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Functional interfaces are at the core of research in the emerging field of ‘domain
boundary engineering’ where polar, conducting, chiral, and other interfaces and twin
boundaries have been discovered. Ferroelectricity was found in twin walls of paraelec-
tric CaTiO3. We show that the effect of functional interfaces can be optimized if the
number of twin boundaries is increased in densely twinned materials. Such materials
can be produced by shear in the ferroelastic phase rather than by rapid quench from
the paraelastic phase.

Keywords: twin boundaries; multiferroic; CaTiOs;; twinning

1. Introduction

Functional interfaces are not simple structural juxtapositions of adjacent bulk materials,
but contain novel structural elements which do not exist in the bulk. Typical examples
are superconducting domain boundaries in insulating materials [1,2], twin boundaries
with high defect mobilities [3—6], two-dimensional electron gas at interfaces [7—10], un-
usual vortices near twin boundaries [11], or multiferroicity and chirality at domain bound-
aries [12—14] If such properties are exclusively related to domain boundaries, such as twin
walls, then they qualify as objects of the emerging field of ‘domain boundary engineering’
[15,16] which embodies the hope that functional domain boundaries can, one day, be
reproduced in an engineering fashion for applications, say, in electronic industry. A typi-
cal example is the IBM racetrack memory based on the controlled movement of magnetic
domain walls. Their movement is registered electromagnetically and their position is
used as memory information. The desired breakthrough is now to find ferroelectric do-
main walls where the information can be written and read by simple application of elec-
tric fields. The memory is the location of the wall and the ferroelectric spontaneous
polarization of that domain wall. The wider industrial consequence of such local struc-
tures as memory devices, conductors, holographic templates, or as membranes for
batteries have motivated significant research efforts during recent years.

2. CaTiO; and high twin densities

One of the first materials, which was identified theoretically for domain boundary applica-
tions, was CaTiO;. Experimentally, CaTiOs is the first ferroelastic material where the
group at the Electron Microscopy for Materials Research (EMAT), University of Antwerp,
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succeeded in observing the predicted ferroelectric polarization inside a ferroelastic twin
wall while the rest of the crystal remained centrosymmetric. Two lines of research came
together in this material: first, it was shown that twin walls and antiphase boundaries repre-
sent sinks for oxygen vacancies. The stabilization energy for oxygen vacancies was pre-
dicted to be ~0.7 eV with a repulsive interaction between vacancies [5,17-19]. It was
then expected that oxygen vacancies are rather uniformly distributed within twin walls and
depleted in the bulk [20]. The second prediction was based on the inherent instability of
regular TiOg4 octahedra where Ti positions tend to locate slightly off the geometrical mid-
point of the octahedra [17]. Numerical calculations [17] had shown that twin walls in
CaTiOj are ferrielectric with maximum dipole moments at the wall; a small ferroelectric
dipole moment was found perpendicular to the wall with alternating (antiferroelectric)
dipoles between neighboring walls. The same tendency for polar layers in CaTiO;, e.g.
near surfaces, was also predicted for CaTiO3/BaTiOs interfaces [21].

While computer simulations show polar twin walls rather clearly, the challenge for
domain boundary studies is to observe the described singularities experimentally. Van
Aert et al. [22] have shown that sufficient advances have been made using aberration-
corrected transmission electron microscopy (TEM) imaging in combination with statisti-
cal parameter estimation theory [23-25] to investigate functional domain boundaries (see
Figure 1). They confirmed that only the Ti positions take part in the polar deformation of
the unit cell but that Ca remains, within experimental observations, inside the 12-fold

(110)TB

Figure 1. Exit-wave reconstructions of the (110) twin boundary (after [22]). (a) Amplitude of the
reconstructed exit wave. The CaTiO; crystal is imaged along the [001] zone axis orientation; the
(110) twin boundary is indicated by the horizontal white line. The Ca and Ti column positions
are marked by red and green dots, respectively. The angle of 181.2° reveals the twin relation over
the interface. (b) Phase of the reconstructed exit wave, the fitting region used for the statistical
parameter estimation, is indicated by the white rectangle.
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a b mean displacement along x (pm) ¢ mean displacement along y (pm)
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Figure 2. Map of the mean Ti atomic displacement vectors (after [22]). (a) Mean displacements of
the Ti atomic columns from the center of the four neighboring Ca atomic columns and indicated
by green arrows. Displacements of Ti atomic columns in the (b) x- and (c) y-directions averaged
along and in mirror operation with respect to the twin wall together with their 90% confidence
intervals.

coordinated cavity inside the perovskite structure. The functional character of the twin
wall was hence proven (Figure 2a,b).

The question then arises: what other properties can be expected from such ‘exotic’
walls. Collective phenomena were discussed in [26,27] which leads directly to the practi-
cal proposition to make as many twin boundaries as possible in a sample. The dynamic
behavior of twin walls under external forcing by applied strains to a sample depends sen-
sitively on the inner structure of the wall. It can be expected that local pinning of chiral
walls [12,28] will impede the speed of advancing walls. The wall movement is then a su-
perposition of ballistic and jerky movements. Pinning centers for such movements are re-
lated to impurities, while intrinsic pinning occurs when walls intersect in so-called
junctions. The twin density is closely related to the junction density. The key advance in
this research is related to the way high twin densities are achieved [28,29], including the
role played by the junction density and the internal properties of the ferroelastic material
which allows such junctions to form [30]. Two options exist: first, one can quench a sam-
ple from a high temperature (the paraelastic phase) to temperatures well inside the stabili-
ty field of the ferroelastic phase. This method has been used ever since ferroelastic
crystals were discovered. It is the reverse of the slow cooling process, which was
employed whenever twinning of a sample during a phase transition was considered un-
wanted (say in crystallographic investigations of single crystals) and researchers tried to
avoid working with twinned materials. This situation has drastically changed: today we
often wish to make as many twin boundaries as possible so that quenching rather than
slow cooling becomes the method of choice. The second methodology to increase the
twin density is to deform the crystal by external shear inside the stability field of the fer-
roelastic phase. This situation is encountered when thin films of one ferroelastic material
are deposited onto another ferroelastic material at high temperatures. When the device is
cooled to room temperature, the template will shear and impose this shear to the thin
film. When this shear strain surpasses the yield strain, the thin film will spontaneously
twin with a high twin boundary density. This pattern is then essentially stable under fur-
ther shear. Driven systems [31] were used experimentally to generate high twin densities
[32,33].
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We can now discuss the difference between these two methods. When disorder is gen-
erated by structural rather than micro structural phenomena, one requires a source of dis-
order, which is commonly provided by local atomic disorder. Starting from uniform
ground states, quench will freeze in some disorder of the para phase, which represents the
initial state in the ferroelastic phase from where the microstructure evolves. Ref. [34] has
derived the structure factor of the displacement — displacement correlation for 7> T, in
the simple case of Ornstein—Zernike fluctuations:

1 NP B
Sk~ |5+ a’cos’® + b’sin*@sin’2¢ + gk?| .
T

C

This function is a four-armed starfish in three dimensions and represents the diffuse dif-
fraction pattern in Figure 3(a). The equivalent microstructure is tweed [35] that evolves
into stripe patterns that have a structure of dog’s bones shown in Figure 3(b) [36-39].
The kinetic evolution is then for the quench experiment, the gradual change from the star
to the dog’s bone.

qg(y)

1

Figure 3. The kinetic effect of annealing tweed pattern with (a) a four-armed starfish-type struc-
ture factor 7’ > T to a stripe pattern with (b) a dog’s bone structure.
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Figure 4. Domain pattern formed after the collapse at the yield stress for a large system with
10° atoms in (a) and (b) and for a small system (10200 atoms) in (c) and (d). (Length scales are
1000 atoms along one corner of the images in [a] and [b], and 101 atoms per corner in [c] and [d]).
The images in (a) and (c) represent elastically soft systems, while images in (b) and (d) show elasti-
cally hard systems (the colors refer to the local shear angles, after [27]).

The statistical fluctuations in a system with order parameters with a local double well
potential that are coupled with elastic interactions will show fluctuations, which aligned
preferentially along the two elastically ‘soft” directions. These are the four arms of the
starfish with large fluctuations and suppressed fluctuations between the arms.

Below the transition point, the twin boundaries form along the first elastically soft di-
rection and disallow fluctuations in the second elastically soft direction. The four arms of
the starfish are then reduced to heterogeneities along only one direction and their shape
reflects the more confined nature of the twin boundaries. Each twin boundary will then
show a ‘dog’s bone’ structure. The superposition of all such structures is observed experi-
mentally (see [27,38,39]) (Figures 4 and 5).

The range in k-space in Figure 5 is from & = —0.04 to 0.04 reciprocal units. These
images would be observed in X-ray or neutron diffusion near the Bragg reflections, taken
into account of the atomic scattering functions, and are equivalent to those in Figure 3 for
simple elastic systems. The elastically soft system is shown in (a) and the hard system in
(b). Note the slimmer arms of the starfish, as compared with the quenched sample in
Figure 3. The stronger concentration of the diffuse scattering originates from the stricter
confinement of the twin domains along the elastically soft directions and the smaller num-
ber of junctions compared with tweed pattern. The same conditions for a sample with
‘hard’ elastic interactions (Figure 5b) show the predominance of one domain orientation
and fewer twin walls [27].

Comparison between the results in Figures 4 and 5 clearly shows that the microstruc-
ture of the quenched sample is different from that of the sheared sample. Quenching leads
to quasi-harmonic fluctuations which can then sharpen up under low-temperature anneal.
They will lead after long anneal to stripe patterns. Sheared samples are initially better
organized and show twin boundaries which are largely parallel to each other right from
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Figure 5. (a) and (b) Diffuse scattering (scattering factor) of strain-induced microstructures for a
sample with 10® atoms and soft nearest neighbor interactions.
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the point of their nucleation. Intersections of twin boundaries lead to the formation of
junctions which are the main characteristics of the microstructure (rather than the twin
density in a quenched stripe pattern). Computer simulation indicates that denser micro-
structures can be obtained by shear rather than by quench [27].

In conclusion, we find that the effect of functional interfaces, such as those in CaTiOs,
can be optimized if the number of twin boundaries is increased. The optimal way to ob-
tain highly twinned materials is not necessarily by rapid quench but rather by slow shear
of the material in the ferroelastic phase.

Acknowledgement

This work is supported by the Leverhulme Trust, Leverhulme Award to EKHS RG66640, and
EPSRC grant EP/K009702/1.

References

[1] Aird A, Salje EKH. Sheet superconductivity in twin walls: experimental evidence of WO3-x.
J. Phys. Condensed Matter. 1998;10:L377-L380.

[2] Kim Y, Alexe M, Salje EKH. Nanoscale properties of thin twin walls and surface layers in
piezoelectric WO3-x. Appl. Phys. Lett. 2010;96:032904.

[3] Aird A, Salje EKH. Enhanced reactivity of domain walls in WO3 with sodium. Eur. Phys.
J. B.2000;15:205-210.

[4] Seidel J, Maksymovych P, Batra Y, Katan A, Yang S-Y, He Q, Baddorf AP, Kalinin SV, Yang
C-H, Yang J-C, Chu Y-H, Salje EKH, Wormeester H, Salmeron M, Ramesh R. Domain wall
conductivity in La-doped BiFeO3,Phys. Rev. Lett. 2010;105:197603.

[5] Calleja M, Dove MT, Salje EKH. Trapping of oxygen vacancies on twin walls of CaTiOs: a
computer simulation study. J. Phys. Condensed Matter. 2003;15:2301-2307.

[6] Calleja M, Dove MT, Salje EKH. Anisotropic ionic transport in quartz: the effect of twin
boundaries. J. Phys. Condensed Matter. 2001;13:9445-9454.

[7] Ohtomo A, Hwang HY. A high-mobility electron gas at the LaAlO3/SrTiO3 heterointerface.
Nature. 2004;427:423-426.

[8] Pauli SA, Leake SJ, Delley B, Bjorck M, Schneider CW, Schlepiitz CM, Martoccia D, Paetel
S, Mannhart J, Willmott PR. Evolution of the interfacial structure of LaAlO3 on SrTiO3.
Phys. Rev. Lett. 2011;106:036101.

[9] Huijben M, Rijnders G, Blank DHA, Bals S, Van Aert S, Verbeeck J, Van Tendeloo G,
Brinkman A, Hilgenkamp H. Electronically coupled complementary interfaces between
perovskite band insul,ators. Nat. Mater. 2006;5:556-560.

[10] Herranz G, Basletic M, Bibes M, Carrétéro C, Tafra E, Jacquet E, Bouzehouane K, Deranlot C,
Hamzi¢ A, Broto J-M, Barthélémy A. Fert, high mobility in LaAlO3/SrTiO3 heterostructures:
origin, dimensionality, and perspectives, Phys. Rev. Lett. 2007;98:216803.

[11] Kalisky B, Kirtley JR, Analytis JG, Chu J-H, Fisher IR, Moler A. Behavior of vortices near
twin boundaries in underdoped Ba(Fel-xCox)(2)As-2. Phys. Rev. B. 2011;83:064511.

[12] Conti S, Muller S, Poliakovsky A, Salje EKH. Coupling of order parameters, chirality, and in-
terfacial structures in multiferroic materials. J. Phys. Condensed Matter. 2011;23:142203.

[13] Lubk A, Gemming S, Spaldin NA. First-principles study of ferroelectric domain walls in mul-
tiferroic bismuth ferrite. Phys. Rev. B. 2009;80:104110.

[14] Lottermoser T., Fiebig M.. Magnetoelectric behavior of domain walls in multiferroic
HoMnO(3). Phys. Rev. B 2004;70:220407.

[15] Salje EKH. Multiferroic domain boundaries as active memory devices: trajectories towards
domain boundary engineering. ChemPhysChem. 2010;11:940-950.

[16] Salje E, Zhang HL. Domain boundary engineering. Phase Transitions. 2009;82:452—469.

[17] Goncalves-Ferreira L, Redfern SAT, Artacho E, Salje EKH. Ferrielectric twin walls in
CaTiO(3). Phys. Rev. Lett. 2008;101:097602.

[18] Lee WT, Salje EKH, Goncalves-Ferreira L, Daraktchiev M, Bismayer U. Intrinsic
activation energy for twin-wall motion in the ferroelastic perovskite CaTiOs;. Phys.
Rev. B.2006;73:214110; Palmeer DC, Salje EKH, Schamhl WW. Phase transitions in



Downloaded by [Xian Jiactong University] at 20:53 30 October 2013

[33]

[34]

S. Van Aert et al.

leucite — X-ray-diffraction studies. Phys. Chem. Minerals. 1989;16:714—719; Salje E, Palosz
B, Wruck B. In situ observation of the polytypic phase transition 2H-12R in PbI2 — investiga-
tions of the thermodynamic, structural and dielectric properties. J. Phys. C 1987;20:4077.
Goncalves-Ferreira L, Redfern SAT, Artacho E, Salje E, Lee WT. Trapping of oxygen vacan-
cies in the twin walls of perovskite. Phys. Rev. B. 2010;81:024109.

Lee WT, Salje EKH, Bismayer UV. Influence of point defects on the distribution of twin wall
widths. Phys. Rev. B. 2005;72:104116.

Wu XF, Rabe KM, Vanderbilt D. Interfacial enhancement of ferroelectricity in
CaTiO5/BaTiO; superlattices. Phys. Rev. B. 2011;83:020104.

Van Aert S, Turner S, Delville R, Schryvers D, Van Tendeloo G, Salje EKH. Direct observa-
tion of ferrielectricity at ferroelastic domain boundaries in CaTiOs by electron microscopy.
Adv. Mater. 2012;24:523-527.

den Dekker AJ, Van Aert S, van den Bos A, Van Dyck D. Maximum likelihood estimation of
structure parameters from high resolution electron microscopy images. Part I: a theoretical
framework. Ultramicroscopy. 2005;104:83-106.

Bals S, Van Aert S, Van Tendeloo G, Avila-Brande D. Statistical estimation of atomic posi-
tions from exit wave reconstruction with a precision in the picometer range. Phys. Rev. Lett.
2006;96:096106.

Van Aert S, Batenburg KJ, Rossell MD, Erni R, Van Tendeloo G. Three-dimensional atomic
imaging of crystalline nanoparticles. Nature. 2011;470:374-377.

Salje EKH, Ding X, Zhao Z, Lookman T, Saxena A. Thermally activated avalanches: jam-
ming and the progression of needle domains. Phys. Rev. B. 2011;83:104109.

Salje EKH, Ding X, Zhao Z, Lookman T. How to generate high twin densities in nano-fer-
roics: thermal quench and low temperature shear. Appl. Phys. Lett. 2012;100:222905.
Stepkova V, Marton P, Hlinka J. Stress-induced phase transition in ferroelectric domain walls
of BaTiO3. J. Phys. Condensed Matter. 2012;24:212201.

Ding X, Zhao Z, Lookman T, Saxena A, Salje EKH. High junction and twin boundary densi-
ties in driven dynamical systems. Adv. Mater. 2012; DOI: 10.1002/adma.201200986.

Salje EKH. Phase transitions in ferroelastic and co-elastic crystals. Cambridge (UK):
Cambridge University Press, 1993.

Perez-Reche FJ, Truskinovsky L, Zanzotto G, Driving-induced crossover: from classical
criticality to self-organized criticality. Phys. Rev. Lett. 2008;101:230601.

Harrison RJ, Salje EKH. The noise of the needle: avalanches of a single progressing needle
domain in LaAlO3. Appl. Phys. Lett. 2010;97:021907; Harrison RJ, Redfern SAT, Buckley
A, Salje EKH. Application of real time, stroboscopic x-ray diffraction with dynamical me-
chanical analysis to characterize the motion of ferroelastic domain walls. J. Appl. Phys.
2004;95:1706 and references given there.

Gallardo CM, Manchado J, Romero FJ, del Cerro J, Salje EKH, Planes A, Vives E, Romero R,
Stipcich M. Avalanche criticality in the martensitic transition of Cu67.64Znlo6.
71A115.65 shape-memory alloy: a calorimetric and acoustic emission study. Phys. Rev. B.
2010;81:174102.

Bratkovsky A M, Marais SC, Heine V, Salje EKH. The theory of fluctuations and texture em-
bryos in structural phase-transitions mediated by strain. J. Phys. Condens. Matter.
1994;6:3679-3696.

Bratkovsky AM, Salje EKH, Marais SC, Heine V. Theory and computer-simulation of tweed
texture. Phase Transitions. 1994;48:1-13.

Salje E, Parlinski K. Microstructures in high-Tc superconductores. Supercond. Sci. Technol.
1991;4:93-97; Salje E. Thermodynamics of Plagioclases. 1. Theory of the Ibarl-Pbarl phase
transition in anorthite and Ca-rich plagioclases. Phys. Chem. Minerals. 1987;14:181; Zhang
M, Wruck B, Barber AG, Salje EKH, Carpenter MA. Phonon spectra of alkali feldspars: phase
transitions and solid solutions. Am. Mineralogist. 1996;81:92.

Parlinski K, Heine V, Salje EKH. Origin of tweed texture in the simulation of a cuprate super-
conductor. J. Phys. Condens. Matter. 1993;5:497-518.

Locherer KR. Hayward SA, Hirst PJ, Chrosch J, Yeadon M, Abel JS, Salje EKH. X-ray analy-
sis of mesoscopic twin structures. Philos. Trans. R. Soc. London. Ser A. 1996;354:2815-2845.
Chrosch J, Salje EKH. Temperature dependence of the domain wall width in LaAlO3. J. Appl.
Phys. 1999;85:722-727.





