
reversals of a spin cluster below the phase transition point, might still be of considerable interest. 

Here we present the results of a relaxation dynamics performed by Monte Carlo calculations of 
three-dimensional polar nanoclusters consisting of Ising-type spins. Main attention is paid to the 
studies of the relaxation time at T<Tc=Tc(L!"), where L the linear size of a cube-cluster. Both 
periodic (PBC) and open (OBC) boundary conditions have been used in the calculations. To explore 
how the type of dynamics affects the dynamic properties of the Ising model we used two types of 
spin flip (or particle jump) dynamics for their mutual comparison. The first type considered here is 
usual Glauber-type dynamics, where spin flip probability !(Einitial ! Efinal ) =1/[1 + exp(!E/kBT)] 
depends on a difference of energies after (Efinal) and before (Einitial) the local change of state. The 
second type is related to the fact that in some cases the particle has no a priori knowledge of its 
final energy - the depth of minimum to which it is hopping. Then it is reasonable to assume the 
jump probability to be proportional just to exp(#Einitial/kBT), since the final energy might be 
important only when the particle overcomes the barrier, i.e. for the next jump of the particle. We 
calculated the time-delayed autocorrelation function of magnetization in a following form: 

( ) ( )( )!!!!" - (0)-(t)
dt
dt = , where !"" denotes spin average and "(t) time-dependent value of 

the spin variable. We registered time dependence of spin operator and its variation over a chosen 
time-span which is equal to the maximum chosen correlation delay tmax. 

Temperature dependence of the autocorrelation functions above and below Tc(L) have the forms 
presented in Fig.1. Characteristic long time behavior is related to ergodic relaxation time "e and is 
caused by flips of clusters. The intrinsic relaxation time "e is probably caused by the short range 
fluctuations inside the cluster. We have found that below the phase transition temperature Tc(L) the 
obtained autocorrelation function (3) is best described by 4 single exponential decaying functions 
(exp(-t/")) superposition. The function with longest relaxation time describes the ergodic relaxation 
process quite well, while the other ones – correspond to intrinsic relaxation time. 
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Below the phase transition point the ergodic relaxation time scales with the scaling argument x = 
L#$, where # = 1 # T/Tc and $ is the critical exponent of the correlation length $. the value of % for 
3D Ising model was numerically found to be between 0.62 and 0.64 (see e.g.[3]). Assuming z = 2 
and using PBC we obtain that &e is proportional to Lz exp(const x2), i.e. the same result which was 
obtained by Binder [1,2] from calculations of interface free energy between two coexisting 
magnetization domains. At the same time the function ln(L-z %e) obtained using OBC demonstrates 
non-linearity with respect to x2 and linearizes only with respect to x2k with k = 1.6. It should be 
noted that our results does not depend on a type of dynamics used. The scaling results are 
summarized in Fig. 2. It should be noted that we performed also a indirect calculation of scaling 
behavior of ergodic relaxation time proposed by Binder [1,2] and based on the calculation of 
interface tension from magnetization distribution curves. The obtained results confirms our previous 
findings quite well. 
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Fig. 1 The autocorrelation decay function for 
L = 20 at different temperatures. The dotted 
line shows the appearance of ergodic 
relaxation time. 
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Ferroelectric nanowires are exceptional candidates for nanoscale multifunctional de-
vices thanks to their many unique properties, such as existence of electric polarization at
nanoscale, multiple dipole patterns, strong dependence of electrical properties on the bound-
ary and growth conditions [1–3]. Many of such features are unique to nanoscale and could
potentially lead to development of new or drastically improved device concepts. For exam-
ple, such nanowires are very promising for ultrahigh density nonvolatile memory, ultrafast
sensing, and efficient energy converting devices.

Here we design and conduct computational experiments to reveal the unique properties
of ferroelectric nanowires in the terahertz frequency range. This frequency range is under-
utilized nowadays and is often called “THz gap” due to very limited applications that take
advantage of this part of the electromagnetic spectrum [4]. Ferroelectric nanowires are very
promising candidates for developing multifucntional applications in the “THz gap” since the
intrinsic dynamics of such nanowires is in the THz frequency range. In our computational
experiments we subject two ferroelectric nanowires made of Pb(Zr0.4Ti0.6)O3 alloy to THz
frequency radiation.

FIG. 1: The polarization P along the nanowire axis as a function of time in response to the THz

pulse shown in the inset.

We consider both continuous-wave THz radiation and THz pulses of different shapes.
Technically the study is carried out in the frame of classical molecular dynamics [5] with
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the force field derived from first-principles-based effective Hamiltonian [6]. The nanowire is
under open circuit boundary conditions and, therefore, at equilibrium develops polarization
along the axial direction [7]. The interaction of a nanowire with THz radiation is modeled
via the term that couples electric field with individual electric dipoles in the nanowire.
The nanowires have square cross section of 4.8 and 6.4 nm2. To simulate continuous-wave
radiation we apply THz ac electric field with the amplitudes in the range 0.05 - 2.0 MV/cm
and with the frequencies of 1.0 - 5.0 THz. The THz pulses are modeled via Gaussian
envelopes (see inset to figure).

We found that some particular THz pulses lead to polarization reversal that could be
used in remote THz switchers, while some other pulses could induce metastable nanodomain
configuration. Example of polarization reversal induced by a THz pulse is given in the figure.
The corresponding pulse is shown in the inset to the figure. Interestingly the polarization
reversal is ultrafast and completes within 20 picoseconds. The possibility to control nanowire
temperature via application of THz radiation is also explored and the energy dissipation
mechanism is investigated at an atomistic level.
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Ferroelectric perovskite oxides have been extensively
investigated, in part due to their applications in infor-
mation storage and SONAR devices. First-principles
density functional calculations (DFT) have played an
important role in enhancing the microscopic under-
standing of the relationships between composition,
structure and properties. Despite the success of first-
principles methods, the great computational expense
and restriction to studying zero-temperature properties
necessitate the development of efficient, yet accurate
atomistic models for use in large-scale molecular dynam-
ical (MD) simulations.

The shell model has been extensively used in atom-
istic simulations of oxides[3, 4]. In the shell model, each
ion is consisted of a positively charged massive core and
negatively charged massless shell. The core-shell inter-
action of the same ion is described by a harmonic spring
and the core-shell displacement reflects the ionic polar-
izability. Two different shell models for PbTiO3 have
been developed by Sepliarsky et al[6] and Shimada et
al[5], respectively. These two potentials differ mainly
in their description of the short-range interactions. For
the shell model parameterized by Sepliarsky et al , the
short-range interactions for the O-O shells are described
by the Buckingham potential and the Pb-Ti, Pb-O and
Ti-O short-range interactions are described by the Ry-
dberg potential. In Shimada’s shell model, the Buck-
ingham potential is used for all the short-range interac-
tions. Both potentials are capable of reproducing equi-
librium crystals structures in both the cubic and tetrag-
onal phases under constant stress MD simulations[5, 6].

An alternative atomistic model has been developed
on the basis of bond-valence theory[8, 12]. The bond-
valence theory, or bond-valence summation rule, states
that each atom i has a desire to fulfill a preferred atomic
valence, V0,i, in a crystal structure. The actual atomic
valence,Vi, for atom i can be obtained by summing over
the bond valences,Vij , which can be calculated from the
empirical inverse power-law relationship between the
bond length and bond valence[13, 14].The energy con-
tribution of the bond-valence can be written as

EBV =
�

i

(Vi − V0,i)
2 (1)

This model potential has been successfully applied in
canonical-ensemble MD simulations to study the phase
transiton and movement of domain walls in PbTiO3[7–
10] as well as dynamics in Pb(Mg,Nb)O3-PbTiO3[11].

To compare the computational efficiencies of the two

models, we carried out a benchmark study with the shell
model (parameters taken from Ref. 5) and the bond-
valence model. All the simulations were performed un-
der constant volume with a 0.1fs timestep for 30ps. The
CPU time of the bond-valence model is 590s and that
of the shell model is 18398s for a 2 × 2 × 2 supercell.
For a 4 × 4 × 4 supercell, the speed of bond-valence
mode (4304s) is about 18 times faster than the shell
model (78422s). This suggests that the bond-valence
model is a more promising approach for an efficient
atomistic potential that will be capable of reproducing
accurate full dynamical properties, ferroelectric insta-
bilities and phase transitions of ferroelectric perovskites
under constant-pressure MD simulations.

To determine how the accuracy of the bond-valence
model can be improved, we performed a detailed analy-
sis of the physics that give rise to the bond-valence con-
servation principle. We found that the bond-valence en-
ergy can be naturally derived from the second-moment
bond-order potential, such as the well-known Finnis-
Sinclair potential[15, 16].

Within the frame work of tight-binding model[17], the
Finnis-Sinclair potential can be expressed as:

UFS =
�

i




�

j

φ(rij)− γi(µ
(2)
i )

1
2



 (2)

where φ(rij) is a pair-wise repulsive potential and µ(2)
i

is the second-moment of local density of state (LDOS),
which specifies the width of the LDOS distribution and
can be evaluated from summation over all the nearest-
neighbor hopping paths that start and end on atom i:

µ(2)
i =

�

j

βijβji =
�

j

β2
ij (3)

where βij is the averaged hopping integral between atom
i and j. By assuming the atomic orbital has a decay as
exp(−kijrij), Eqn. 2 can be written as

UFS =
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(4)

where ne
i is the number of electrons at atom i, aij is
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2

a constant scaling the strength of the repulsive interac-
tions, and bij scales the bonding interaction. The total
energy will be minimized when following equation is sat-
isfied:

�

j

bijn
e
in

e
je

−2kijxij =
γ2
i b

2
ij

a2ij
. (5)

Note that for a two component system, bij/aij would
be the same for all the atomic pairs,and we can then
rigorously define the interatomic bond-valence Vij as

Vij =
V0,ibne

in
e
j

Cγ2
i

e−2kijrij (6)

where C = a2/b2. It is evident that the energy mini-
mization condition becomes

�

j

Vij = V0,i (7)

which is just the bond-valence summation rule. This
means that the valence of an individual bond Vij cor-
responds to the hopping integral with Vij ∝ β2

ij . After
substituting Eqn. 6 to Eqn. 2 and Taylor expanding Vi

around V0,i, we get:

UFS =
�

i

�
−1

2
C

1
2 γ2

i +
1

8

γ2
i C

1
2

V 2
0

(Vi − V0)
2

�
(8)

which has identical form to Eqn. 1.

Given that bond-valence model is intrinsically a
second-moment bond-order potential, we expect that
the limitations on the BV model accuracy are due to
the fact that the second-moment only accounting for the
LDOS width does not reflect the LDOS shape. Within
the framework of bond-valence theory, this limitation
can be stated as the bond-valence energy is not sensi-
tive to structure changes during which the bond-valence
summation rule is held. It has been generally accepted
that higher moments are important for determining the
relative stability of competing crystal structures[16].

Therefore, a systematic approach to improve the accu-
racy of the bond-valence model is to include contribu-
tions of higher moments (e.g. fourth moment) to the
total energy[18, 19]. We suggest that two observables,
bond-valence vector summation and standard deviation
of bond-valence, can reflect the changes in the fourth
moment and the resulting energy difference for different
perovskite structures. An atomistic potential including
these new terms is now under development.
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Ferroelectric transistors and capacitors are important components in many electronic 
devices, in particular there is considerable interest in their use for nonvolatile 
memory applications.  The behavior of ferroelectrics are commonly described via the 
time-dependent Ginzburg Landau equations.  In this classical model, however, 
ferroelectrics are treated as insulators.  On the other hand, it is well known that 
ferroelectrics are in fact wide band-gap semiconductors.  It then follows that 
capturing the key aspects of semiconductor physics—band bending at the interface, 
Fermi levels, depletion layers, require ferroelectrics to be treated as 
semiconductors.  Recent progress has been made in describing such behavior; in 
particular, there are methods that make no a priori assumptions on the space charge 
or polarization distributions [1].  However, these methods are often restricted to 
equilibrium profiles and may not necessarily bridge the time scales between the 
dynamics of the mobile charge and domain wall motion.  Recent progress has been 
made with a 1D model [2] and in this work, a full 2D model has been developed.  
Here, we introduce a model that addresses these difficulties, yet at the same time is 
consistent with both the time-dependent Ginzburg Landau model and the classic 
drift-diffusion model for semiconductors.  Via this model, we first demonstrate that 
charge carriers migrate to neutralize electric fields across 90° domain walls (Fig 
1).  Next, we attempt a full simulation of a ferroelectric transistor with a configuration 
consisting of a ferroelectric placed on top of a silicon substrate.  From our model, we 
calculate the current flow, as well as the electric field and polarization distributions. 
 
 
References: 
[1] Y. Xiao, V. B. Shenoy and K. Bhattacharya, PRL 95, 247603 (2005). 
[2] P. Suryanarayana and K. Bhattacharya (submitted). 
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(a) 

 

 
(b) 

 
(c) 

Fig 1: (a) Polarization distribution across a 90° domain wall, (b) Initial 
electric field distribution across the domain wall, (c) Equilibriated electric 
field distribution across the domain wall. 
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Hexagonal YMnO3 is one of the most studied magneto-electric multiferroic materials and also a 
prototypical improper ferroelectric compound.1,2 Its structural phase transition from the P63/mmc 
paraelectric phase to the P63cm ferroelectric ground state arises from the condensation of a unstable 
zone-boundary K3 mode driving the concomitant condensation of a stable 2  mode, which couples 
linearly with it.1 

Using first-principles density functional theory within the LSDA+U approximation, we first study the 
structural, dielectric and dynamical properties of the paraelectric and ferroelectric phases of bulk 
YMnO3. Our results are in agreement with previous calculations and experimental data. In particular, we 
report the whole spectrum of zone-center phonon modes and discuss the reassignment of different 
Raman peaks of the ferroelectric phase.3 

Then a simple effective Hamiltonian is proposed, describing the energy landscape around the 
paraelectric and ferroelectric phases in terms of relevant ionic and strain degrees of freedom. Our first-
principles calculations confirm that the ferroelectric distortion is mainly coming from the unstable zone-
boundary K3 mode of the paraelectric phase, at a frequency of 153i cm-1 and the stable zone-center 2

- 
mode, at a frequency of 85 cm-1 However, the inclusion of these only two ionic degrees of freedom is 
not sufficient to properly account of the strain relaxation, which requires the additional explicit treatment 
of the coupling with 1

+ mode. Our effective Hamiltonian properly reproduces the bulk ferroelectric 
ground-state and allows us to predict the evolution (at T = 0 K) of the ferroelectric properties of YMnO3 
epitaxial films between metallic electrodes in terms of (i) the epitaxial strain imposed by the substrate 
and (ii) the electrical boundary conditions (open-circuit, short-circuit, finite bias), taking into account the 
quality of screening provided by the electrodes through an effective screening length parameter, eff. 

 

 
FIG 1. Evolution of the amplitudes of K3, 2

- and 1
+ 

distortions in the P63cm ground state of epitaxial YMnO3 
films under short-circuit ( eff = 0) in terms of the in-plane 
epitaxial strain a imposed by the substrate (at T = 0 K). 

 
FIG 2. Evolution of the spontaneous polarization P (relative 
to the bulk polarization P0) of the P63cm ground-state of 
epitaxial YMnO3 films under short-circuit ( eff = 0) in terms 
of the in-plane epitaxial strain a imposed by the substrate (at 
T = 0 K). 

                                                 
1 C. J. Fennie and K. M. Rabe, Phys. Rev. B 72, 100103 (R) (2005). 
2 Alexandra S. Gibbs, Kevin S. Knight, and Philip Lightfoot, Phys. Rev. B 83, 094111 (2011). 
3 A. Prikockyt , D. Bilc, P. Hermet, C. Dubourdieu and Ph. Ghosez, Phys. Rev. B 84, 214301 (2011). 
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Using Density Functional Perturbation Theory we investigate the effect of epitaxial strain 

on the phonon frequencies and the infrared intensities at the zone-center. We have considered 
both the tetragonal and the rhombohedral BaTiO3. The in-plane compressive strain ranges from 

= 0% to = 3%. By analyzing the overlap of phonon eigenmodes between different in-plane 
strains, we determined the evolution of individual phonon mode.  

We found that some of the phonon modes increase their frequencies with the increasing 
compressive strain, in both the tetragonal and rhombohedral phases (see Figure 1 and Figure 2). 
We also found that in the rhombohedral phase the frequency shift curves of two modes, namely: 
A1(TO1) and E(TO1), show an interesting non-monotonous behavior (see Figure 2). This behavior 
was absent for the modes in the tetragonal phase. The behaviors of the phonon mode frequency 
shift are explained by examining the eigendisplacements of the modes. 

 
  
Figure 1: Frequency shifts in the tetragonal phase. 
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Figure 2: Frequency shifts in the rhombohedral phase. 
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Magnetic cycloid of BiFeO3

from atomistic simulations
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The understanding of magnetic and electric properties of materials is a crucial step to-

wards development in information and device technology. Some devices take advantages of

materials possessing a magnetic ordering while others are based on materials exhibiting elec-

tric order parameters. Recently, an intensive effort has been made to combine advantages

of both properties in a single material. Such single phase materials with these two different

order parameters are multiferroics [1, 2]. Among different multiferroics, BiFeO3(BFO) occu-

pies a central role, mostly because it is one of the few materials that exhibit both long-range

electric and magnetic orderings at room temperature [3, 4].

In fact, the magnetic order of this material is rather peculiar and interesting since the

magnetic structure of BFO can be described as a cycloidal structure superimposed on a G-

type antiferromagnetic structure [5, 6]. This cycloid is very delicate, as demonstrated by the

facts that magnetic fields or epitaxial strain can destroy it in favor of a spin-canted structure

possessing a weak ferromagnetic vector. Surprisingly, the details of this cycloid structure are

still a subject of debates, and very recent experiments played an important role in resolving

this issue [7, 8]. However, a microscopic model that would reproduce the peculiar details of

this magnetic structure and will help in understanding its microscopic origins is still absent.

In this work, we present a simple microscopic model that fully reproduces all the details

of very recent experiments, and provide important information about the roles of different

subtle interactions on the magnetic cycloid of BFO.

This work is supported by ONR Grants N00014-11-1-0384 and N00014-08-1-0915, NSF

grant DMR-0701558 and the Department of Energy, Office of Basic Energy Sciences, under

contract ER-46612. Some computations were also made possible thanks to the MRI grant

0959124 from NSF, N00014-07-1-0825 (DURIP) from ONR and a Challenge grant from

HPCMO of the U.S. Department of Defense.
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The thermodynamic inverse of the pyroelectric effect, 
the electrocaloric effect is the reversible temperature 
change of a polarizable material under the application 
and/or removal of an electric field. Previous studies 
have focused on temperatures strictly below the criti-
cal temperature (Tc) defining the transition from the 
ferroelectric state to the paraelectric state. These stud-
ies have also kept their focus on applied fields strictly 
in the same direction as the spontaneous polarization 
of the ferroelectric state.  

In our simulations we employ the same first-principles 
based shell model used previously to study the pyroe-
lectric effect at zero field in LiNbO3 {Peng, 2011 
#7071}. The model uses a three dimensional, surface-
free, single domain perfect crystal infinitely repeated 
with parallelepiped boundary conditions.  The crystal 
super-cell is made up of 8x8x8 unit cells, with a total 
of 5210 atoms. All simulations are performed using 
the DL_POLY package using the Nosé-Hoover ther-
mostat coupled with the Melchionna modification of 
the Hoover barostat algorithm in an TN!  ensemble.  

To investigate the electrocaloric effect we took ad-
vantage of the thermodynamic relation: 

E
T
P

C
TVT

EV

!"
#

$
%
&

'
(

(
)=!  

to calculate the change in the temperature. Applying 
this relation to various temperatures and electric fields, 
we see from Figure 2 that the maximum !T is found at 
progressively higher temperatures as the strength of 
the field is increased. This trend corresponds to the 
phenomenon in which a ferroelectric with an applied 
electric field no longer has a well-defined Tc. From our 
simulations we find the transition from the ferroelec-
tric to the paraelectric state of LiNbO3 without an ap-
plied electric field to occur at 1506K, which slightly 
overestimates the reported value in the literature of 
~1480K. However, as can be seen from Figure 1a, the 

polarization of the material does not drop to zero with 
an applied positive field. There is an inflection point, 
and a minimum of the first derivative of the polariza-
tion with respect to temperature as can be seen in Fig-
ure 1b. This corresponds to the Widom line. 

           (a)                                             (b) 

 
Figure 1 (a) Average polarization of LiNbO3 with ap-
plied field along the same direction as the spontaneous 
polarization and (b) derivative of polarization with re-
spect to temperature.  

Along the Widom line the electrocaloric effect is the 
greatest. Note that these temperatures and fields can-
not be attained in LiNbO3 since they are above the 
melting point (1526K) or breakdown fields. Neverthe-
less they are instructive, as this should be universal 
behavior.  

In our study we employ the convention defining fields 
applied in the same direction as the spontaneous polar-
ization as ‘positive’ and the fields applied in the direc-
tion opposite that of the spontaneous polarization as 
‘negative.’ We find that with an applied negative elec-
tric field, the material homogenous switches polariza-
tion direction so that the direction of the polarization 
of the crystal becomes the same as the direction of the 
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applied field. We recently studied homogeneous 
switching in detail in PbTiO3 {Zeng, 2011 #6659}. 
This switching occurs, depending on the strength of 
the applied negative field, at a temperature below Tc as 
is evident from Figure 3. 

 
Figure 2. Calculated change in temperature as a func-
tion of temperature for various applied electric fields.  

 Figure 3. Average polarization for LiNbO3 with ap-
plied electric field in the opposite direction to spontane-
ous polarization. 

 

We find that these three aforementioned phenomena 
(polarization switching with an applied negative field, 
neutral Tc, and minima of !P/ !T with an applied posi-
tive field), collectively T*, all fall on a single line. 
This result is shown in Figure 4b. In order to explain 
this finding we invoke the concept of the Widom-Line 
as a parallel phenomenon. The Widom- Line is defined 
as the line formed by the locus of the specific heat 
maxima on a P-T phase diagram emanating from the 
critical point.  

This work supported as part of the EFree, an Energy 
Frontier Research Center funded by the U.S. Depart-
ment of Energy, Office of Science, Office of Basic 
Energy Sciences under Award Number DE-
SC0001057. We thank Q. Peng and I. Naumov for 
useful discussions. !

      
   (a)    (b) 

 
Figure 4. Illustration of the linear dependence of (a) Tc 
on pressure and (b) T*c on the magnitude of the applied 
electric field. Red line corresponds to linear fit of posi-
tive fields; green to negative fields; blue for entire range. 
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











         
      
         

           
         


              


         
              




          

              












































   
  
  
  

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

134









 

          
   
          
            
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      
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The ferroelectric nature of KNbO3, (KNO) was first discovered in 1951,[1] and since then KNO 
single crystals have been incorporated into ultrasonic and acoustic wave transducers due to their 
excellent piezoelectric coupling at high operating temperatures.[2] The high temperature performance of 
these crystals is also the origin of the challenges to experimentally study them. It is difficult to fabricate 
high density single-crystal KNO samples.[3-5] First-principles methods provide an accurate and effective 
way to explore the complex relationship between the atomic structure and the macroscopic properties 
that are difficult to investigate experimentally. In this presentation the dielectric, piezoelectric, and elastic 
tensors for all four of the experimental known phases are calculated and reported. The calculated results 
are compared with existing measurements when possible, although there are many physical constants 
that have not been reported until here. In this extended abstract only the piezoelectric constants are 
presented.   
 The electronic structure calculations presented here are conducted using the density functional 
theory (DFT) formalism that is implemented in the ABINIT software package.[6] The exchange-correlation 
functional are parameterized using the Wu-Cohen expression of the generalized gradient approximation 
(GGA), which is expected to give better estimations of the properties of ferroelectric oxides compared to 
LDA and PBE-type GGA.[7] The wavefunction is represented as a plane wave expansion that is truncated 
at a cut-off energy of 1700 eV and the Brillouin zone is sampled using an 8 ! 8 ! 8 Monkhorst-Pack grid. 
The calculations are sufficiently converged to allow the atomic structures to be optimized until the residual 
forces on the atoms are less than 5 meV/ !A. In addition, density functional perturbation theory is used to 
extract physical properties as the second derivatives of total internal energy.[8] In this work, three types of 
perturbation are combined to predict the property tensors essential to characterizing the physical behavior 
of relaxed crystals: electric field, strain, and atomic displacement.[9] The calculated piezoelectric 
components are presented in table 1 along with experimentally determined components. It is noteworthy 
that the reported coefficients from refs. [10] and [11] are from direct measurement whereas the values 
from refs. [12] and [13] fit the coefficients from other experimental data.   
 For the tetragonal phase, the most significant piezoelectric coefficient is d33, which corresponds to 
applying a uniaxial stress parallel to the spontaneous polarization direction. The d31 components are 
smaller than d33 because they correspond to the uniaxial stresses in the directions orthogonal to the 
strong Nb–O bonds. When the stress, as associated strain, distorts the Nb–O bonds a large change in 
the polarization is anticipated because in KNO the ferroelectric behavior is due primarily to the hybridized 
bond between the Nb and O atoms. 
 The orthorhombic unit cell also has a moderate magnitude d33 component that corresponds to a 
uniaxial stress parallel to the polarization, and slightly smaller d31 and d32. More interestingly the d15 and 
d24 components are approximately one order of magnitude larger than the d33. The d15 coefficient gives 
the change in polarization in the P1 direction when the shear stress " 13 is applied, and d24 gives the 
change in P2 direction when the shear stress " 23 is applied. Physically, these coefficients express the 
rotation of the electric dipole from the z-direction when shears are applied that skew the cell. The shear 
"13 stretches and tilts the strong covalent bonds between the Nb atom at the O at site OII. As a result the 
polarization vector rotates slightly into the x-direction causing a large change in the electric dipole in this 
direction. Hence the tensor component d15 is large. The d24 tensor component is also large, but is 
approximately half that of d15. The "23 stress does not directly bond. Instead all of the O sites are skewed 
relative to the Nb, which rotates the polarization vector into the P2 direction; however the net change in 
polarization due to the "23 shear is less than the "13. 
 For the rhombohedral phase both the d33 and d31 components again have a modest magnitude. 
They express the change in the polarization parallel to the existing, spontaneous dipole, P3, when a 
uniaxial uniaxial stress is applied parallel to the polarization, " 33, and perpendicular, " 11, respectively. 
Neither of these stresses substantially changes the Nb and O bonds along the z-direction. By comparison  
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the d22 component is large, and it corresponds to the change in the polarization perpendicular to 
spontaneous polarization, in the P2 direction, when a uniaxial stress is applied in that direction, "22. The 
"22 stress breaks the symmetry of the three fold-degenerate Nb–O bonds and effectively rotates the 
electric dipole off the body diagonal and creates a polarization component in the P2 direction. The largest 
piezoelectric coefficient of any of the phases is the rhombohedral d15 component, which has a magnitude 
of 388 pC/N. This component relates an applied shear along the surface of the rhombohedral in the "13 
direction. The shear directly stretches and tilts the Nb–O bond and induces a large change in the dipole in 
the P1 direction. 
 The calculated and measured piezoelectric coefficients are directly compared in table 1. It is 
observed that the predicted and measured values can differ by as large as 50% of the measured values. 
Certainly the use of the local density approximation can result in errors when determining the second 
derivatives of the energy, but it is unclear that this alone is responsible for the disagreement between the 
theoretical and experimental coefficients. Consider for example the d24 coefficient in which the 
experimental and theoretical results have a similar magnitude but different sign. The sign of the 
theoretical results can be intuitively understood by visualizing the atomic displacements and the impact of 
strain. It is unclear why the experimental measurements have a different sign, but it is certainly possible 
that intrinsic crystal defects, such as vacancies, may impact the experimental results. Due to the high 
processing temperatures these intrinsic defects are likely to be omnipresent in the experimental 
specimen. 
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              
             
    
           
           

             
           
            


                 

             

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Switchable polarization in stuffed wurtzite compounds, a new class of
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One of the challenges in modern materials

science is the development of new types of fer-

roelectric materials, in which a response is pro-

duced by an applied field or stress. Because of

their many technological applications, including

transducers and information storage, the discov-

ery of new ferroelectric materials continues to

be of great importance. For a material to be

ferroelectric, it must be insulating and have a

nonzero polarization that can switched by an ex-

ternal electric field. The wurtzite structure type,

including a number of technologically important

materials such as ZnO, CdSe (II-VI) and GaN

(III-V), is generally considered to be the result of

directional sp3 bonding, with all atoms in tetra-

hedral coordination. These compounds thus sat-

isfy the first two conditions, but not the third, as

the switching of the polarization by 180◦ would

require breaking and reforming the strong sp3

bonds, and the energy barrier is far too high. In-

deed, in the well-known ABO3 perovskite oxide

ferroelectrics, displacements of a B-site within

an octahedral O6 environment and an A-site

within a dodecahedral O12 environment do not

involve the breaking and reforming of chemical

(-) P63mc P63/mmc (+) P63mc-0.4

-0.3

-0.2
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0
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dE
 (e

V
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FIG. 1: The difference in energy between the

low (P63mc) and high (P63/mmc) symmetry ABC

structures for KSnAs is 0.34 eV. Also shown are the

distortions at either polarization.

bonds, only changes in bond length. However, if

the wurtzite structural parameters are not close

to ideal tetrahedral sp3 coordination, but rather

have values that correspond to a small buckling

of the planes, then similarly the barrier to polar-

ization switching can become small. The barrier

to polarization for KSnAs is shown in Figure 1.

This type of wurtzite structure can be found

as a substructure of the ternary LiGaGe struc-

ture type, where the third ”stuffing” atom con-

trols the size of the buckling. A total electron

count of 8 or 18 electrons favors insulating char-
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FIG. 2: Difference in energy between the low

(P63mc) and high (P63/mmc) symmetry ABC

structures for all insulating combinations. Combi-

nations with A=Li (black circles) are less likely to be

ferroelectric than those with A=Na (red circles) or

A=K (green circles). Labeled are the three experi-

mental compositions, LiBeSb, LiZnSb and KSnAs.

acter, and thus we focus on families of com-

pounds that can be classified as I-III-IV (LiG-

aGe), I-XII-V (LiZnSb), etc. In this talk, using

first-principles methods, we investigate about

fifty members of this structure type, and find

that both the polarization and barrier to switch-

ing depend upon the stuffing atom. Moreover,

we demonstrate that the members of the family

with a large stuffing atom have barriers to polar-

ization switching on the order of those calculated

for the perovskite family. This is demonstrated

in Figure 2, where the ABC combinations with

the larger stuffing cation have the smallest bar-

rier to polarization switching. Information is

presented that will be useful in experimental in-

vestigation of this proposed new class of ferro-

electrics.
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During   the   past   few   decades,   the   toxicity   of   lead   has  made   the   discovery   of   Pb   free  

ferroelectrics  the  subject  of  much  research.    One  fruitful  avenue  has  been  the  exploration  of  Bi-­‐
based   ferroelectrics.   Similar   to  Pb,  Bi  has   stereochemically  active   lone  pairs  and  a   small   ionic  
radius,   resulting   in   compounds   with   relatively   large   A-­‐site   cation   displacements   and   Born  
effective   charges   in   a   small   volume,   producing   high   polarization,   P.[1]   For   piezoelectric  
applications,   one   approach   to   maximizing   electromechanical   response   has   been   to   alloy  
tetragonal  and  rhombohedral  ferroelectrics.  It  has  been  demonstrated  that  the  combination  of  
two   such   compounds   often   results   in   a   compositionally   dependent   region,   the  morphotropic  
phase  boundary   (MPB),  where   the   crystal   structure   abruptly  undergoes  a   transition  between  
the  macroscopic  phases  of  the  parent  compounds.[2]    In  general,  ferroelectric  alloys  near  MPBs  
exhibit  enhanced  electromechanical  responses  when  the  parent  compounds  have  high  P.[3]  

We   use   density   functional   theory   to   study   Bi-­‐based   ferroelectrics   with   the   goal   of  
exploring   the   possibility   of   discovering  MPBs   through   alloying   between   rhombohedrally   and  
tetragonally   ordered   ferroelectrics.      Unfortunately,   the  majority   of   Bi   containing   compounds  
are   either   rhombohedrally   distorted   or   inferior   to   PbTiO3.   For   example,   we   predict   that   the  
pseudocubic,   double   perovskites   like   Bi1/2M1/2Zn1/2Nb1/2O3   (BMZN;   M=Pb,Sr)   have   relatively  
high,   (111)  oriented,   remnant  polarizations  of   80  µC/cm.[4,   5]  However,   it   should  be  noted  
that,  there  is  recent  experimental  evidence  for  supertetragonal  Bi-­‐based  ferroelectrics,  such  as  
appropriately  strained  BiFeO3.[6]  Also,  significantly  enhanced  tetragonality  (with  P  50%  greater  
than   that   of   PT)   was   observed   in   BiZn1/2Ti1/2O3   both   experimentally   and   by   first-­‐priniciples  
calculations,  making   it  a  good  candidate  for  a  tetragonal  end  member  for  piezoelectrics.[7,  8]  
(Of  course,  the  supertetragonality  of  these  materials  limits  their  usefulness  as  ferroelectrics  as  
they  require  strong  electric  fields  to  switch  the  polarization.)  

Consequently,  we  examine  the  polarization  as  a  
function  of  composition  for  alloys  of  BZT  with  B.  For  the  
structures  studied,  we  show  that  by  alloying  with  other  
rhombohedrally   oriented   Bi-­‐based   materials   that   it   is  
indeed  possible  to  find  MBPs  (see  Fig.  1),  hinting  at  the  
possibility  of  high  piezeoelectric   responses.[9]  Another  
benefit  of  alloying   is   that   the   lower  polarization   in   the  
monoclinic  phase  near  the  cross-­‐over  region  may  foster  
switchable   polarizations   and   thus   these  materials  may  
be  useful  for  ferroelectric/piezoelectric  applications.    
  
This  work  was  supported  by  the  Department  of  Energy,  
Office  of  Basic  Energy  Sciences,  Materials  Sciences  and  
Engineering  Division.  

Figure   1   x-­‐,   y-­‐   and   z-­‐components   of   the   of   the  
polarization   as   a   function   of   BZT   concentration   for  
alloys  with  Bi1/2Sr1/2Zn1/2Nb1/2O3.    The  inset  show  the  
calculated   structures   which   give   rise   to   a)  
rhombohedral,   b)   monoclinic   and   c)   tetragonal  
polarizations.  
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APPLICATIONS OF FERROELECTRIC POLYMER AND OLIGOMER THIN FILMS 

Stephen Ducharme 
Department of Physics and Astronomy, Nebraska Center for Materials and Nanoscience, 

University of Nebraska, Lincoln, NE 68588-0299, USA 

Ferroelectric polymers and oligomers based on vinylidene fluoride (VDF) have received much 
attention in recent years for integration into a variety of functional devices. Among the reasons 
for this interest are the large spontaneous polarization, chemical stability, varied methods 
deposition and processing, and compatibility with commonly used functional materials. Many of 
these applications can be highly integrated because the polarization can be patterned by 
fabrication of nanostructures [1, 2], or by nanoscale control of polarization [3-7].  

Integration with inorganic and organic semiconductors affords a wide range of devices, most 
exploiting the large polarization to control carrier type and density in a field-effect configuration, 
e.g., to make nonvolatile memory elements when integrated with silicon [8, 9], organic 
semiconductors [10, 11], or graphene, or to reduce energy dissipation by decreasing the device 
operating voltage [12]. Heterostructures incorporating ferroelectric polymers and oligomers have 
the potential to increase the efficiency of organic photovoltaic devices [13], and to make 
multiferroic transducers with metallic [14, 15] and semiconductor ferromagnets [16]. They can 
be incorporated into functional nanocomposites for use in electrostrictive transducers [17], as 
electrocaloric materials for refrigeration or energy harvesting [18], and in dielectrics for high-
energy-density capacitors [19].  

This research was supported by the National Science Foundation, the Department of Energy, and 
the Nebraska Research Initiative.  
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Na0.5Bi0.5TiO3 (NBT) is a promising piezoelectric material being investigated as a 
replacement for PZT in a variety of consumer electronics and actuator applications. NBT 
materials processed using conventional powder processing techniques do not achieve the 
piezoelectric performance of PZT; however, inducing a preferred orientation (texture) is 
one route to enhance the piezoelectric performance of NBT.  Textured NBT samples 
were processed using the tape casting method with a 5wt% template fraction.  The 
crystallographic texture was determined using the software package Materials Analysis 
Using Diffraction (MAUD)[1].   In this study, the fatigue of <100> oriented NBT was 
investigated as a function of poling temperature and time. 
 
Textured NBT samples were prepared by tape casting calcined NBT powered with 5wt% 
template particles.  Template particles were prepared using a double molten salt synthesis 
previously reported by Saito, Zhao, and Zeng et al. [2-4].  Tape cast samples were heated 
to 600°C to removed organics then fired at 1200°C.  Figure 1 compares the XRD spectra 
of templated NBT and randomly oriented NBT.  Sintered ceramics containing a 5wt% 
template fraction show a strong <100> preferred orientation.  In the NBT system, the 
fraction of oriented material has typically been evaluated by measuring the relative peak 
intensities. In this study, the orientation distribution function (ODF) was described using 
both a discrete and harmonic methods.  Texture refinement with the harmonic and 
discreet methods predicts significantly different texture levels, with the discreet model, 
E-WIMV, reached a maximum of 18.6 MRD, while a spherical harmonic method 
predicted a maximum texture of 34.4 MRD.  This discrepancy suggests the exponential 
harmonic is ill suited to describe the ODF of highly oriented materials.   
 

During poling, NBT develops both an internal bias field and a reduction in remnant 
polarization with increased poling time.  This phenomenon was explored by poling 
samples for up to 1 hr in 5 minute increments at room temperature (RT), 50°C, 75°C, and 
100°C.  At RT, ferroelectric and piezoelectric loops were measured, while at elevated 
temperature only ferroelectric loops were measured.   Figure 2 compares the ferroelectric 
and piezoelectric response: 1) prior to poling, 2) after poling for 15 minutes, and 3) after 
poling for 30 minutes.  Prior to applying a poling field, textured NBT has a remnant 
polarization of 25 uC/cm2.  After applying a poling field for 30 minutes at RT, the 
remnant polarization has degraded to 18 uC/cm2.  Luo and Emkes et al. [5,6] proposed 
that near surface cracks is a mechanism for polarization degradation in the NBT-Barium 
Titanate material. The piezoelectric response shows the development of a greater 
asymmetry after poling for 30 minutes.  In addition to an asymmetry, the strain crossover 
point shifts from ~0 MV/m to 1.2MV/m after poling for 30 min. Poling textured NBT at 
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60°C induced a 2.5 MV/m bias.  This result is similar to work by Balke et al. [7] that 
concluded asymmetric strain could result from charge build up near domain/grain 
boundaries in PZT.  Charge build up at domain boundaries could decrease their mobility 
and decrease the total ferroelectric response.  However, microcracking may play a role in 
the polarization degradation.   
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Crossover between hybrid improper ferroelectricity and
proper ferroelectricity in layered perovskites

Andrew T. Mulder, Nicole A. Benedek, Craig J. Fennie
School of Applied & Engineering Physics, Cornell University

Recent progress in designing materials with unconventional mechanisms
of ferroelectricity has shown that nominally non-polar octahedral rotations
can induce an electrical polarization in certain layered perovskites, e.g., the
n=2 Ruddlesden-Popper Ca3Mn2O7, and certain A-site ordered AA’B2O6

double perovskites. In these (what have recently been termed) hybrid im-
proper ferroelectrics, two unstable octahedral rotations of different symme-
tries couple trilinearly with the polarization. We develop simple criteria for
realizing this novel form of ferroelectricity in A3B2O7 layered perovskites
based solely on the properties of the ABO3 parent. Then we explore how
composition and epitaxial strain lead to different ferroelectric behaviors aris-
ing from the same rotation-polarization coupling. Finally we show how
strain can tune a single material (Figure 1) between rotation-driven hybrid
improper ferroelectricity and conventional proper ferroelectricity.
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Figure 1: Calculated phonon frequencies of the improper rotational distor-
tions (labeled X

+
2 ,X−

3 ) and proper polar distortion (Γ−

5 ) in the layered per-
ovskite Ba3Zr2O7 for different in-plane biaxial strains. Under compressive
strain Ba3Zr2O7 exhibits rotation-driven hybrid improper ferroelectricity,
while under tensile strain Ba3Zr2O7 exhibits conventional proper ferroelec-
tricity.
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Single-phase BiFeO3 (BFO) bulk of rhombohedral structure has been intensively 

investigated. It exhibits a large spontaneous polarization that is oriented along the 

diagonal direction of the pseudocubic perovskite unit cell, as well as, oxygen octahedral 

tilting about this [111] direction. Moreover, a G-type antiferromagnetic ordering of 

magnetic moments on Fe3+ ions appears on the plane perpendicular to this direction.  

Properties of this important material can be widely modified through chemical 

substitution. For instance, Bi-substitution by rare earth elements (such as Sm) can give 

rise to a useful morphotropic phase boundary (MPB) separating rhombohedral and 

orthorhombic phases in bulk solid solutions.1  

Moreover, due to the strong coupling between polarization and strain, a rotation of 

polarization from the [111] to nearly [001] direction can be realized in highly strained 

BFO films2. Such strain engineering leads to a very large c/a tetragonality ratio, and an 

increased magnitude of polarization by 50%. The two phases, namely rhombohedral-like 

and tetragonal-like, can coexist and lead to the recent experimental observation of strain-

driven MPB in pure BFO films3.  

Furthermore, in a recent work, we studied the interesting interplay of epitaxial strain and 

substitution of Bi by Sm atoms, by investigating highly strained Sm-doped BFO (BSFO) 

films and by comparing their properties with those of pure BFO films4. In particular, 
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structural and ferroelectric properties, as well as domain switching of a 10% Sm-

substituted BFO thin film grown on a LaAlO3 (LAO) substrate were revealed. Here, we 

will discuss these latter findings, as well as, report the energetics and properties of BSFO 

films for a large variety of epitaxial strains and also for different overall Sm compositions.  

These works are supported by ONR Grants N00014-11-1-0384 and N00014-08-1-0915, 

NSF grants DMR-1066158 and DMR-0701558 and the Department of Energy, Office of 

Basic Energy Sciences, under contract ER-46612. Some computations were also made 

possible thanks to the ONR grant N00014-07-1-0825 (DURIP), the MRI grant 0722625 

from NSF and a Challenge grant from the Department of Defense. MINDEF-NTU-JPP 

10/12, NRF CREATE HUJ-BGU-NTU, and SSLS via NUS Core Support C-380-003-
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Structural, electronic, and vibrational properties of chloride-based perovskites : A
first-principles study

Srijan Kumar Saha, and Philippe Ghosez1

1Physique Théorique des Matériaux, Université de Liège, B-4000 Sart Tilman, Belgium

Using first-principles density functional theory, we determine the structural, electronic and vibra-
tional properties of various chloride-based perovskites of the family CsBCl3 with B = Eu, Hg, Si,
Ge, Sn, Pb, Mg, Ca, Sr, Ba.

We start from the high-symmetry cubic phase, for which electronic band structures, charge-density
plots, Born effective charges and phonon dispersion curves are reported. In many of these com-
pounds, we find the coexistence of structural antiferrodistortive instabilities at the zone-boundary
points and a ferroelectric instability at the zone center. In particular, for CsEuCl3, from the in-
spection of the unstable modes in the phonon dispersion curves, various possible types of lattice
distortions are determined and the energies of the corresponding phases are calculated. Even though,
a long time back CsEuCl3 was experimentally reported to be a ferroelectric material, we here find
that the strong antiferrodistortive motions suppress ferroelectricity and are responsible for a non-
polar orthorhombic ground state. We nevertheless find that some members of the family such as
CsSiCl3 or CsGeCl3 exhibit giant anomalous Born effective charges and phonon dispersion curves
similar to BaTiO3 and display a ferroelectric ground state. The tendency to ferroelectricity in terms
of the type and size of the B cation will be discussed.
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! ! ! ! ! ! Properties of epitaxial (110) BaTiO3 films from first principles 

Zhigang Gui, S. Prosandeev and L. Bellaiche  
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Epitaxial ferroelectric (FE) thin films have been intensively investigated since the last 
decade due to improved or original properties compared to their bulk counterparts. 
Examples include enhanced spontaneous polarizations, significant electromechanical 
responses associated with low-symmetry phases, and large sensitivity of Curie 
temperature with misfit strain1-4. All the aforementioned novel features concern FE 
thin films that are grown along the [001] pseudo-cubic direction. On the other hand, 
studies aimed at determining and understanding the effects of the growth direction on 
properties of FE epitaxial films are rather scarce5-9.  
 
Here, we investigate epitaxial (110) BaTiO3 (BTO) films. Figure 1 reveals its 
temperature-versus-misfit strain phase diagram, as predicted by the use of an effective 
Hamiltonian approach. 
 

 
 
Figure 1: Predicted temperature-versus-misfit-strain diagram in epitaxial (110) 
BTO film. The direction of the polarization for each phase is indicated in the 
(xyz) coordinate frame near the phases’ names. 
 
Our simulations yield some unusual features. For instance, the Curie temperature, TC, 
is nearly independent of compressive strain, unlike in (001) BTO films. It has a value 
of 385K, which is our predicted TC of BTO bulk – which is very close to its 
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experimental value10. The microscopic origin of this insensitivity will be revealed. 
Moreover, low-symmetry phases are found near room temperature: an unexpected 
triclinic phase and three distinct monoclinic phases emerge in the 
temperature-versus-misfit strain diagram for relatively small strains. Such latter 
phases allow (i) the polarization to easily rotate with strain, which generates large 
piezoelectric and dielectric responses near room temperature; and (ii) the (110) BTO 
film to easily switch its polarization’s direction via a transition between different 
low-in-symmetry phases, by applying in-plane and out-of-plane electric fields. Items 
(i) and (ii) are promising to design miniaturized and lead-free devices. 
 
This work is supported by ONR Grants N00014-11-1-0384 and N00014-08-1-0915, 
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and a Challenge grant from HPCMO of the U.S. Department of Defense. 
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Ferroelectric phase transition in GeTe studied by time-domain THz
spectroscopy

F. Kadlec, C. Kadlec, P. Kužel, and J. Petzelt

Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, 182 21 Prague 8, Czech Republic

Germanium telluride (GeTe) is a narrow-gap semiconductor with conducting properties important for applica-
tions. Like the related ternary chalkogenide alloys GexSbyTez , which have similar properties, it belongs to so-called
phase change materials, which are convenient for use in current and future memory and data storage applications [1].
Amorphous GeTe thin films have an electrical conductivity orders of magnitude lower than the crystalline state. GeTe
has only two atoms in the unit cell, and thus it is the simplest known ferroelectric (FE); upon heating, it becomes
paraelectric (PE) at Tc ≈ 350 ◦C.

While Raman spectra showed phonon softening in the FE phase [2] upon heating and suggested a displacive char-
acter of the PT, there is no such evidence above Tc which would represent a clear proof in this sense. Recent XANES
data [3] revealed no anomaly of the Ge-Te bond length at Tc, which may indicate an order-disorder behavior. Thus, a
controversy persists about the character of its FE phase transition (PT); one of the main reasons is the impossibility to
perform standard low-frequency dielectric spectroscopy measurements because of the high conductivity. The question
about the PT character appears to be of fundamental interest.

We have studied high-temperature THz transmittance spectra of GeTe films. These were deposited as amorphous
on fused silica glass substrates, then crystallized by annealing at 300 ◦C and covered by a ZnS-SiO2 capping layer.
Special care was taken of the substrate choice and characterization, which is necessary because the films have an optical
thickness much lower than the substrates; even a small relative error in the knowledge of the substrate thickness brings
a very high error in the optical constants of the film.

The complex permittivity spectra ε̂(ω) were determined numerically from the complex transmittance. The imag-
inary part spectra ε′′(ω) feature a ∝ 1/ω rise at low frequencies, matching the Drude theory. Therefore, to simplify
further analysis, we converted them to real conductivity, σ′(ω) = ωε′′(ω).

In the FE phase, the spectra of the real parts ε′(ω) and σ′(ω) are essentially flat. Upon heating, in agreement
with the Van-der-Pauw measurements, the THz conductivity monotonically decreases up to the PT temperature, Tc ≈
350 ◦C where it reaches a flat minimum. This value of Tc is in agreement with earlier observations [2].

To simulate the spectra, we set up models of ε̂(ω). For the FE phase, we used terms describing the high-frequency
limit ε∞, a harmonic oscillator, and free carriers conductivity σDC:

ε̂FE(ω) = ε∞ +
∆εω2

0

ω2
0 − ω2 − iωΓ

+
iσDC

ε0ω
(1)

where ε0 represents the vacuum permittivity, ω0 is the oscillator frequency, Γ denotes its damping and ∆ε its con-
tribution to ε′(ω). The phonon mode has to be included since it was observed in Raman spectra [2]; owing to high
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Figure 1: THz spectra of (a) real permittivity and (b) real conductivity of GeTe in the PE phase. Symbols: experimental
data, solid and dashed lines: fits using Eqs. 2 and 3.
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damping Γ, it gives rise to broad features in our spectra. We therefore fixed ω0(T ) according to values obtained from
the Raman spectra. The calculated spectra are in good agreement with the measured ones. Only limited softening (to
1.5 THz) is seen, less than what is expected for a purely displacive PT.

In the PE phase, the THz conductivity rises with T ; a marked curvature appears at low frequencies in the ε′ spectra
(see Fig. 1). This feature can be explained in two ways. In relation with the unknown nature of the PT, a critical
relaxation mode, typical for a order-disorder PT, can be included to the model:

ε̂PE(ω) = ε̂FE(ω) +
∆εrωr

ωr − iω
(2)

where ∆εr is its contribution to ε′(ω) and ωr denotes its relaxation frequency. For order-disorder ferroelectrics, one
would assume the Curie-Weiss law to be valid, ∆εr = C/(T − Tc). Then, the relaxation frequency would increase
linearly as ωr = a(T − Tc) and ∆εrωr would be constant with T . The curves resulting from modeling based on Eq. 2
are shown in Fig. 1 by solid lines; they show a very good agreement with the experimental data. The proportionality
constant has then the value of a ≈ 2.7× 10−3 THz K−1 and the Curie-Weiss constant C = (1.0± 0.2)× 105 K.

Although the hypothesis of a relaxation mode is able to explain correctly the measured spectra, it is not the only
possible one. In view of the relatively high conductivity of GeTe, one can equally assume the low-frequency shape
of the spectra to be due to hopping. The films are polycrystalline and, as other phase-change materials, they consist
of grains with a typical size of the order of 20 nm. We may therefore apply a hopping model, e.g. the one derived by
Dyre [4]. This model was used to describe very similar conductivity spectra of photoexcited amorphous and micro-
crystalline silicon [5]. The model assumes an inhomogeneous material with a distribution of barrier energies; the
probability of occurrence of all values for these energies is supposed to be the same. The relation for the complex
permittivity can then be written as

ε̂PE(ω) = ε̂FE(ω) +
σH

ε0
τmin ln[1 + i/(ωτmin)] (3)

where σH is the contribution of the hopping to the high-frequency conductivity and τmin is the minimum time that
the free carriers need to hop from one site to another. We fitted our experimental data using Eq. 3, assuming τmin

to be temperature-independent, since the local structure should not change on heating. The curves provided by the
fit are shown by dashed lines in Fig. 1 and are also in a good accord with our data. The fit then yields a value of
τmin = 190± 30 fs; as for the hopping conductivity σH, its values provided by the fit show a marked increase with T ,
which would be a rather unusual behavior.

We performed the first time-domain THz spectroscopy study of the FE PT in GeTe thin films. In the PE phase,
we observed a new low-frequency feature which may be either a sign of an order-disorder behavior, or, less probably,
due to hopping of charge carriers. As the phonon softening is limited, the PT seems to be of a mixed (displacive and
order-disorder) nature.

Financial support by the Funding Agency of the Czech Republic (project No. 202/09/J045) is acknowledged.
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Can we trust the temperature - misfit strain thin film phase
diagrams?

Alexander Kvasov and Alexander Tagantsev
Ceramics Laboratory

École Polytechnique Fédérale de Lausanne
CH-1015 Lausanne, Switzerland

Strain engineering is a modern strategy to control material properties. It represents a technique which deals with
semiconductor and ferroelectric thin films strained by a substrate. Such strain can be tensile or compressive and occurs
due to the difference in lattice parameters of a film and an underlying substrate; it shifts a paraelectric-to-ferroelectric
transition temperature or can even induce ferroelectricity in the material [1].
To describe the strained thin film behavior, it was found convenient to use temperature - misfit strain phase

diagrams. First introduced by Pertsev et al. [2], such diagrams present polarization state depending on temperature
and parent misfit strain appeared in the film after deposition it on the substrate.
Theoretical study of temperature - misfit strain phase diagrams can provide strain engineering with guide lines.

Calculations of such diagrams involve Landau-Ginzburg-Devonshire theory or ab initio microscopic approach. First
principle calculations [3] are sufficient and powerful, but require a lot of computations. Phenomenological approach
based on Landau thermodynamic theory is much simpler and can be valuable. Phenomenology is widely used for
phase field modeling [4], for calculations of single-domain [2] and poly-domain [5] thin film diagrams. However there
is a considerable difference of results obtained by first-principle calculations and by calculations based on Landau
phenomenological theory. What is the reason of such disparity? Is this a problem with an exploited scheme or we
simply don’t know the coefficients of thermodynamic energy expansion precisely enough? If we suppose that we
know the coefficients quite precisely can we trust our thermodynamic description of a strained system, i.e. our phase
diagram? This problem was already mentioned [6] and it seems the answer is rather ”not always”.
An existing issue with the standard description of strained systems can be demonstrated qualitatively by a simple

scalar model. Let us describe a system with a Gibbs thermodynamic potential energy expansion keeping only one
component of polarization P and stress σ:

G =
α

2
P 2 +

β

4
P 4 +

γ

6
P 6 − s

2
σ2 −QσP 2

︸ ︷︷ ︸
”ordinary”

−Mσ2P 2 −RσP 4 − N

3
σ3

︸ ︷︷ ︸
”high-order”

, (1)

where ”ordinary” part represents Gibbs energy commonly used to describe ferroelectric systems and ”high-order”
terms (M , R - high-order electrostrictive coefficients and N - non-linear compliance) which are customarily neglected,
because considerable effects were not expected, which is reasonable, for example, for bulk crystal. The situation for a
clamped system is different. We can show this considering ferroelectricity in a clamped system, i.e. where the strain
ε equals the misfit strain ε0. To obtain an effective potential G̃ for a clamped system we use the mechanical equation
of state

ε = −∂G

∂σ
= sσ +Nσ2 +QP 2 +RP 4 + 2MσP 2, (2)

and exclude stress σ from (1). The G̃ will be:

G̃ = G+ εσ =
α∗

2
P 2 +

β∗

4
P 4 +

γ∗

6
P 6 +

ε20
2s

, (3)

where εσ represents a work required to maintain a constant strain. Electro-mechanical interactions in such system
lead to renormalization of α, β and γ:

α∗ = α− ε0
Q

s
− ε20(

M

s2
+

QN

s3
)

︸ ︷︷ ︸
A

, (4)

β∗ = β + 2
Q2

s
+ ε0(

2MQ

s2
− R

s
− NQ2

s3
)

︸ ︷︷ ︸
B

, (5)

γ∗ = γ − 6M
Q2

s2
+ 6R

Q

s
+ 2N

Q3

s3︸ ︷︷ ︸
C

. (6)

Atomic order of magnitude estimates show that the corrections due to of high-order coefficients A and B are usually
small for α, β (except the cases when low-order coefficients are unusually small) whereas C correction may be of the
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same order of magnitude as γ (6). In this way the high-order coefficients, which are customarily neglected in majority
of problems, should be included into thermodynamic energy expansion as far as γ is important for a description of a
problem.
To illustrate this phenomena quantitatively we would like to show the influence of high-order terms on the temper-

ature - misfit strain phase diagram for a single-domain (001)-oriented BaTiO3 (BTO) thin film. Since the high-order
coefficients are unknown we calculated them using ab initio methods namely ”VASP” package. Further we took
original coefficients set from [2], supplemented it with calculated high-order coefficients and recalculated the classical
Pertsev’s diagram from [2] (Fig. 1).
Figure 1 illustrates that high-order coefficients, which were usually neglected may introduce considerable changes

to strained system. One should also notice that the inclusion of any of these coefficients leads to the disappearance of
ac-phase which was not observed from the first principles [3] (Fig. 1b - 1d) and thus removes the existing contradiction.
Our analysis shows that an adequate Landau theory treatment of the thermodynamics of ferroelectric thin films

(single-domain and poly-domain thin films calculations and phase field modeling) requires taking into account high-
order electromechanical couplings and non-linear elasticity.

FIG. 1: Temperature - misfit strain phase diagrams of a single-domain (001)-oriented BTO thin film. ε0 - biaxial parent
misfit strain, T - temperature of the film. The phases are denoted as (i) the c-phase (yellow), polarization is out-of-plane
(P1 = P2 = 0, P3 != 0); (ii) the aa-phase (red), where polarization is in-plane (P1 != 0, P2 != 0, P3 = 0); (iii) the ac-phase
(brown) where P1 != 0, P2 = 0, P3 != 0; (iv) r-phase (red), where all components of polarization are non-zero; and (v) paraphrase
(blue), polarization is 0. (a) Original Pertsev’s diagrams built with coefficients from [2]. (b) Phase diagram corrected with
high-order Mijklmn coefficients. (c) Phase diagram corrected with high-order Rijklmn coefficients. (d) Phase diagram corrected
with high-order Nijklmn coefficients.
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High Electric Fields
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Ferroelectric nanostructures have attracted a lot of attention recently, thanks to their
ability to develop electric polarization at the nanoscale [1–3]. Such a unique feature could
potentially lead to the use of ferroelectric nanowires in nanoscale ultra fast, high-density
memory elements.

Here we take advantage of accurate first-principles-based simulations to study ultra fast
polarization reversal in ultrathin ferroelectric nanowires. We simulate seven nanowires made
of PbTi0.6Zr0.4O3 disordered alloy with the nanowire axis aligned along [001] pseudocubic
direction. The nanowires have square cross sections with the lateral size in the range of
3.2-8.0 nm. Under open circuit conditions and below the Curie temperature such nanowires
develop an electric polarization along the axial direction. To reverse the polarization direc-
tion we apply a dc electric field in the direction opposite to that of the polarization with the
magnitude in the range of 0.1-7.9 MV/cm. Technically we use classical molecular dynamics
simulations [4] with the force-field derived from the first-principles-based effective Hamilto-
nian [5–7] which allows us to trace the polarization evolution in response to such an electric
field. To quantitatively characterize the polarization reversal we plot the inverse switching
time as a function of the applied electric field (see Fig.1).

FIG. 1: Inverse switching time as a function of electric field strength for a wire with an 8x8 nm

cross section at T=100K. Regions of different slope are separated by vertical lines.
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This figure indicates that there exists three regions described by a different slope for the
dependence of the inverse switching time on the electric field. We have identified that such
regions are associated with the creep mechanism (region I), polarization reversal dominated
by the dipole’s flip along the nanowire radial direction (region II), and the polarization
reversal dominated by the dipole’s flip along the nanowire axial direction (region III).

We will report, analyze and compare the dependence of the switching time on the electric
field for all studied nanowires obtained at two different temperatures.

The present work is supported by the U.S. Department of Energy, Office of Basic Energy
Sciences, Division of Materials Sciences and Engineering under award DE-SC0005245. The
use of services provided by Research Computing, USF is greatly acknowledged.
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Studies of Domain Structure and Phase Transitions in PbZr1-xTixO3  
Single Crystals 
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PbZr1-xTixO3 (PZT) solid solution has been studied extensively over the past decades for 
both industrial application and fundamental research. Single crystals of PZT are highly 
demanded for the characterization of the anisotropic properties, and thereby for the 
understanding of the origin of high piezoelectric response in morphotropic phase 
boundary (MPB) compositions.  
In this work PbZr1-xTixO3 single crystal with composition x=0.21, x=0.42 and x=0.46 
were grown by top-seeded solution growth (TSSG) technique. Domain structure and 
phase transitions have been studied on the (110)cub cut platelets by polarized light 
microscopy (PLM) combined with dielectric spectroscopy. At room temperature both 
x=0.21 and x=0.42 exhibit extinction at 35.3°, indicating a rhombohedral (R) symmetry. 
For the composition x=0.21 only one ferroelectric to paraelectric phase transition is 
observed at TC=300 °C, as expected for the R region of PZT. The crystal with 
composition x=0.42, however, behaves differently upon heating. A change of extinction 
angle from 35.3° to 65° was observed in the temperature range of 300 °C to 372 °C (TC). 
In addition, the temperature dependence of dielectric permittivity shows an anomaly at 
335 °C. The intermediate phase above 300 °C could be assigned to the monoclinic phase 
of MA symmetry according to the high resolution X-ray diffraction study on PZT 
ceramics by Noheda et al.1. The gradual change in the extinction angle to some extent 
supports the polarization rotation theory2. At room temperature the crystal with MPB 
composition x=0.46 shows an extinction at 68°, indicating an MA symmetry, consistent 
with what was previously observed optically on the (100)cub crystal of the same 
composition3. Upon further heating an MA to tetragonal (T) phase transition occurs with 
the extinction angle changing from 68° to 90° in the temperature range between 200 and 
280 °C. The close free energy of the MA and T phases makes it possible for the 
polarization to rotate in the (110) plane, which is experimentally observed in this study, 
providing a better understanding of the mechanism of high piezoelectric response in the 
MPB compositions. Based on these results, a revised PZT phase diagram with an 
extended area of MPB is proposed.  
 
This work is supported by the U.S. Office of Naval Research (Grants No. N00014-06-1-
0166 and No. N00014-11-1-0552). 
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Fig. 1. Temperature dependence of dielectric constant in (a) Pb(Zr0.58Ti0.42)O3 and (b) 
Pb(Zr0.54Ti0.46)O3 single crystals 
 
 

"
Fig. 2. PLM photos of (110) plate (0.023mm thick) of Pb(Zr0.58Ti0.42)O3 single crystal at different 
positions of crossed polarizers and temperatures 
 
 

 
Fig. 3. The temperature dependence of birefringence and extinction angle of Pb(Zr0.58Ti0.42)O3 
single crystal 

163



Structural transition in Pb(In1/2Nb1/2)O3 under pressure  

   Muhtar Ahart1(maihaiti@ciw.edu), Seiji Kojima2, Z.-G. Ye3, Russell J. Hemley1 
 

1Geophysical Laboratory, Carnegie Institution of Washington, 
5251 Broad Branch Rd., NW, Washington DC 2005  

 
2Institute of Materials Science, University of Tsukuba,  

Tsukuba, Ibaraki 305 8573, Japan 
 

3Department of Chemistry and 4D LABS, Simon Fraser University,  
Burnaby, BC, V5A 1S6, Canada 

  
 

The Pb-based perovskite relaxor ferroelectrics and related materials are being used in a 
new generation of electromechanical devices. They have high piezoelectric coefficients 
with electromechanical deformations one order of magnitude larger than those of 
conventional high piezoelectric PbZrO3-PbTiO3 (PZT) ceramics [1,2]. The exceptional 
electromechanical properties of these Pb-based materials have generated intense interest 
in both scientific and industrial communities. While extensive theoretical and 
experimental studies have advanced our understanding of relaxors [3-8], their properties 
are still poorly understood. These difficulties stem from the complexity of these 
materials, which have a high degree of compositional, structural, and polar disorder. 
 
Here we focus on the Pb(B 1/2B 1/2)O3-type relaxors, the degree of cation ordering at the 
B-site can depend on the heat treatment at high temperatures. A well-annealed sample of 
B-site ordered Pb(Sc1/2Nb1/2)O3 (PSN), Pb(Sc1/2Ta1/2)O3 (PST), and Pb(In1/2Nb1/2)O3 
(PIN) undergoes a normal ferroelectric/antiferroelectric phase transition, while a 
quenched one with a B-site disorderd Pb(B 1/2B 1/2)O3 shows relaxor nature.  Application 
of pressure can tune the physical properties of relaxors and introduce new phenomena  
[5,6]. 

We employed Raman scattering and x-ray diffraction to investigate the behavior of PIN 
under pressure up to 50 GPa at 300 K. Figure 1 shows a set of typical Raman spectra for 
PIN at selected pressures. The bands are broad in comparison to the first-order scattering 
of conventional ferroelectrics, such as PbTiO3, which show sharp peaks in their polar 
phases. The sharp peak near the 370 cm 1 increases its intensity with pressure. The 
linewidth of the band at 550 cm 1 also increases with pressure, and two of the Raman 
peaks merge above 10 GPa. The structural phase transition is particularly associated with 
the splitting of the 50 cm-1 peak above 16 GPa. In most Pb-based relaxors, the Raman 
band at 50 cm-1 shows a slight hardening with pressure, but no splitting is observed at 
higher pressure. The pressure evolution of the diffraction patterns for PIN shows obvious 
splitting above 16 GPa, particularly for pseudo-cubic [110], [111] and [220] diffraction 
peaks; the results indicate a lowering symmetry transition in PIN.  
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In summary, we find that the Raman spectrum of PIN, contrary to most Pb-based 
relaxors, shows a splitting around 50 cm-1 peak above 16 GPa. The change is attributed to 
a structural phase transition from R3m to a non-cubic paraelectric phase above 16 GPa.  
 

 

 

Figure 1. Representative Raman spectra of PIN at selected pressures.  
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Alkaline Bismuth titanate (Na0.5Bi0.5)1-xBaxTiO3 (NBT-x%BT) solid solution is considered to 
rank among the most promising lead-free alternatives in actuator applications to the lead 
containing piezoelectric crystalline materials like Pb(Mg1/3Nb2/3)1-xTixO3 (PMN–PT), 
Pb(Zn1/3Nb2/3)1-xTixO3 (PZN-PT) or Pb(ZrxTi1-x)O3 (PZT). Why could the Bi containing 
material be a competitive alternative to the traditional lead containing materials? Both Bi3+ 
and Pb2+ cations share the identical electronic structure, high electric polarizability, and 
furthermore NBT-BT solid solution exhibits relaxor behavior and a smeared morphotropic 
phase boundary (MPB) between near-cubic rhombohedral and tetragonal phases like in PZT 
[1, 2]. The dielectric permittivity and piezoelectricity peak at MPB [3] where the coexistence 
of phases occurs. It means that the morphotropic NBT-BT is sensitive to electric field and 
consequently even relatively small electric field can irreversibly induce a ferroelectric phase 
in NBT-BT like in PMN relaxor [4,5]. 
 Recently, NBT-BT single crystals with composition close to the MPB (x = 6 %) have been 
successfully grown by the top-seeded solution growth method [6]. Single crystal 
measurements show that [100], [110] and [111]-poled samples exhibit interesting 
piezoelectric and dielectric properties, which can be qualitatively explained by the effects of 
domain engineering [3]. The availability of single crystals made possible a more detailed 
investigation of lattice dynamics in this system, e.g. using Raman spectroscopy [7]. In this 
contribution, inelastic neutron scattering measurements on NBT-4%BT single crystal will be 
presented in a wide temperature range (80 – 900 K). The data have been partially published in 
Ref.8. 

Fig. 1. Phonon dispersions of NBT-4%BT in the (220) and (020) Brillouin zones along the 
transverse direction at several temperatures. The collected data were independently 
analyzed as constant-energy scan sets (open squares: positions of Lorentzian bands) and 
constant-Q scan sets (full squares: frequencies of damped harmonic oscillators). 
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 The aim of this presentation is to address the apparent vertical dispersion of soft branch 
(the so-called waterfall anomaly) in NBT-4%BT single crystal that is shown in Fig.1. The 
waterfall was first found in the PZN-PT relaxor crystals [9] and then observed in many other 
relaxor systems, e.g. PMN-PT [10]. Soon after its discovery, it was proposed that the phonon 
wave vector qwf, at which the waterfall anomaly occurs, reflects the size of polar nanoregions 
in relaxors [9]. Nevertheless, the same phenomenon was also observed in simple non-relaxor 
ABO3 perovskites (e.g. BaTiO3 and NaNbO3 single crystals [11,12]) in which the 
characteristic wave-vector value qwf would indicate a domain size much smaller than the size 
of macroscopic ferroelectric domains. Therefore it is strongly suggested that the waterfall 
anomaly in relaxors is independent of the size of their polar nanoregions. The anomaly is also 
independent of chemical disorder, since although all these above mentioned compounds share 
the ABO3 perovskite crystal structure, they differ significantly. The chemical disorder 
concerns the A-positions in NBT-BT, whereas rather B-positions in both PMN and PZN 
compounds. Moreover, the simple non-relaxor BaTiO3 and NaNbO3 perovskites are ideally 
free of disorder. 
 Our findings support a generic, anharmonic phonon-coupling nature of the waterfall 
anomaly [13] rather than a dependence on relaxor properties. 
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Recently, relaxor ferroelectrics have become important in technological applications resulting in a revival of inter-
estn in this fundamental scientific problem. Compared with normal ferroelectrics, relaxor-based materials exhibit a
stronger piezoelectric effect, a giant permittivity, and unique dielectric response which shows broadening peaks in
temperature and frequency dispersion. Relaxors have been used in transducers for medical ultrasound equipment,
actuators, electrical generators, infrared detectors and capacitors and are also expected to be useful for a variety of
new applications. In terms of scientific interest, relaxors exhibit fascinating phase transitions on cooling. The inverse
dielectric response starts deviating from the Curie-Weiss law at Burns temperature(Td) significantly above the Curie
temperature(Tc). These effects have been ascribed to the appearance of polar nanoregions (PNR) at Tb due to the
random fields in the material, with the size and the interactions of the PNR increasing up to the freezing temperature
(Tf ). Despite many investigations of relaxors the detailed microscopic understanding of the connection between the
structure and dynamics in relaxors is still lacking with no clear definition of the structural order parameter for the
relaxor transitions.

In this work, we analyze the instantaneous g(r, t), time-averaged G(r, ω = 0) and dynamic G(r, ω) PDFs [1] obtained
from molecular dynamics (MD) simulations of a 12×12×12 0.75PbMg1/3Nb2/3O3-0.25PbTiO3 (PMNT) supercell to
examine the changes in local structure and dynamics through the relaxor phase transitions. Our previous atomistic
simulations for this material has shown that even small 6×6 × 6 supercells exhibit all the dielectric signatures of
relaxor behavior. [2] Comparison of our DPDF results with those of Dmowski et al shows good agreement between
the experimental and computational DPDF intensity changes and suggests that our simulations are a good basis for
investigating the structure and dynamics in relaxor ferroelectrics.

Analysis of cation-oxygen time-averaged and instantaneous PDFs clearly shows three phase transitions occurring
at Tb=550 K, T ∗=500 K and Tc=400 K. The values of all three transition temperatures are agreement with previous
experimental work. We estimate the magnitude of Pb displacements by a difference in the Pb-O peak position from
2.8 Å peak position of the symmetric (G(r, ω = 0) in the paraelectric (PE) phase and plot the DInst

Pb obtained from
g(r, t = 0) and Davg

Pb obtained from (G(r, ω = 0) (Fig 1a). There are four distinct regions; at T > Tb, DInst
Pb is small

and Davg
Pb is zero. For 475 K< T <550 K, Dinst

Pb increases rapidly, going from 0.15 Å to 0.35 Å while Davg
Pb is still zero

corresponding to the dynamic relaxor phase. The increase in Dinst
Pb is due to the greater local correlation between Pb

displacements. Pb atoms displacements in the neighboring unit cells are coupled, so that a correlated displacement
in the same direction (even if it is time-averaged to zero) allows a great magnitude of off-centering. The fact that a
very local quantity such as Pb displacement magnitude shows order parameter behavior for a highly complex physical
system such as relaxors is a signature of the local nature of the interactions underlying relaxor behavior.

To examine the correlations between Pb displacements, we investigate the temperature changes in peak heights of
g(r, t = 0) for Pb-Pb partial PDFs (Figure 1b), plotting the heights of the Pb-Pb g(r,t = 0) along the (100), (110)
and (111) directions. At T > Tb, we see that the data for (100), (110) and (111) all fall on the same curve, which
can be fit to g(r,t=0)=a+b/r1.5, indicating that the correlations and the potential energy surface is isotropic. Since
the coupling constant is proportional to the square of the full width at half-maximum (FWHM), this means that
the coupling between the displacements scales as r3. This suggeststhat the interactions are purely or largely of the
dipole-dipole kind. This is also the case for the Pb-Pb g(r,t=0) of the PE phase of PbTiO3 (Figure 1b). At 500 K,
below Tb, the (110) and (111) data show only a slight difference from the (110) and (111) data at 600 K and both fall
on the same curve. However, the (100) peak heights show two dramatic differences. First, they are larger and second,
the dependence on r changes from 1/r1.5 to 1/r. At 400 K the same behavior is observed, except that the data for
the (100) direction are even higher, indicating stronger coupling between the nearest neighbor Pb atoms along the
(100) direction.

Examination of the dynamic PDF data reveals the spatial extent of the correlation. Since DPDF intensity measures
the in-phase oscillations of the atomic pairs, it is directly related to the in-phase oscillations of the individual dipole
moments formed by the cation off-center displacement in its O cage. We find that all DPDFs exhibit peaks at 1-7 meV
range, similar to the phonon energies at which the waterfall effect has been observed. The DPDF data along the (100)
direction show a strong increase in the DPDF intensity at low ω starting at Tb. The intensity weakens as r increases
from 4 Å to 20 Å, but the appearance of low-ω peaks at Tb and their shift to lower frequencies with lower T is present
for all DPDF along the (100) direction as shown by the (400) peak DPDF data (Figure 2a). For the (110) and the
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FIG. 1: a) The magnitude of the instantaneous and the time-averaged Pb, Nb and Ti off-center displacements as a function
of temperature. (b) Pb-Pb g(r, t = 0) peak heights versus distance for PMN-PT. Also shown are the rescaled peak height data
for the Pb-Pb g(r, t = 0) of the paraelectric phase of PbTiO3. In the PE phase of PT and PMN-PT, the data for (100), (110)
and (111) directions all fall on the same curve. For T < Tb, the data for (100) direction falls on a different curve from the
data (110) and (111), indicating stronger coupling and higher correlation along the (100) direction. The lines through the data
are given by the fit to y=a+b/x for the (100) data, and to y=a+b/x1.5 for all other data. (c) Dynamic Pb-Pb PDF for the
(500) peak; strong intensity at low ω is present for T < Tb. (d) Dynamic Pb-Pb PDF for the (330) peak. Here, low intensity
is observed for all T .

(111) directions, the increase in in-phase vibration intensity is observed for the short-range (110) and (111) peaks,
but these effects decay dramatically with increasing distance, such that for the (330) and the (222) peaks, we find
essentially zero DPDF intensity for all temperatures, indicating a complete lack of correlated in-phase oscillations.
(Figure 2b). Thus, the region of correlation is strongly anisotropic, of cylinder-like shape, with a long axis along the
(100) direction and with a radius of around 7.5 Å. This is slightly larger than the 5 Å estimated for the size of PNR
by Gehring based on diffuse scattering data.

The current understanding of the relaxor transitions is that small and dynamic spherical PNR embedded into a
paraelectric matrix form at Tb; the PNR then grow, show smaller polarization fluctuations and start to freeze in at T ∗.
At Tf a static inhomogeneous relaxor state is present consisting of static PNR in a statically non-polar matrix, with
volume fraction of the PNR equal to 0.3. In contrast, we find strong anisotropy in the system for all temperatures,
with the (100) direction showing strong correlation across several neighbor shells, however, for (110) and (111) only
the nearest neighbor shells show correlations. Extending an analogy of Pirc and Blinc between the ferroelectric to
paraelectric and the solid to liquid transition, we suggest that structure and dynamics of the relaxor phase are similar
to those of water, where an overall dynamic nature is preserved while a random hydrogen bond network is formed,
with preferential bonding directions and clusters of various sizes. In relaxors, at Tb a coupling network mediated by O
atoms is formed on the Pb and the B-cation sublattices along the (100) directions. Similar to water, the directionality
of the coupling gives rise to the complex dynamics.

[1] W. Dmowski, S. B. Vakhrushev, I.-K. Jeong, M. P. Hehlen, F. Trouw, and T. Egami, Phys. Rev. Lett. 100, 137602 (2008).
[2] I. Grinberg, Y.-H. Shin, and A. M. Rappe, Phys. Rev. Lett. 103, 197601 (2009).
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Compositional inversion symmetry breaking in PbTiO3/SrRuO3 superlattices
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Artificially layered oxide superlattices provide many opportunities to develop systems with novel
and tunable properties. Perovskite oxides are particularly appealing to use as the parent materials
for these artificial structures, as within relatively similar crystal structures a large number of distinct
physical properties can be achieved by the placement of different cations on the A and B sites in
the ABO3 perovskite unit cell. As far as ferroelectric superlattices are concerned the insulating
titanium perovskite oxides (e.g. PbTiO3, BaTiO3, CaTiO3 and SrTiO3) have to date been the most
popular building blocks, but the need for new functionalities, particularly related to magnetism,
demands that we expand this set.

The much-studied compound SrRuO3 provides the proof of concept that metallic magnetic oxides
can transform into thin-film dielectric components in certain heterostructures. In bulk, SrRuO3 has
the distorted perovskite orthorhombic Pnma structure, is metallic, and is ferromagnetic below Tc =
160 K ; it is a commonly used electrode material for oxides, and the interface with ferroelectric oxides
has been much studied. However, SrRuO3 becomes insulating in layers of thickness less than 4 unit
cells; this behavior has been observed in thin films [1–3], and in SrTiO3/SrRuO3 superlattices[4, 5].
As we will show here, a similar effect also occurs in PbTiO3/SrRuO3 superlattices, with single unit
cell thick SrRuO3 layers in which display clear ferroelectric hysteresis.

FIG. 1. Six possible interfaces within

a PbTiO3/SrRuO3 superlattice. The

two marked ”Stoichiometric” break in-

version symmetry.

A second motivation for creating PbTiO3/SrRuO3 super-
lattices is that, as they have both A and B site variation,
inversion symmetry can be compositionally broken [6, 7]. A
result of compositionally breaking inversion symmetry is that
an asymmetry is introduced in the ferroelectric double well
potential which can lead to ”self-poling” materials. Composi-
tional breaking of inversion symmetry has been demonstrated
experimentally in tri-color superlattices containing BaTiO3,
CaTiO3 and SrTiO3 [8, 9], but little attention has been paid
to the significance of these effects in bi-color superlattices.

High quality PbTiO3/SrRuO3 superlattices were made us-
ing rf-magnetron sputter deposition. X-ray diffraction, trans-
mission electron microscopy (TEM), and atomic force mi-
croscopy (AFM) were used to ascertain film quality as well as
determine layer thickness to ensure a single unit cell SrRuO3

layer. The superlattices were grown to all have 1 u.c. thick
layers of SrRuO3, but PbTiO3 layers of different thickness.

In PbTiO3/SrRuO3 superlattices where the SrRuO3 is
one unit cell thick, stoichiometric interfaces will composition-
ally break inversion symmetry. However, non-stoichiometry,
which could occur on the local level, even in a sample which is
globally stoichiometric overall, could lead to interfaces which
maintain inversion symmetry (see Fig 1). Synchrotron x-ray
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FIG. 2. A 6/1 PbTiO3/SrRuO3 superlattice. Left: A 2θ/θ x-ray diffraction scan showing the 001 and 002

Bragg peaks, as well as superlattice satellite peaks. Right: A TEM image.

diffraction at X22C at NSLS was performed and comparisons were made between simulated x-ray
diffraction patterns for these interfaces and the experimentally measured patterns (Fig 2, left).
These results tend to exclude the possibility of either the Sr or Ru excess interfaces. On the
other hand as both Ru and Sr were found in the TEM image, (Fig 2, right) we can also exclude
the Sr or Ru deficient interfaces, suggesting that we do indeed have the necessary interfaces to
compositionally break inversion symmetry.

Our experimental evidence pointing towards stoichiometric, symmetry breaking interfaces is
supported by the first principles calculations. Calculations were done to determine the forma-
tion energies of the possibly stoichiometric and non-stoichiometric. For most of the calculated
superlattices, the stoichiometric interface was energetically preferred. Further evidence for the sto-
chiometric interface was obtained by measuring the average tetragonality (c/a) and polarization of
the superlattices by x-ray diffraction and comparing to first principles results.

As the compositional breaking of inversion symmetry gives rise to novel dielectric properties,
the samples dielectric constants were measured as a function of applied bias, and compared to the
expected behavior predicted from an asymmetric double well potential. By combined analysis of
ferroelectric hysteresis, dielectric response, leakage current and first principles calculations we have
built a detailed picture of the role of the artificially layered structure and specifics of the interface
in determining the properties of our artificial materials.
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Ferroelectric and Dielectric Properties of BaTiO3/Ba(1-x)SrxTiO3 Superlattices 
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Artificially designed superlattices (SL) composed of alternate layers of BaTiO3 (BT) and 
SrTiO3 (ST) have attracted interests due to the possibility of producing superior and 
novel functional properties, which have potential for device applications. We have 
fabricated SL of BT/Ba(1-x)SrxTiO3 (BST) with x = 0, 0.3, 0.4, 0.5, 0.6, 0.7, 1,  utilizing 
multi-targets and  pulsed laser deposition technique. The modulation period (!) in all SL 
was  != 80 Å and the total thickness of each SL films was ~600 nm. The x-ray 
diffraction revealed well oriented (00l) perovskite structure and the so-called satellite 
peaks. The polarized Raman spectra showed a substantial transformation of the 
ferroelectric E(1TO) soft mode, depending on the ratio of Ba/Sr in the BST layer.  The 
dielectric constant of SL showed linear frequency dispersion above 20 kHz, and their 
values are in the range of 400 to 900 at 1 kHz, while the tangent loss values were below 
0.1 at 1 kHz. Well defined ferroelectric loops were observed in all of the superlattices at 
different frequencies (1 kHz-10 kHz), with remanent polarization (2Pr) ~10 µC/cm2.  An 
improvement in the saturation of the ferroelectric loop was observed with increase of Ba 
composition in BST layer. All of the fabricated superlattices show very low leakage 
current far above its coercive field.   
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FIG. 1. Experimentally measured properties of the superlattice

as a function of the PbTiO3 volume fractoin X. Left column,

Top: Tetragonality.Left column, Middle: Dielectric constant at

zero applied field. Left column, Bottom: Percent tunability of the

dielectric constant for an applied voltage of 6V. Right column,

Top: Stable ferroelectric polarization, Right Column, Middle: To-

tal switched polarization (this is greater than the stable polariza-

tion as some of the polarization relaxes back to it’s original con-

figuration after switching). Right Column, Bottom: out of plane

piezoresponse to an electric field applied out of plane, ie. d33,
units are arbitrary.

Large piezoelectric responses,
such as those seen in PbZrxTi1−xO3

in the vicinity of the compositional
morphotropic phase boundary, can
occur when the direction of the po-
larization in a ferroelectric material
can rotate. Here we show exper-
imentally that a similar enhance-
ment of the piezoelectric response
can be achieved in artificially layered
epitaxial superlattices composed of
alternating layers of PbTiO3 and
CaTiO3 deposited on SrTiO3 sub-
strates by RF magnetron sputter-
ing. The exceptional quality of our
samples is demonstrated by x-ray
diffraction and transmission electron
microscopy.

The structural and functional
properties of the materials have been
measured as a function of relative
layer thickness, and plotted in Fig 1
in terms of the PbTiO3 volume frac-
tion

X = NPTO

NPTO+NCTO

where N refers to the number of
unit cells of the material type (in-
dicated by the subscript) in each
bilayer. Electrically measured fer-
roelectric polarization and dielectric
constants, corroborate the enhance-
ment of d33 we have measured ex-
perimentally at volume fractions be-
tween 0.8 and 0.9 using piezoforce
microscopy.
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The structural changes which allow polarization rotation have been directly measured using
grazing incidence in-plane x-ray diffraction (at NSLS X21 and X22C) (Fig. 2) which show in-plane
polarization components developing, initially along (100) transitioning to (110) as the thickness
of PbTiO3 layers in the superlattice is changed. Finally, the domain structure has been imaged
with piezoforce microscopy, further confirming polarization rotation and explaining the unusual
switching dynamics observed in our electrical characterization.

5/3                        10/3                         15/3                       18/3 

11
0 

10
0 

FIG. 2. Grazing incidence surface x-ray diffraction was performed at the NSLS X21 and X22C beamlines

allowing us to map in plane periodicities in reciprocal space in the vicinity of the substrate, which show how

the polarization directions change as the thickness of the PbTiO3 layer is changed. Shown are in-plane maps

around the 100 and 110 SrTiO3 substrate peaks for 4 samples going from 5/3 to 18/3, ie. the PbTiO3 layer

thicknesses within each bilayer is 5 units cells in the first map and 18 unit cells in the last. The CaTiO3

layer within each bilayer is 3 unit cells thick.

Our results are interesting as they highlight a route to engineering enhanced piezoresponse
through the layering of material with competing desires regarding their polarization direction,
even when the entire film is epitaxially constrained to a substrate.
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Multiferroic BiFeO3 (BFO) exhibits long-range-ordered and coupled electric and 

magnetic degrees of freedom in their bulk or low-dimensional forms [1,2], which 

partly explains why they are being so much studied. Heterostructures containing BFO 

have recently become an active research topic [3,4]. Here, we investigate the effect of 

epitaxial strain on properties of (001) PbTiO3/BiFeO3 (PTO/BFO) short-period 

superlattice (SL) films by performing first-principle calculations. 

 

Four phases and two resulting isosymmetric strain-induced phase transitions are 

discovered in the PTO/BFO SL. In the monoclinic Pc Phase-I and monoclinic Pc 

Figure 1. Predicted total energy (left vertical axis) and axial ratio (right vertical 
axis) versus the in-plane lattice parameter for the equilibrium phases in the 
[PTO]3/[BFO]3 superlattice. The inset displays the monoclinic angle. 

177



Phase-II, which occur for in-plane lattice parameters ranging between 3.77 <aIP< 4.07 

Å and 3.59 <aIP< 3.77 Å, respectively, the polarization and the axis about which the 

antiphase oxygen octahedra tilt rotate when varying the epitaxial strain. Giant 

out-of-plane polarization and large out-of-plane octahedra tilting are also found in the 

monoclinic Pc Phase-II. For the large compressively-strained PTO/BFO SL films 

(namely, for aIP less than 3.59 Å), the equilibrium phase is now tetragonal P4bm. This 

phase is denoted as Phase-III, and is characterized by giant out-of-plane polarization 

and large out-of-plane octahedra tilting. Finally, for aIP around 4.07 Å (which 

corresponds to tensile strains), the monoclinic Pc Phase-I transforms to a third 

monoclinic Pc state (Phase-IV). This latter state exhibits large in-plane polarization 

but also, surprisingly, a nonzero out-of-plane polarization. Unexpected in-phase 

out-of-plane octahedra tilting and inhomogenous cation motions are also found in this 

Phase-IV. Layer-by-layer decomposition of polarization and of oxygen octahedral 

tilting will also be presented, along with properties of pure (001) PTO and BFO films, 

in order to better understand the origins of the four aforementioned phases in the SL. 

 

This work is supported by the Department of Energy, Office of Basic Energy 

Sciences, under contract ER-46612, ONR Grants N00014-11-1-0384 and 

N00014-08-1-0915, and NSF grants DMR-1066158 and DMR-0701558. Some 

computations were also made possible thanks to the ONR grant N00014-07-1-0825 

(DURIP), a Challenge grant from the Department of Defense, and the MRI grant 

0722625 from NSF. 
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In infinitive single crystalline samples acoustic phonons are infrared inactive because they 
have no electric dipole connected with their motion to couple to applied field and 
conservation laws for impulse and energy are not satisfied because of great difference 
between the velocities of light and sound. The situation is radically changed in a piezoelectric 
multilayer (superlattice) media. In a periodic superlattice, a new translational symmetry 
results in the folding of the Brillouin zone into a mini-Brillouin zone due to the artificial 
periodicity defined by the superlattice. This folding of the acoustic phonon branches gives rise 
to additional optic-phonon-like modes of the superlattice with non-zero frequencies at the 
center of the Brillouin zone. The folding of phonon dispersion causes an intersect of light-
phonon dispersions and satisfies resonance condition. The mechanical deformation in 
piezoelectric materials produces electric polarization, which already can couple to external 
electric field. A quantitative explanation of the data can be improved in terms of a simple 
theory which involves the activation of the acoustic phonons due to their interaction with soft 
mode. Periodic superlattices of semiconductors and other materials have been extensively 
studied using spontaneous Raman scattering techniques since 1980s. Surprisingly little 
attention to our knowledge has been paid to the infrared studies of superlattices so far. 
Here we report a experimental study of acoustic phonon modes in a BaTiO3/SrTiO3 
ferroelectric perovskite superlattice. The reflectance measurements were performed on fully 
commensurate [(BaTiO3)8 /(SrTiO3)4]50 and [(BaTiO3)8/(SrTiO3)4]40 superlattices fabricated 
from 8 and 4 unit cell thick BaTiO3 and SrTiO3 layers, respectively, repeated 40 or 50 times 
along the growth direction. They were grown by reactive molecular-beam epitaxy on (110) 
DyScO3 and (110) SmScO3 single crystal substrates. We demonstrate that the folded acoustic 
modes can be effectively observed by the far-infrared reflectivity (FIR) and terahertz 
reflectivity techniques. The both techniques give very similar results in the overlapping 
spectral range. Clear absorption features of first-order acoustic phonons in the spectra of 
perovskite BaTiO3/SrTiO3 superlattice are present. The observed frequencies match well with 
the calculated acoustic branches evaluated using their sound velocity. The high-order folded 
modes are very weak and therefore are not usually observed. This contrasts with 
semiconductor superlattices where up to 7 orders folded phonons have been observed but it is 
in agreement with Raman observation.  
The experimental data provide a basis for creating a model, which explain the mechanism 
which makes the acoustic mode to be infrared active. Evidence exists of a strong coupling in 
these piezoelectric materials between acoustic vibrations and polarization. The presence of a 
permanent polarization below TC leads to a strong electro-optic coupling which is 
proportional to the ferroelectric polarization. These two specific features, namely a strong 
coupling between acoustic vibrations and polarization, and between the latter and radiation, 
form a base for strong elasto-optic coupling operative in the ferroelectric phase. 
 
This work was partially supported by the Grant Agency of the Czech Republic under Contract 
No. P204/11/1011 and by the Ministry of Education of the Czech Republic under Contract 
ME08109. 
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Lead-free ferroelectric ceramics with a perovskite structure based on (Na0.5Bi0.5)TiO3 

(NBT)  and La(Mg0.5Ti0.5)O3 (LMT) solid solutions were investigated using broadband 
dielectrics spectroscopy methods. Dielectric properties of the NBT–LMT ceramics in 100 Hz – 1 
GHz frequency band were presented in [1]. 

In this work, the xNBT–(1-x)LMT ceramics with x equal to 0.80, 0.85, 0.90 and 0.95 were 
studied in 300 – 820 K temperature range and 1 MHz – 1 GHz frequency band. Dielectric 
measurements were carried out using Agilent 8714ET vector network analyzer with coaxial line 
setup. Since coaxial line is highly prone to oxidation, the measurements were done in argon 
atmosphere on cooling with a rate of 1 K/min. All samples were coated with Pt electrodes. 

The impedance parameters were calculated using the dielectric data obtained from coaxial 
line measurements. 

  

Figure 1. Frequency dependence of electric conductivity of 
xNBT–(1-x)LMT ceramics with x = 0.95. 

Figure 2. Static conductivity of xNBT–(1-x)LMT ceramics with 
different values of mole fraction of NBT as a function of inverse 

temperature. 

Because of argon atmosphere, very high conductive losses were observed. These losses can 
be associated with loss of oxygen leaving ceramics at such conditions, thus forming mobile 
vacancies. This is why the conductivity-temperature dependencies were calculated from the 
dielectric data. It is possible to derive DC conductivity value having sufficient frequency data.  

 Solid lines in figure 1. represent the fit of the data with the following equation: 
DC

nfA !! +"= . 
Here, A and n are constants which describe frequency dependence of conductivity, and !DC 
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is DC conductivity. In all cases the frequency range of 1 MHz – 40 MHz was used to fit 
experimental data. Dependencies of static conductivity for all ceramics on inverse temperature 
are shown in figure 2. Solid lines represent the Arrhenius law fit: 

kT
E

DCDC

A

e
!

"= 0## . 
Here, !DC0 represents infinite temperature static conductivity, E – activation energy, T – 

temperature and k – Boltzmann constant. 
 Step changing of activation energy was obtained on 690K, which is probably related to 

phase transition like in pure NBT from paralastic to ferroelastic phases [2]. The activation energy 
and !DC0 dependence vs. NBT concentration is shown on figure 3.  

 
 

Figure 3. Activation energy (triangles) and conductivity prefactor 
(circles) of the static conductivity of xNBT–(1-x)LMT ceramics 
versus the NBT mole fraction at the temperatures lower  690K 

(filled dots) and higher 690K (empty dots). 

Figure 4. MN plot at the temperatures lower  690K (circles) and 
higher 690K (triangles). 

It looks like EA dependence on ( )0log DC!  is linear: 
( ) ADC Eba !+=0log "  

Here a and b are constants. This relation is known as the Meyer-Neldel (MN) rule [3].  
The performed measurements allow to conclude that increase of LMT content lowers the 

activation energy of static electric conductivity, which is related to oxygen vacancies. At high 
temperatures (above 700 K) conductivity is lower when LMT content is increased. At figure 4 
we can see a straight line, which means that MN rule is valid at both phases. The origin of MN 
rule in NBT–LMT ceramics is not known yet. 
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The strontium barium niobate SrxBa1-xNb2O6 
(SBN) is a ferroelectric family of solid 
solutions in which the content of Sr strongly 
influences the structure, the dielectric behavior 
and Curie temperature, among other properties. 
For Sr content 0.25 < x < 0.75 the family 
crystallizes in an unfilled tetragonal tungsten-
bronze structure, where a framework of oxygen 
octahedra, with Nb atoms at their centers, is 
linked forming three types of channels along 
the c-axis: square, pentagonal and triangular 
ones.1 The general formula (A)2(B)3(C)1Nb2O6 
allows three metallic atoms to enter into the 
channels. The A site (inside the squared 
channels) is partially occupied by Sr, the B site 
(inside the pentagonal channels) by Sr and Ba, 
and the C site (inside the smallest triangular 
channels) is empty in SBN. The intrinsic 
disorder of the structure (due to partial 
occupancy of the channels) is the source of 
many unusual properties, as the strong 
dielectric anisotropy, and the change of 
dielectric character from ferroelectric to relaxor 
on increasing the Sr content (x > 0.48).2,3 The 
Ba/Sr ratio affects the occupancy of the sites 
and, presumably, the dynamics of the phase 
transition. 
 The crystal structure of SBN in the 
paraelectric phase is tetragonal, probably with 
the centrosymmetric point group 4/mmm, like 
in other tungsten bronzes.4,5 The ferroelectric 
phase is also tetragonal with the space group 
P4bm.1,6 An incommensurate modulation 
related to the positions of oxygen atoms is 
present in the crystal with a two-dimensional 
modulation vector q=(¼+δ)(a* b*)+½c*. This 
modulation is enhanced by the Sr content.7 
 Dynamics of the phase transition was 
studied by Raman spectroscopy for several 
compositions.8,9,10,11 New phonon modes were 
observed below the phase transition due to the 

symmetry change, but no clear soft mode was 
found. Phonon anomalies were seen, however, 
in some tungsten bronzes.9,12 
 

 

a

b
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        FIG. 1: Structure of the SBN crystals. 

 
IR reflectivity spectrum of SBN-61 was studied 
by some of us, together with the broad dielectric 
spectra from THz down to MHz.13 No soft 
mode was evidenced and a strong and broad 
relaxation appeared to be responsible for the 
transition. The relaxation obeys a classical 
slowing down from the GHz to MHz range, and 
it was assigned to dynamic disorder of Sr and 
Ba atoms at pentagonal sites. Supporting this 
picture, central peaks at very high temperatures 
were discovered by Brillouin scattering,14 and 
neutron scattering15 in SBN-70 and SBN-45 
(halfwidth ~ 3meV) and assigned to the an-
harmonic hopping motion of Ba/Sr atoms in B 
sites. 
 Although the prevailing mechanism for the 
ferroelectricity in tungsten bronze samples 
seems to be of order-disorder type, some 
questions remain to be answered: what is the 
order parameter of the transition? Is the shift of 
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metallic cations relevant for the ferroelec-
tricity? It is also not clear how the different 
occupancy of the sites in the channels affects 
the phonon parameters in the low frequency 
part of the spectra.  
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FIG. 2: Raman spectra of SBN crystals with 
different Sr content at room temperature in the 
X(ZZ)X configuration. 
 

In these studies we measured different SBN 
crystals with concentrations ranging from 
x = 0.35 to 0.81 using IR reflectivity and 
Raman spectroscopy in the temperature interval 
15-700 K. The aim of the studies is to compare 
past Raman data with new acquired data in 
more compositions and mainly with IR data, 
which are mostly absent in the literature.  
 

0 100 200 300 400 500 600 700 800 900
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 

 

R
ef

le
ct

ivi
ty

Wavenumber (cm-1)

 x=0.35
 x=0.50
 x=0.61
 x=0.81

SrxBa1-xNb2O6

E||c
A1 modes

 
FIG. 3: IR reflectivity spectra of SBN crystals with 
different Sr content at room temperature for the E||c 
polarization. 

 

We have studied the influence of the Sr/Ba 
distribution on the phonon parameters and we 
have focused on the ferroelectric member of the 
family (x = 0.35). This compound, with TC 
~ 460 K, is no relaxor and has no Sr/Ba disorder 
in the pentagonal channels. Therefore it can 
help to better understand the microscopic 
mechanism of the ferroelectricity in tungsten 
bronzes. 
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Recently, Kleeman with co-workers studied KTaO3 doped with Mn [1-3]. Average grain size of the 

ceramics was 1-5 µm. The appearance of ferroelectric and ferromagnetic orderings in microregions, 

namely the states of spin and orientation glasses, has been established. That allowed authors to 

attribute K(Mn)TaO3 to the subclass of electro-magnetic materials, categorized as disordered 

multiferroics.  

In the present work nanoscaled powders of KTaO3 doped with different amount of manganese were 

synthesized for the first time. Ta powder, KNO3, KOH and Mn(NO3)2*6H2O were used as the row 

materials for the synthesis. The concentrations of the Mn(NO3)2*6H2O varied from 0.1 to 20 mol.%. 

Morphology of the particles was studied by TEM. The location of Mn2+ ions in the host lattice and 

the type of interaction between Mn2+ ions were defined at every doping level by using an EPR 

method. X-band EPR spectra of KTaO3:Mn nanopowders were obtained within the temperature 

interval of 77-620 K. The effect of the dopant concentration was investigated. Comparison analysis 

between spectroscopic parameters of single- and nanocrystals of KTaO3:Mn was made. 

As was shown by TEM, the particles are mostly of rectangular parallelepiped shaped with sizes of 

about 60 nm in side of square cross section and of 100-150 nm in length. The EPR spectra exhibit 

two types of signals. Signals of the first type (I, II and III in Fig.1) having the linewidth 400-1400 

Oe are attributed to the FMR lines. Their intensities strongly correlate with the concentration of the 

Mn(NO3)2*6H2O and reasonably correspond to the nanoclusters formed of Mn2+ ions. Within the 

clusters an exchange coupling between Mn2+ ions is so strong that the long-range magnetic order 

appears. Signal of the second type (noticed as Mn2+ in Fig.1) is a conventional EPR line. It 

corresponds to the individual paramagnetic Mn2+ ions, which are non-interactive at concentrations 

<5 mol.% of Mn(NO3)2*6H2O (Fig.2). In the case the spectrum is described by the spin-Hamiltonian 

of axial symmetry with parameters: g=2.0022, D=0.0170 cm-1, A=85*10-4 cm-1. At concentrations 

from 5 to 15 mol.% the magnetic dipole interaction between individual Mn2+ ions appears which 

results in the broadening of the hyperfine resonance lines. At concentrations >15 mol.% additionally 

the exchange coupling begins and enhances untill at 20 mol.% the hyperfine structure of Mn2+ EPR 

spectrum disappears completely. Meanwhile, at 15-20 mol.% the intensity of the FMR signals 
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(especially, of signal I) increases sufficiently, reflecting the appearance of the long-range magnetic 

order in the nano(micro)regions. It should be noted that both individual Mn2+ ions and the clusters 

are located in the vicinity of the nanoparticle surface. In other words, they are randomly distributed 

surface impurity centers. As shown in Fig.2, the EPR spectrum of small ammount of individual Fe3+ 

ions was also registered. Fe3+ is an unavoidable impurity in the KTaO3:Mn nanopowder. 

    
Fig.1. Experimental and theoretical EPR spectra   Fig.2. Experimental and theoretical EPR spectra 

of KTaO3:Mn (15 mol.% of Mn(NO3)2*6H2O).  of two samples with different amount of Mn2+:    

1 - 0.1 and 2 - 5 mol.% of Mn(NO3)2*6H2O. 

 

From the temperature dependences of the EPR spectra it was established that Mn2+ ions are situated 

in the static structural positions in KTaO3:Mn nanopowder. Most likely, they replace Ta5+ ions and 

occupy the centrosymmetric places. In such a case an oxygen vacancy can be a charge compensator. 

If compare with a single-crystal KTaO3:Mn, the charge compensator in the nanopowder is located at 

more distance from the Mn2+ ion leading to the subsequent lowering of the axial constant D. 

 
References 

1. V. Shvartsman, S. Bedanta, P. Borisov, W. Kleemann, A. Tkach, and P. M. Vilarinho, Phys. Rev. 

Lett. 101, 165704 (2008). 

2. W. Kleemann, S. Bedanta, P. Borisov, V.V. Shvartsman, S. Miga, J. Dec, A. Tkach, and P.M. 

Vilarinho, Eur. Phys. J. B 71, 407 (2009). 

3. V. Shvartsman, S. Bedanta, P. Borisov, W. Kleemann, A. Tkach, and P. M. Vilarinho, J. Appl. 

Phys. 107, 103926 (2010). 

185



Evaluation of defect dipole dissociation energy in rare earth and magnesium co-doped BaTiO3 
by TSDC (Thermally Stimulated Depolarization Current) measurement 

 
Noriyuki Inoue1, 2, Russell A. Maier1, Atsushi Honda2, Hiroshi Takagi2 and Clive A. Randall1 

1The Pennsylvania State University, 2Murata Manufacturing Co., Ltd. 
 
 

1. INTRODUCTION 
  There are many large application demands for the 
multilayer ceramic capacitors (MLCC) with longer lifetime 
in higher electric fields and temperatures. It is known that 
the degradation of MLCC under high temperature and high 
electric field is caused by the oxygen vacancy migration1-4, 
and the degradation is suppressed by some dopants3-8. 

In this study, we focused on the oxygen vacancy in the 
rare earth-magnesium co-doped BaTiO3, which exhibits 
high reliability in MLCC8-9. TSDC (thermally stimulated 
depolarization current) measurements were conducted and 
were sensitive to defect dipoles and ionic space charge 
contributions. 

Earlier TSDC measurements have been shown to be a 
useful tool to analyze oxygen vacancies in simple dielectric 
materials, such as Fe-SrTiO3, in terms of defect dipoles and 
ionic space charge distributions10-19. Oxygen vacancies in 
acceptor doped samples were trapped by the acceptor and 
make defect dipoles in the initial state.  The oxygen 
vacancies dissociated from the dopants to free ionic space 
charges under the influence of the electric field at high 
temperatures10-12. We studied the behavior of oxygen 
vacancy under different temperatures and electric fields, 
and the kinetics of dissociation can be deduced from the 
change of defect dipole to ionic space charge. 

 
2. EXPERIMENTAL PROCEDURE 

(Ba0.94RE0.06)(Ti0.97Mg0.03)O3 (RE = Dy, Ho) samples were 
synthesized by conventional solid-state reactions. The 
starting materials were BaCO3, TiO2, RE2O3, and MgO, of 
which purities were higher than 99.9%. These materials 
were mixed in the desired stoichiometry for 
(Ba0.94RE0.06)(Ti0.97Mg0.03)O3 and were ball-milled to 
achieve proper mixing. The milled fine powders were 
calcined in air at 1250oC. So-called ceramic green sheets 
were obtained by the doctor blade method, and then they 
were stacked and pressed. The monolithic samples were 
formed into 7 mm ! 7 mm ! 1.2 mm in size. These samples 
were sintered at 1500oC in air to obtain dense ceramics > 
95% T.D. 

TSDC measurements were performed using a pA meter 
(Hewlett Packard 4140B). In this study, the typical profile 
of TSDC measurement procedures are as follows: the 
specimen was heated to a polarization temperature TP, TP = 
120o - 260oC, and polarized for different polarization time, 
tP, tP = 100 - 10800 sec. using a constant dc electric field, 
EP, EP = 100 V/mm. It was then cooled to a starting 
temperature T0, T0 = 100oC, while maintaining the electric 
field. The EP was removed and electrodes were then 
short-circuited for 10 min to depolarize some polarization 

with short relaxation times and to stabilize the current 
values at T0. Then TSDC was recorded as a function of 
temperature at a constant heating rate q, q = 4oC/min. 
 
3. RESULTS AND DISCUSSION 
  Figure 1 shows typical results of TSDC measurements on 
(Ba0.94Ho0.06)(Ti0.97Mg0.03)O3 with polarization field Ep = 
100 V/mm and polarization temperature TP = 140oC. The 
spectra indicate two peaks at temperatures around 150oC 
and 250oC, respectively. Using the theoretical origins of 
TSDC, we can deduce the fundamental origins of the 
depolarization currents associated with each peak.9–18 
  A low temperature peak around 150oC is identified to be 
of dipole origin and is assumed to be the associated defect 
dipole of oxygen vacancy and an acceptor ion occupying 
the Ti site in BaTiO3. A high temperature peak around 
250oC is identified to be of ionic space charge movements. 
The temperature, which shows maximum current density, 
Tm, of high temperature peak increased in a stronger 
polarization condition. This tendency is known to be caused 
by the charge pile up and the formation of ionic space 
charge regions. 

These two kinds of peaks were observed in all samples 
and can be distinguished through experimental methods. 

 

 
Fig. 1. TSDC spectra for (Ba0.94Ho0.06)(Ti0.97Mg0.03)O3 
with EP = 100 V/mm, Tp = 140oC, and tp = 600 – 7200 s. 

 
Figure 2 show the polarization time dependence of defect 

dipole peak intensities for (Ba0.94Dy0.06)(Ti0.97Mg0.03)O3 for 
the polarization conditions: EP = 100 V/mm and Tp = 220oC. 
Defect dipole depolarization peaks showed a constant 
decrease with tp. These peak intensity decreases were 
caused by the oxygen vacancy dissociation from defect 
dipoles to free ionic space charges. 
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Fig. 2. TSDC spectra for (Ba0.94Dy0.06)(Ti0.97Mg0.03)O3 
with EP = 100 V/mm, Tp = 220oC, and tp = 100 – 10800 s. 

 
  Figure 3 shows the polarization time dependence of the 
current density maximum for defect dipole peaks, Jmax for 
(Ba0.94Dy0.06)(Ti0.97Mg0.03)O3. A significant decrease in Jmax 
in this tp range occurred for Tp > 200oC by the dissociation 
reaction of defect dipoles.  

During TSDC measurements, three distinguishable states 
are considered: (A) initial state: associated random defect 
dipoles, (B) second state: oriented defect dipoles, and (C) 
final state: ionic space charges dissociate from the defect 
dipoles and move freely. Such a consecutive reaction model 
is one possible candidate to evaluate the kinetics of the 
dissociation reaction. However, the data of state (A) is the 
concentration of random defect dipoles and cannot be 
obtained by TSDC measurement. 

In the case of the (Ba0.94Dy0.06)(Ti0.97Mg0.03)O3 sample, 
the orientation of defect dipoles by electric field, reaction 
(A) to (B), is almost completed by 200oC, and oxygen 
vacancy dissociation reaction begins over 200oC, so the 
reaction rate constant of (A) to (B) is much larger than the 
one of (B) to (C). As a result, it is possible to assume the 
dissociation reaction (B) to (C) as a pseudo-1st order 
reaction. Fitting results by the 1st order reaction for defect 
dipole concentration decreases for Tp > 200oC in 
(Ba0.94Dy0.06)(Ti0.97Mg0.03)O3 are shown in Fig. 3.  A 
significant linear correlation was obtained from the fitting, 
and the reaction rate constants were evaluated by the 1st 
order rate reaction. Figure 4 shows the Arrhenius plot of the 
dissociation reaction for (Ba0.94Dy0.06)(Ti0.97Mg0.03)O3. The 
evaluated activation energy of the dissociation reaction was 
1.2 eV. 

We also observed the change of dissociation energy by 
the resistivity degradation of the sample by applying 
electric field at high temperature. The change of the energy 
was comparable with the calculated oxygen vacancy 
stabilization energy by ab-initio calculation for rare earth 
and magnesium co-doped BaTiO3 model9. 

 
Fig. 3. Polarization time dependence of ln(J/Jmax) for 
(Ba0.94Dy0.06)(Ti0.97Mg0.03)O3 with EP = 100 V/mm, Tp = 
220 - 260oC, and tp = 100 - 10800s. 
 

 
Fig. 4. Arrhenius plot for (Ba0.94Dy0.06)(Ti0.97Mg0.03)O3, 
where k is dissociation reaction rate constant. 
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Direct Atomic-Scale Measurement of Oxygen Stoichiometry in Cobaltite Thin 
Films 
 
 
Young-Min Kim,1Michael D. Biegalski,1Jun He,1,2 Hans M. Christen,1 Sokrates T. Pantelides,2.1 
Stephen J. Pennycook,1 Albina Y. Borisevich1 
 
1Oak Ridge National Laboratory, Oak Ridge, TN 
2Vanderbilt University, Nashville, TN 
 

Functionality of ionic materials and devices exemplified by solid oxide fuel cells and 
memristors is underpinned by the dynamics of oxygen vacancies. Of interests for these 
applications is vacancy injection and annihilation at the gas-solid surfaces, vacancy transport in 
the bulk and across the internal interfaces, as well as vacancy ordering and associated changes in 
the connectivity of the host lattice. These processes are sensitively affected by the presence of 
structural defects, interfaces, and strain field that couple to the electrochemical potential of 
oxygen in the host lattice. Hence, to decipher the interplay between local ionic and physical 
phenomena and to elucidate contributions of defects and interfaces to the oxygen transport 
properties, local probing of oxygen distribution with atomic precision is required. Here, we 
explore a direct approach to mapping oxygen concentration in ionic oxides via unit-cell-by-unit-
cell lattice parameter mapping by aberration-corrected scanning transmission electron 
microscopy (STEM) [1] and explore the coupling between the ionic behavior and collective tilts 
in the network of oxygen octahedra. 

As a model system, we chose lanthanum/strontium cobaltite (La0.5Sr0.5CoO3-x, LSCO), a 
prototypical material for SOFC cathodes. In the pristine state, LSCO is characterized by the 
presence of the a-a-a- tilt system giving rise to the rhombohedral  state. At the same time, 
vacancy ordering occurs in the (001) pseudocubic direction, forcing tetragonal symmetry. This 
symmetry mismatch suggests that tilts can affect the vacancy ordering [2]. Here, LSCO films 
were grown by Pulsed Laser Deposition in identical conditions on two different substrates, 
La0.3Sr0.7Al0.65Ta0.35O3 (LSAT, cubic) and NdGaO3 (NGO, orthorhombic). These substrates have 
nearly identical lattice parameters, but different symmetry of the oxygen octahedral network. 
STEM imaging revealed oxygen vacancy ordering in both samples, as detected both by Electron 
Energy Loss Spectroscopy (EELS) and by lattice parameter mapping (Fig. 1). Surprisingly, the 
film on NGO appears to be a type of brownmillerite, La0.5Sr0.5CoO2.5 [3], while the film on LSAT 
is less oxygen deficient. As oxygen-vacancy induced global expansivity have been demonstrated 
as a direct gauge to measure the overall oxygen content in bulk experiments [4], it is revealed 
that comparison of measured lattice parameters with the first-principles calculations on atomic 
scale allows us to reconstruct the local lattice spacing-oxygen concentrations trends. In 
La0.5Sr0.5CoO2.5/NGO films, EELS reveals different valence states of Co at the interface for 
different interface terminations.  These studies suggest that (1) changes in octahedral tilts can 
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induce changes in oxygen stoichiometry of the vacancy ordered structures and (2) local vacancy 
concentration can be quantitatively determined by STEM. 
 
* This research is sponsored by the Materials Sciences and Engineering Division (YMK, JH, SJP, 
AYB) and Scientific User Facilities Division (MDB, HMC), Office of BES of the U.S. DOE, and 
by appointment (YMK) to the ORNL Postoctoral Research Program administered jointly by 
ORNL and ORISE. 
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Figure 1. Unit-cell-by-unit-cell lattice parameter mappings from ADF STEM images: Top-most 
images on both sides represent ADF STEM images of (a) LSCO on NGO and (b) LSCO on LSAT, 
respectively, taken at the direction of pseudo-cubic [110]. The false color maps underneath the 
respective ADF images describe how much the interatomic distance of A-site cations in the ABO3 
structure vary two-dimensionally. Averaged change of the lattice parameter over all rows of the 
maps and the variation of B-site ADF intensities are plotted at the bottoms of each image. Note 
that the interfaces are clearly defined by tracking the B-site cation ADF intensities across the 
interface. 

 

(a) (b) 
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Development of molecular-beam epitaxy for in-situ 

synchrotron x-ray study of layered complex oxides 
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The layered complex oxide materials offer a broad range of functionalities including 

ferroelectric, magnetic, and catalytic properties. Unfortunately, the growth of such oxide 

materials remains a major challenge due to the lack of quantitative feedback during 

synthesis.  For the systematic exploration of oxide synthesis, we have developed world’s 

first reactive molecular-beam epitaxy system with in-situ synchrotron x-ray scattering 

capability. Our molecular-beam epitaxy is equipped with a x-ray diffractometer, a highly 

concentrated ozone supply, and differentially-pumped effusion cells. During synthesis, x-

ray reflectivity, x-ray crystal truncation rod, and reflection high electron energy 

diffraction can provide real-time information on surface reconstructions, interdiffusion at 

the interface, film relaxation, and composition. Our initial x-ray studies have been 

focused on the growth of PbO, TiO2, and the layered oxide PbSr2Ti2O7 by using 

reactive molecular-beam epitaxy. Layered oxide PbSr2Ti2O7 is predicted to exhibit 

exceptional dielectric and piezoelectric behavior, but has never been synthesized 

before.[1] Layering of each oxide layer (PbO, SrO, and TiO2) at growth temperature has 

been investigated to improve film stoichiometry and structure. We anticipate that the 
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combination of reactive molecular-beam epitaxy and in situ x-rays will contribute 

substantially to the advancement of synthesis science for complex oxide heterostructures. 

 

[1] S.M. Nakhmanson and I. Naumov, Phys. Rev. Lett. 104, 097601 (2010). 

191



  Ferroelectric  PLZT  Films  Grown  on  Metal  Foils  by  Chemical  
Solution  Deposition    
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Abstract     Ferroelectric  Pb0.92La0.08Zr0.52Ti0.48O3  films  

were   formed   on   base   metal   foils   by   chemical   solution  
deposition.   Their   dielectric   properties   were   then  
characterized  over   a   temperature   range   of   -­50   to   150ºC.    
The  following  results  were  obtained:  a  dielectric  constant  

-­50ºC,   dielectric  
constant   of         at   20ºC,  

At   room   temperature,   a   leakage   current  
density   of   7   x   10-­9   A/cm2   and   energy   density   of   85  
J/cm3  were  measured.  

INTRODUCTION  

Embedding   capacitors   into   printed   wire   boards  
(PWBs)   is   highly   desirable   to   free   up   surface   space,  
increase   device   reliability,   minimize   electromagnetic  
interference   and   inductance   loss,   and   reduce  
manufacturing   cost   [1,2].   While   this   technology   has  
primarily   received  attention   for  decoupling  capacitors   in  
microelectronic   applications   [3],   it   can   also  be   extended  
to  higher   voltage   applications.     One   area  where   it   holds  
particular   promise   is   applications   that   require   high  
capacitance  density  and  high  volumetric  efficiency,  such  
as   power   electronics   in   plug-­in   hybrid   electric   vehicles.    
However,   the   integration   of   high-­dielectric-­constant   ( )  
ceramics   into   PWBs   is   challenging   because   of   the  
incompatibility   of   the   different   processing   conditions  
involved.  Polymer  layers  in  a  PWB  cannot  withstand  the  
high   temperatures   (600-­800°C)   required   for   processing  
the   ceramic   dielectric   films   to   obtain   the   desired  
crystalline   structures.   Development   of   these   crystalline  
structures  becomes  extremely  difficult,  if  not  impossible,  
at  reduced  processing  temperatures  [4].  Great  success  has  
been   achieved   by   a   film-­on-­foil   approach   where   the  
ceramic   films   were   first   coated   by   chemical   solution  
deposition   on   a   thin   base   metal   foil   and   crystallized   at  
high  temperatures  [5-­6].    These  coated  foils,  film-­on-­foil  
capacitors,   can   then   be   embedded   into   PWBs.  Here,  we  
present   our   recent   progress   in   the   development   of  
Pb0.92La0.08Zr0.52Ti0.48O3   (PLZT   8/52/48)   films   on   Ni  
foils.  

EXPERIMENT  

Nickel   foils  were  mechanically  polished  and  cleaned  
with   acetone   and   then   methanol   prior   to   being   coated.  
Precursor  solutions  of  LaNiO3  (LNO)  and  PLZT  8/52/48  
were  prepared  by  a  modified  2-­methoxyethanol  synthesis  
route   [7].   Detailed   experimental   conditions   are   reported  
elsewhere   [8].  The  LNO  precursor   solution   (0.3  M)  was  
first  spin  coated  on  Ni  substrates,  pyrolyzed  at  450°C  for  

5  min,  and  annealed  at  625°C  for  2-­5  min.  This  process  
was   repeated   three   times   to   build   the   desired   0.4-­ m  
buffer   film.   Subsequently,   PLZT   precursor   solution  
(0.5  M)  was  spin  coated  on  the  LNO-­buffered  substrates,  
pyrolyzed  at  450°C  for  10  min,  and  annealed  at  650°C  for  
2-­5  min.   This   process  was   repeated   to  build   the   desired  
thickness.   A   final   annealing   at   650°C   for   30   min   was  
implemented   to   ensure   complete   transformation   to   the  
perovskite  phase.  All  annealing  and  pyrolysis  were  done  
in  air.   -µm diameter and 

-nm thickness were deposited on the PLZT films by 
electron-beam evaporation. An  Agilent  E4980A  precision  
LCR  Meter   was   used   to   determine   the   capacitance   and  
dissipation   factor  under  an  applied  bias   field.  A  Radiant  
Technologies   Precision   Premier   II   tester   measured   the  
hysteresis   loops.   A   Keithley   237   high-­voltage   source  
meter  measured  the  time-­relaxation  leakage  current.  

DISCUSSION  

Figure   1   shows   the   dielectric   constant   and   loss   for  
PLZT/LNO/Ni   capacitors   as   a   function   of   applied   field  
measured   at   -­50,   20,   and   150ºC.   We   obtained   the  
following:  at  -­50ºC  and  zero  field,  a  dielectric  constant  of  
700  and  dielectric  loss  of   0.07;;    at  room  temperature  and  
zero  field,  a  dielectric  constant  of  1300  and  dielectric  loss  
of   0.08;;  and  at  150ºC  and  zero  field,  dielectric  constant  
of   2200   and   dielectric   loss   of   0

divided  by   the  value  at   zero  field,  was  determined   to  be  
50%   at   room   temperature   and   applied   field   E   =   100  
kV/cm.   Beyond   a   field   of   100   kV/cm,   the   dielectric  
constant  changed  more  gradually.  

  
Figure 1.  Field-dependent dielectric properties of 
PLZT/LNO/Ni capacitor at -50, 20, and 150ºC. 
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Figure 2.  Temperature-dependent dielectric properties of 
PLZT/LNO/Ni capacitor. 

 
The  PLZT  films  deposited  on  LNO-­buffered  Ni   foils  

were   phase   pure   with   no   preferred   crystallographic  
orientation.   No   crack   or   delamination   occurred   with  
PLZT  films  up  to  5  µm.    Figure  2  shows  the  temperature-­
dependent   dielectric   properties   of   a   PLZT/LNO/Ni  
sample  measured  within   the   temperature   range   of   -­50   to  
250°C.   The   dielectric   constant   increased   while  
dissipation   factor   decreased  with   increasing   temperature  
from   room   temperature   to   200°C.   Maxima   of   the  
dielectric   constant   and   dissipation   factor   occurred   at  

,  respectively.      

 
Figure 3.  Time-relaxation current density of PLZT/LNO/Ni 
capacitor mearsured at room temperature and 150°C. 

 
Figure 3 shows the time relaxation of the current 

density measured on a PLZT/LNO/Ni film-on-foil 
capacitor (1.15- m thick PLZT) at 25°C and 150°C with 
a constant bias potential of 10 V (corresponding to an 
applied electrical field of s the top and 
bottom electrodes. The measurements were conducted by 
keeping the top Pt electrode positive and the bottom Ni 
electrode grounded. Both curves showed strong initial 
time dependence, indicating depolarization effects. The 
current density measured at 150°C is roughly a factor of 
two higher than the value measured at 25°C. Fitting data 
to the Curie-von Schweidler equation [9], we obtained n 
= 0.99 and 0.97 and leakage current densities of 6.6 x 10-9 
and 1.4 x 10-8 A/cm2 at 25 and 150°C, respectively. 

  
Figure 4.  P-E loops of PLZT/LNO/Ni capacitor. 

 
Figure 4 shows   the   high-­field   P-­E   loop   with   a  

maximum   applied   voltage   of   500  V   on   a   1.15-­µm-­thick  
PLZT/LNO/Ni   sample.  By   fitting   and   integration   of   the  
discharging  portion  of   the  P-­E  hysteresis   loop  curve,  we  
measured  an  energy  density  of   85  J/cm3. 

CONCLUSIONS  

We have grown high-quality PLZT on Ni foils to 
form film-on-foil capacitors that can be embedded into 
PWBs. Using an LNO buffer between PLZT and Ni foils 
not only obviates the parasitic low-permittivity interfacial 
NiO formation that would reduce the overall capacitance, 
but also allows the film-on-foil capacitors to be processed 
in air. With PLZT grown on LNO-buffered Ni, we  

-­50ºC,   dielectric   constant   of      and  
  at  20ºC,  and  a  dielectric  constant  

.  At   room  
temperature,   leakage   current   density   of   7×10-­9   A/cm2  
and  energy  density  of   85  J/cm3  were  measured.   
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Understanding the structural and electronic behavior of ABO3 thin films subjected 
to confinement, lattice misfit and broken symmetry at the interface in the ultra-thin 
limit is fundamentally important for the rational design of new materials [1]. 
However, the epitaxial strain will not only change the in-plane lattice constants 
but also the octahedral rotations connected to bond angles and crystallographic 
symmetry. Here we present a study of the effect of the bulk lattice symmetry on 
octahedral rotations under epitaxial strain in thin films of RNiO3 (R=La, Pr, Nd) 
grown on various substrates by pulsed laser deposition. A combination of high-
resolution x-ray diffraction, polarization-dependent soft x-ray absorption 
spectroscopy, and first-principles density functional calculations has been applied 
to elucidate structural and electronic properties of the samples. 
 
Film structure was studied by X-ray scattering experiments in the X-ray 
Diffraction Facility at Northwestern University. Figure 1 shows the X-ray 
reflectivity along the 00L CTR of the 20 unit cell (u.c.) LaNiO3 (LNO) and 15 u.c. 
NdNiO3 (NNO) on SrTiO3 (001) and the K = 0 reciprocal space maps around the 
off-specular (103) Bragg peaks are shown in the inset. Here we experimentally 
determine that out-of-plane lattice constants of the LNO film and NNO film are 
3.83±1 Å and 3.75±1 Å, respectively. The results for NNO film are consistent with 
an out-of-plane contraction that is expected for a volume conservation scenario. 
Surprisingly, despite the LNO film was coherently strained by 1.8% tensile strain, 
it shows an out-of- plane lattice constant almost the same as the bulk value. The 
similarity in lattice mismatches and different in crystal structure between the films 
indicated that symmetry in addition to lattice matching is a critical factor in 
epitaxially strain thin film. This anomalous behavior indicates that there is 
probably a new strain-induced orbital configuration.  
 
To explore possible modification of local Ni orbital configuration, XAS spectra of 
NNO and LNO films on STO substrates were measured where both films are in 
the metallic phase. To elucidate the origin of the unusual asymmetry in the strain-
induced structural property and the coupling between epitaxial strain and oxygen 
octahedral rotations of strained RNiO3 films, octahedral rotations in the strained 
perovskite oxide thin films grown by PLD were studied by measuring the oxygen 
positions via X-ray diffraction [2]. Using theory to gain insight into the strain 
response of the crystal structure, we are able to connect the octahedral rotation 
pattern to the magnitude of the Jahn-Teller distortion observed under strain. 
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FIG. 1. X-ray diffraction data (dots) and fit (solid line) for scattering along the (00L) 
specular CTR through the (002) Bragg peaks of the SrTiO3 substrate and (a) 
LaNiO3 and (b) NdNiO3 film. The inset shows the K=0 reciprocal space map 
around the (103) Bragg reflection for the (a) LNO and (b) NNO thin film and STO 
substrate. 
 
[1] J. Chakhalian et al., Phys. Rev. Lett., 107, 116805 (2011). 
[2] S. J. May et al., Phys. Rev. B, 82, 014110 (2010). 
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Structural Investigation of Ultrathin BiFeO3 Films on SrTiO3 (001) Substrates
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